BRNO UNIVERSITY OF TECHNOLOGY

VYSOKE UCENI TECHNICKE V BRNE

FACULTY OF ELECTRICAL ENGINEERING AND
COMMUNICATION

FAKULTA ELEKTROTECHNIKY
A KOMUNIKACNICH TECHNOLOGII

DEPARTMENT OF BIOMEDICAL ENGINEERING

USTAV BIOMEDICINSKEHO INZENYRSTVI

COMPUTATIONAL ANALYSES AND
ANNOTATIONS OF NON-MODEL BACTERIA FOR
WHITE BIOTECHNOLOGY

VYPOCETNI ANALYZY A ANOTACE NEMODELOVYCH BAKTERIi PRO BiLOU BIOTECHNOLOGII

HABILITATION THESIS
HABILITACNI PRACE

AUTHOR Mgr. Ing. Karel Sedlaf, Ph.D.
AUTOR PRACE

BRNO 2023



ABSTRACT

The habilitation thesis presents a commented collection of 16 published papers by the author
on the computational processing of sequencing data in order to assemble and analyze genomes
and transcriptomes of non-model bacteria that could be used in white biotechnology, i.e.,
a technology that uses living cells to synthesize the easily degradable products. Bioinformatics
analyses of non-model organisms are specific because many computational tools require the use
of datasets that are unavailable for novel bacteria due to non-existing microbiological kits
to perform desired experiments or simply due to missing knowledge of required input data. This
thesis presents the author’s personal experience with overcoming these obstacles by using unique
combinations of computational tools and techniques in order to maximize information gains from

analyses of novel genomes of non-model bacteria.
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ABSTRAKT

Tato habilitaéni prace predstavuje komentovany soubor autorovych 16 publikovanych praci
o vypoCetnim zpracovani sekvenaCnich dat za ucelem sestaveni a analyzy genomi
a transkriptom nemodelovych bakterii vyuzitelnych v bilé biotechnologii, tj. technologii
vyuzivajici zivé buniky k syntéze snadno rozlozitelnych produktt. Bioinformatické analyzy
nemodelovych organismi jsou specifické, protoze mnoho vypocetnich nastroji vyzaduje pouziti
datovych sad, které jsou pro nové bakterie nedostupné, bud kvili neexistujicim
mikrobiologickym kitim k provadéni pozadovanych experimentl, nebo jednoduse kvili
chybéjicim pozadovanym vstupnim datiim. Tato prace predstavuje autorovy osobni zkuSenosti
s prekonavanim téchto piekazek pomoci unikatnich kombinaci vypocetnich nastroji a technik
s cilem maximalizovat ziskané informace z analyz novych genomti nemodelovych bakterii.
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1 INTRODUCTION

1.1

My Contribution to the Presented Articles

By the time of writing this thesis, I have published 48 (14 as the first or corresponding author) articles

in impacted international journals, 16 conference articles indexed in Web of Science, and one patent.

This thesis presents a commented collection of 16 peer-reviewed papers published between the years

2015 and 2022 in collaboration with my colleagues and my students from the Department of Biomedical

Engineering, Brno University of Technology and Department of Informatics, Ludwig Maximilian

University of Munich, where I worked in this time period, and also with other national and international

collaborators. My contribution to the 16 selected studies in terms of research and manuscript preparation,

supervision of students, and research direction is summarized in the tables below. Here, the papers are

listed chronologically according to the publication date:

[L]

[11L.]

SEDLAR, Karel, KOLEK, Jan, SKUTKOVA, Helena, BRANSKA, Barbora, PROVAZNIK,
Ivo and PATAKOVA, Petra. Complete genome sequence of Clostridium pasteurianum NRRL

B-598, a non-type strain producing butanol. Journal of Biotechnology. 2015. 214, p. 113-114.
(2015 IF = 2.667, Q2 in BIOTECHNOLOGY & APPLIED MICROBIOLOGY)

Research and manuscript (%) Supervision (%) Research direction (%)
51 - 10

KOLEK, Jan, SEDLAR, Karel, PROVAZNIK, Ivo and PATAKOVA, Petra. Dam and Dcm
methylations prevent gene transfer into Clostridium pasteurianum NRRL B-598: Development
of methods for electrotransformation, conjugation, and sonoporation. Biotechnology for
Biofuels. 2016. 9(1), p. 14. (2016 IF = 5.203, QI in BIOTECHNOLOGY & APPLIED
MICROBIOLOGY)

Research and manuscript (%) Supervision (%) Research direction (%)
30 - 10

SEDLAR, Karel, KOLEK, Jan, PROVAZNIK, Ivo and PATAKOVA, Petra. Reclassification
of non-type strain Clostridium pasteurianum NRRL B-598 as Clostridium beijerinckii NRRL
B-598. Journal of Biotechnology. 2017. 244, p.1-3. (2017 IF = 2533, Q2 in
BIOTECHNOLOGY & APPLIED MICROBIOLOGY)

Research and manuscript (%) Supervision (%) Research direction (%)
70 - 30

SNOPKOVA, Katefina, SEDLAR, Karel, BOSAK, Juraj CHALOUPKOVA, Eva,
SEDLACEK, Ivo, PROVAZNIK, Ivo and SMAJS, David. Free-Living Enterobacterium Pragia
fontium 24613: Complete Genome Sequence and Metabolic Profiling. Evolutionary
Bioinformatics. 2017. 13, p. 1176934317700863. (2017 IF = 1.877, Q2 in MATHEMATICAL
& COMPUTATIONAL BIOLOGY)



[V.]

[VL]

[VIL]

[VIIL]

[IX.]

Research and manuscript (%) Supervision (%) Research direction (%)
30 - -

PATAKOVA, Petra, KOLEK, Jan, SEDLAR, Karel, KOSCOVA, Pavlina, BRANSKA,
Barbora, KUPKOVA, Kristyna, PAULOVA, Leona and PROVAZNIK, Ivo. Comparative
analysis of high butanol tolerance and production in clostridia. Biotechnology Advances. 2018.
36(3), p.721-738. (2018 IF = 12.831, D1 in BIOTECHNOLOGY & APPLIED
MICROBIOLOGY)

Research and manuscript (%)
12.5

Research direction (%)
25

Supervision (%)
25

SEDLAR, Karel, KOSCOVA, Pavlina, VASYLKIVSKA, Maryna, BRANSKA, Barbora,
KOLEK, Jan, KUPKOVA, Kristyna, PATAKOVA, Petra and PROVAZNIK, Ivo. Transcription
profiling of butanol producer Clostridium beijerinckii NRRL B-598 using RNA-Seq. BMC
Genomics. 2018. 19(1), p. 415. (2018 IF = 3.501, Q2 in BIOTECHNOLOGY & APPLIED
MICROBIOLOGY)

Research and manuscript (%)
45

Supervision (%)
30

Research direction (%)
40

SEDLAR, Karel, KOLEK, Jan, GRUBER, Markus, JURECKOVA, Katerina, BRANSKA,
Barbora, CSABA, Gergely, VASYLKIVSKA, Maryna, ZIMMER, Ralf, PATAKOVA, Petra
and PROVAZNIK, Ivo. A transcriptional response of Clostridium beijerinckii NRRL B-598 to
a butanol shock. Biotechnology for Biofuels. 2019. 12(1), p. 243. (2019 IF = 4.815, Q1 in
BIOTECHNOLOGY & APPLIED MICROBIOLOGY)

Research and manuscript (%)
60

Research direction (%)
40

Supervision (%)
10

VASYLKIVSKA, Maryna, BRANSKA, Barbora, SEDLAR, Karel, JURECKOVA, Katerina,
PROVAZNIK, Ivo and PATAKOVA, Petra. Phenotypic and Genomic Analysis of Clostridium
beijerinckii NRRL B-598 Mutants With Increased Butanol Tolerance. Frontiers in
2020. 8, p.1307. (2020 IF = 5.890, QI

Bioengineering and Biotechnology. in

MULTIDISCIPLINARY SCIENCES)

Research and manuscript (%)
20

Supervision (%)
15

Research direction (%)
30

SEDLAR, Karel, VASYLKIVSKA, Maryna, MUSILOVA, Jana, BRANSKA, Barbora,
PROVAZNIK, Ivo and PATAKOVA, Petra. Phenotypic and genomic analysis of isopropanol
and 1,3-propanediol producer Clostridium diolis DSM 15410. Genomics. 2021. 113(1),
p. 1109-1119. (published online in 2020, 2020 IF = 5.736, Q1 in BIOTECHNOLOGY &
APPLIED MICROBIOLOGY)



[X.]

[XL]

[XIL]

[XIIL]

[XIV.]

Research and manuscript (%)
50

Supervision (%)
20

Research direction (%)
35

MUSILOVA, Jana, KOURILOVA, Xenie, BEZDICEK, Matej, LENGEROVA, Martina,
OBRUCA, Stanislav, SKUTKOVA, Helena, and SEDLAR, Karel. First Complete Genome of
the Polyhydroxyalkanoates-Producing Bacterium Schlegelella
thermodepolymerans DSM 15344. Genome Biology and Evolution. 2021. 13(4), p. evab007.
(2021 IF = 4.065, Q2 in EVOLUTIONARY BIOLOGY)

Thermophilic

Research and manuscript (%)
20

Research direction (%)
60

Supervision (%)
50

JURECKOVA, Katerina, RASCHMANOVA, Hana, KOLEK, Jan, VASYLKIVSKA, Maryna,
BRANSKA, Barbora, PATAKOVA, Petra, PROVAZNIK, Ivo and SEDLAR, Karel.
Identification and Validation of Reference Genes in Clostridium beijerinckii NRRL B-598 for
RT-qPCR Using RNA-Seq Data. Frontiers in Microbiology. 2021. 12, p. 476. (2021 IF = 6.064,
Q1 in MICROBIOLOGY)

Research and manuscript (%)
15

Supervision (%)
50

Research direction (%)
50

SEDLAR, Karel, NYKRYNOVA, Marketa, BEZDICEK, Matej, BRANSKA, Barbora,
LENGEROVA, Martina, PATAKOVA, Petra, and SKUTKOVA, Helena. Diversity and
Evolution of Clostridium beijerinckii and Complete Genome of the Type Strain DSM 791T.
Processes. 2021. 9(7), p. 1196. (IF = 3.352, Q2 in ENGINEERING, CHEMICAL)

Research and manuscript (%)
45

Supervision (%)
30

Research direction (%)
50

HERMANKOVA, Kristyna, KOURILOVA, Xenie, PERNICOVA, Iva, BEZDICEK, Matej,
LENGEROVA, Martina, OBRUCA, Stanislav, and SEDLAR, Karel. Complete Genome
Sequence of the Type Strain Tepidimonas taiwanensis LMG 22826T, a Thermophilic Alkaline
Protease and Polyhydroxyalkanoate Producer. Genome Biology and Evolution. 2021. 13(12),
p. evab280. 2021 IF = 4.065, Q2 in EVOLUTIONARY BIOLOGY)

Research and manuscript (%)
15

Research direction (%)
50

Supervision (%)
50

PATAKOVA, Petra, BRANSKA, Barbora, VASYLKIVSKA, Maryna, JURECKOVA,
Katerina, MUSILOVA, Jana, PROVAZNIK, Ivo, and SEDLAR, Karel. Transcriptomic studies
of solventogenic clostridia, Clostridium acetobutylicum and Clostridium beijerinckii.
Biotechnology Advances. 2022. 58, p. 107889. (published online in 2021, 2021 IF = 17.681, D1
in BIOTECHNOLOGY & APPLIED MICROBIOLOGY)

Research and manuscript (%)
20

Supervision (%)
25

Research direction (%)
35




[XV.] OBRUCA, Stanislav, DVORAK, Pavel, SEDLACEK, Petr, KOLLER, Martin, SEDLAR,
Karel, PERNICOVA, Iva, and SAFRANEK, David. Polyhydroxyalkanoates synthesis by
halophiles and thermophiles: towards sustainable production of microbial bioplastics.
Biotechnology Advances. 2022. 58, p. 107906. (2022 IF not announced yet, 2021 IF = 17.681,
D1 in BIOTECHNOLOGY & APPLIED MICROBIOLOGY)

Research and manuscript (%) Supervision (%) Research direction (%)
15 - 15

[XVL] MUSILOVA, Jana, KOURILOVA, Xenie, PERNICOVA, Iva, BEZDICEK, Matej,
LENGEROVA, Martina, OBRUCA, Stanislav, and SEDLAR, Karel. Novel thermophilic
polyhydroxyalkanoates producing strain Aneurinibacillus thermoaerophilus CCM 8960.
Applied Microbiology and Biotechnology. 2022. 106(12), p.4669—4681. (2022 IF not
announced yet, 2021 IF = 5.560, Q1 in BIOTECHNOLOGY & APPLIED MICROBIOLOGY)

Research and manuscript (%) Supervision (%) Research direction (%)
15 50 50

A common topic in these papers is assembling novel bacterial genomes and their structural and
functional annotation supplemented by transcriptomic data processing in order to infer new knowledge
on regulations within bacterial cell factories that could be utilizable for white biotechnology, i.e.,
a technology that uses living cells to synthesize the easily degradable products. Thanks to the particular
cooperation with biotechnology researchers, this thesis aims primarily at bacteria capable of producing
biofuels such as butanol and hydrogen or bioplastics in the form of polyhydroxyalkanoates.
Nevertheless, the utilized computational approaches are widely applicable to other non-model bacteria,
which is demonstrated by references to additional papers I coauthored not included in the presented

collection.

The papers are hard to be sorted into particular sections, as from the bioinformatics point of
view, a majority of them uses combinations of several computational approaches to infer biological
knowledge, yet together, they present a comprehensive overview of how bacterial data can be
computationally processed. For this reason, some of the attached papers are cited repeatedly in different
subchapters of the following introductory text. The collection contains also three review papers. While
two of them directly discuss the application of bioinformatics to biotechnology and applied
microbiology, the other demonstrates how the such application can be used to review biotechnological

knowledge.

During the years I worked on bacterial genomics and transcriptomics, I participated in many
other studies dealing with various bacteria. These studies, while introducing much new on bacterial
biology and biotechnology, used the same or very similar computational approaches as papers within
this collection or are not aimed at potential industrial use and, thus, would be redundant to be included
on the list. Yet, they are cited in the introductory text, where appropriate, together with other papers
describing novel computational procedures I participated in. All 34 articles and one patent I coauthored

are highlighted in bold in the References section.
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1.2 Bioinformatics for Bacterial Biotechnology

Computational processing of data obtained during experiments with non-model bacteria is quite specific,
which only reflects the nature of the bacterial domain of life. Bacteria represent an extremely diverse
group of organisms covering a majority of 10° to 10® separate prokaryotic genospecies present on Earth
[1]. Moreover, the majority (>99%) of microorganisms seems to be uncultivable by standard techniques
[2], which makes the investigation of non-model bacteria difficult. Novel specialized techniques for
their isolations are being continuously developed, e.g. osmoselection [3], proposed for the isolation of
polyhydroxyalkanoates (PHAs) producing thermophiles. One such potent PHAs producer obtained
using this technique is Aneurinibacillus thermoaerophilus CCM 8960 whose genome was recently
assembled and analyzed by our group in the study by Musilova et al., 2022 [4] (Article [XVL]). Once
a bacterium is isolated and suitable culture conditions are found, another problem arises in obtaining
material for the following analyses. There are various sampling and DNA/RNA isolation kits, some are
optimized for Gram-positive or Gram-negative bacteria and some can be used for both. Nevertheless,
particular sampling and isolation kits affect the quality of obtained DNA as my colleague and I proved
in the study by Videnska et al. 2019 [5]. This might be an issue for particular computational analyses
comparing results across multiple studies. Finally, when samples are processed by a lab device,
primarily a sequencing machine, data are generated and various bioinformatics analyses are performed.

There are, without exaggeration, hundreds of computational tools and packages to perform
various kinds of bioinformatics analyses that could be applicable to bacterial data. Many of these tools
are able to perform similar tasks, yet with different results. It is usually the job of a bioinformatician to
try several approaches and select the most suitable results for particular tasks. Despite the number of
various tools, the overall strategy of data processing is the same for all studies of bacteria utilizable for
industrial biotechnology. Such a pipeline was described by me and my colleagues in the review by
Patakova et al., 2018 [6] (Article [V.]). Although the review is related to research on clostridia and their
ability to produce butanol, the same steps can be performed with any bacterium producing any valuable
compound, see Fig. 1.1. To understand observed phenotype manifestation that would be utilizable in
biotechnology, one has to usually begin with genome sequencing which is followed by a range of
bioinformatics procedures. Sequencing reads need to be assembled into sequences of genomes that are
further structurally annotated to define particular genes [7—11] (Articles [XIIL], [X.], [IV.], [L], [IX.])
or mapped to a reference genome for direct comparison [12] (Article [VIIL.]). Genomes are then usually
used for phylogenetic analyses and correct identification of bacteria as previous phenotype identification
may be unsuccessful [4] (Article [XVL]) or erroneous [13] (Article [IIL.]). Nowadays, even large
phylogenomic studies comparing tens or even hundreds of whole genomes are possible [14] (Article
[XIL]). Revealed relations to already known genomes can help to find orthologues of selected
genes [15] (Article [XV.]) and perform functional annotation. Possibly, sequencing data can be mined
for additional, for example epigenetic, information [16] (Article [IL.]). The functional annotation itself
provides only a potential functional capacity of an organism, transcriptomics is needed to reveal which
processes are running under different conditions [17, 18] (Articles [V1.], [VIL.]). A majority of current
studies rely on genome-wide transcription measured with RNA-Seq [19] (Article [XIV.]), nevertheless,
transcription of selected genes can be measured with much cheaper reverse-transcriptase quantitative
polymerase chain reaction (RT-qPCR) when suitable reference genes are found by a bioinformatics
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analysis of RNA-Seq data [20] (Article [XI.]). Genomic and transcriptomic information can be further
connected in gene regulatory networks, genome-scale or other models by the means of systems biology
to mark suitable parts of genomes for further engineering by the tools of synthetic biology, which is,
however, out of the scope of this thesis.
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Fig. 1.1 Overview of bioinformatics analysis, taken from [6] (Article [V.])

Different bioinformatics tools can be used to perform desired particular tasks. Since
a majority of tools is controlled through the command line interface, simple scripting using
bash shell or scripting languages such as R or python is sufficient to prepare in-house
pipelines for batch processing of data gathered within particular labs.

12



2 BACTERIAL GENOME ASSEMBLY,
ANNOTATION, AND ANALYSIS

Bacterial genetic information is, in the vast majority of cases, carried on a single circular chromosome
that can be supplemented by one or more plasmids. On average, 88% of the genome is formed by coding
regions [21], yet the differences between different species can be enormous. For example, the shortest
bacterial genome of Nasuia deltocephalinicola [22] contains only 112,091 bp, while the longest genome
of Sorangium cellulosum [23] is more than 100 times longer, containing 14,782,125 bp. There are also
other basic differences, e.g., guanine-cytosine (GC) content that can vary from 18 % to 85 %. Other
differences lie in the absence or presence of particular genes or are hidden in sequences of particular
orthologous genes. As already said, bacteria are a very diverse group. While it is somehow natural to
presume their interspecies diversity, bacteria also demonstrate high intraspecies diversity, as described
for model organisms Escherichia coli [24]. The same applies to non-model bacteria as my colleagues
and I demonstrated in the large phylogenomic study of 237 genomes of Clostridium beijerinckii
species [14] (Article [XII.]). Before computational analyses of a bacterial genome can be performed,
genome sequencing is necessary. Data processing and possible results vary according to the platform

used for sequencing.

21 Genome Sequencing

The huge progress in biotechnology and applied microbiology would not be possible without constantly
evolving sequencing technologies. They can be divided into three generations that differ considerably
in their principle. In fact, it is the combination of different sequencing principles that makes the assembly
of bacterial genomes quite easy and cheap nowadays. The advent of genome sequencing during the last
two decades is apparent from the number of bacterial genomes available in public databases. For
example, the GenBank database under National Centre for Biotechnology Information (NCBI), which
covered less than 300 bacterial genomes in 2006, reached in the first half of 2022 almost 1.2 million

genome assemblies of almost 45,000 bacterial species [25].

The first generation sequencing covers only one commercially viable method — Sanger
sequencing [26]. Despite its parallelization using multiple capillaries of capillary electrophoresis, the
overall output of Sanger sequencing platforms is limited to several kilobases (kbp) per sequencing run
and is, therefore, unsuitable for sequencing whole bacterial genomes. While the price of sequencing per
1 kbp is high, Sanger sequencing allows to produce a limited number of sequences, so sequencing of
a single gene is possible at low costs. This is the reason why this technique is still being used in the
research of novel genomes. Newly isolated bacteria are hard to be identified by a simple phenotype
observation. On the other hand, sequencing of a marker gene, the most commonly 16S rRNA gene, can
suggest if a novel taxon was found and its worth of whole genome sequencing (WGS). Recently, we
used such a strategy for describing several novel taxa, Pedobacter fastidiosus [27], Rugamonas
violacea 28], Massilia antartica [29], and four novel species of the genus Corynebacterium [30].
Bioinformatics processing of these data is trivial, any Basic Local Alignment Search Tool (BLAST) [31]

like algorithm can be easily used for the identification of these sequences. Possibly, they can be used
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for constructing a phylogenetic tree. Such use of Sanger sequencing will likely diminish as many novel
genomes are metagenome-assembled genomes (MAGs). There is a whole new initiative, SeqCode [32],
that allows description of novel taxa directly from sequence data without requiring to have a culture.
Nevertheless, having a culture with the bacterium is still crucial for biotechnology research, since it

allows us to study a bacterium under various conditions in a laboratory.

Next generation sequencing (NGS) [33] was a breaking-through technology that allowed
massive sequencing of bacterial genomes. It started with the Roche 454 pyrosequencing platform which
is no longer available. Currently used platforms are Illumina and IonTorrent. Their common feature is
a massive parallelization so the typical output of the sequencing run is counted in Gbp. Since tens or
hundreds of bacterial genomes can be sequenced at once, the price per typical bacterial genome can be
around 100 €. NGS platforms are used in any study, not only for DNA sequencing, other specialized
techniques based on sequencing as RNA-Seq for transcriptomics [34] or ChIP-Seq for epigenetics [35]
are done using NGS. Unfortunately, NGS reads are too short to cover large repetitive segments of
bacterial genomes. Thus, these techniques have to be supplemented by long-read sequencing in order to

assemble a complete bacterial genome.

Third generation sequencing (TGS) [36] allowed easy completion of bacterial genomes as it
provides reads of the length of units or even tens of kbp that are easier to assemble. The generation is
represented by two commercially available sequencing platforms: Pacific Biosciences (PacBio) Single
Molecule Real Time (SMRT) sequencing and Oxford Nanopore Technologies (ONT) sequencing.
Unlike NGS, the accuracy of these techniques is considerably lower. Although their accuracy gets
substantially higher over time, NGS is usually needed for polishing assemblies made of long reads.
Another advantage of TGS is its ability to capture epigenetic modifications of particular bases. While
PacBio newly detects besides 6-methyl adenosine (6mA) and 4-methyl cytosine (4mC) also 5-methyl
cytosine (5mC) modifications, ONT remains more experimental and allows only m5C modification

detection.

Lowering sequencing costs for NGS and TGS is possible thanks to the parallel sequencing of
more genomes. This is done by multiplexing, which is a wet lab procedure. Before fragments of DNA
from different genomes are mixed up and sequenced, short oligonucleotide barcodes are added at the
ends of a fragment. A unique barcode is used for each sequenced genome. Thanks to the current output
of sequencing platforms, multiplexing is used almost in every study nowadays since tens of bacterial
genomes are usually sequenced together. Nevertheless, only a few years ago, the situation was the

opposite and more sequencing runs were needed to sufficiently sequence a single bacterial genome.

2.2 Genome Assembly

DNA sequencing is usually performed to read complete genetic information that a selected bacterium
carries. Since even TGS does not allow to read a complete chromosome, but only its fragments,
sequencing reads need to be assembled into original sequences before other bioinformatics analyses are
performed. The whole process is quite complicated and it might be uneasy to complete the original
sequence. Such incomplete assemblies, divided into contigs or scaffolds, are referred to as draft
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assemblies. Although they might be still very informative, complete genome assemblies are necessary

for deep studies of bacterial genomes.

2.21 Quality Assessment and Trimming

Genome assembly itself is a computationally extensive and complicated process that can be spoiled by
contamination in reads and low-quality base readings. Thus, quality trimming of raw reads is always
needed before they are further used. Reads themselves are strings over the alphabet {4, C, G, T}.
Particular characters are produced during base-calling, which is a process of assigning these bases to
raw sequencing signals. The nature of the signal (fluorescence, electric current, pH, etc.) depends on the
sequencing platform and the accuracy of the base-calling can be quantified using the PHRED score [37]:

Q =—-10 lOglOP, (21)

where P is the base-calling error probability. Logarithmic nature of PHRED score means that Q20
corresponds to the 1% probability of base being called incorrectly. Accuracy requirements are different

for particular tasks, but scores >Q30, corresponding to 99.9% read accuracy are highly desirable.

Base-calling is usually accompanied by demultiplexing, which is unlike multiplexing,
a computational operation. Reads with the same barcodes are divided into different files and barcodes,
as artificial sequences, are trimmed. Similar happens to sequencing adapters that are needed for
sequencing but must be removed from text files. Quality assessment can be done by various tools, for
example, FastQC can produce informative and interactive html reports that can be summarized over
multiple samples with MultiQC [38]. Long reads may require specialized handling, for example with
MinlONQC designed for ONT reads [39]. If any contamination or low-quality segments are reported,
trimming is needed. Thanks to the internal database of Illumina adapters, Trimmomatic [39] can be

easily used for this platform. Cleansed reads can be used for the following analyses.

2.2.2 Genome Assembly Basics

Genome assembly can be done de novo when a completely novel bacterium is studied. This is typical
when a novel strain is selected for its suitable phenotype. On the contrary, reference-based assembly is
performed when a wild-type strain genome is known and needs to be compared to genomes of
engineered mutants. Eventually, many current studies combine data from different platforms which
require to combine also tools for genome assemblies. Such assemblies are referred to as hybrid

assemblies.

De novo assembly is performed with tools using graph algorithms. While the first group utilizes
overlap layout consensus (OLC) graphs, the second relies on de Bruijn graphs (DBG) [40]. The OLC
approach is more suitable for long reads of uneven length because reads are placed as vertices of the
graph and edges represent overlaps between the reads. The original sequence is assembled as a path
within the graph, which is an NP-hard problem. Moreover, dynamic programming used to determine
overlap between vertices to create edges causes the time complexity of an assembly to be quadratic.
Since every new vertex usually brings many new overlaps, the whole graph grows superlinearly with
the number of reads. Yet, this is the most suitable strategy to capture longer repetitive elements in

bacterial genomes because DBG uses a different strategy that is unable to capture them. Vertices in
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DBG are overlaps, while edges represent the sequence of reads and the original sequence is
reconstructed by a walk through the graph. To define these overlaps, reads have to be cut into shorter
sub-sequences of the selected length, i.e., k-mers. The length of the k-mer cannot be longer than the
shortest read. Thus, this approach is better for shorter reads of even length. Edges of DBG are then
defined as overlaps of length -1 and can be found in linear time. Moreover, DBG grows sublinearly
with the growing number of reads as new reads usually do not introduce new edges. While in the past,
OLC assemblers such as Celera or Newbler were used for NGS data [41], nowadays they are exclusively
used for TGS, e.g., Flye, Canu, NECAT, etc. [42].

Reference-based assembly is created by mapping reads to a reference genome. There are various
approaches to perform such mappings. Short reads can be mapped for example with BWA [43] using
Burrows-Wheeler transformation and long reads with minimap2 [44] that presumes a higher error rate
when handling long reads. Nowadays, even the BLAST [31] is so quick that is commonly used for
mapping large metagenomic datasets to reference genomes [45]. Mapping usually results in a versatile
SAM/BAM file that can be used to create a novel complete (or draft) assembly with SAMtools [46].
Possibly, mapped reads can be used for polishing an original assembly. Short high quality reads can be
used to polish assemblies of erroneous long reads with Pilon [47] to produce high-quality hybrid
assemblies. Another trick is to use long-reads to self-repair TGS-based assemblies. Unlike NGS, which
uses PCR to achieve a better signal-to-noise ratio and, thus, suffers from systematic errors, TGS relies
on a single molecule sequencing approach and produces a larger amount of rather random errors. Thus,
they can be filtered by re-mapping the reads onto an assembly and performing consensus calling.
An example of such a standalone consensus module can be found in racon [48].

Fig. 2.1 Genome assembly

A schema of assemblies of two organisms. Thanks to the utilization of barcodes (red and
yellow), two organisms can be sequenced at once using NGS. The red bacterium is sequenced
again using TGS. Short reads assembly (yellow) resulted in draft assembly, yet thanks to the
utilization of pair-end sequencing, gaps (dashed lines) were estimated. Long reads used for
the red bacterium allow to assemble a complete genome sequence.
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Unlike short reads assemblies, hybrid assemblies often result in complete genome sequences,
see Fig. 2.1. This is crucial for biotechnology research as draft assemblies may miss some genes that are
part of genomes and they are unable to distinguish among chromosomal and plasmid sequences. The
presence of a plasmid, or several plasmids, is usually unknown before sequencing. Yet, it plays an
important role in the potential biotechnological use of a bacterium since it reflects potential genetic
stability. For example, the sol/ operon responsible for the production of valuable solvents is carried by
a plasmid in Clostridium acetobutylicum ATCC 824, which is inconvenient as the strain frequently loses
its ability to produce solvents after repeated subculturing due to the loss of the plasmid [49]. Since
bacterial chromosomes and plasmids are, except for some special cases, circular, it is necessary to verify
that the final assembly, which is provided in a linear (a long string) form, represents a complete circular
molecule. This can be done manually, by concatenating the ends of an assembly and by re-mapping the
reads. Possible gaps or overlaps can be solved by adding a missing sequence or by trimming the overlap
from one end. Some of the newer TGS assemblers, for example, Flye [50], examine the sequence

circularity on their own.

2.2.3 Different Approaches to Assemble Bacterial Genomes

The enormous progress in bacterial genome sequencing is clearly visible from the presented collection
of papers. The first genome, we assembled only eight years ago, was those of Clostridium beijerinckii
NRRL B-598, at that time misidentified as C. pasteurianum NRRL B-598. The first study was based on
two sequencing runs performed with Roche 454 GS Junior sequencing platform [51]. These two runs,
costing more than 4000€, contained less than 180 Mbp (only 28x genome coverage) of 500 bp long
reads. Data were processed by Roche software GS De Novo Assembler which performed quality
trimming and OLC de novo assembly. The resulting draft assembly consisted of 138 contigs. The
genome was later resequenced using the TGS PacBio RSII platform. The overall output of the platform
was incomparable to the current output of PacBio Sequel Ile which allows to sequence tens of bacterial
genomes per a single SMRTcell, and two SMRTcells had to be used for sequencing. Nevertheless, the
output of 490 Mbp allowed us to complete the genome [7] (Article [I.]). To achieve so, quite
a complicated approach had to be used. The longest reads, corresponding to 30x genome coverage, were
used to perform initial genome assembly with HGAP [52]. The resulting three contigs were further
polished with all long reads, corresponding to 79% genome coverage with Quiver. The genome was then
finalized by combining these three contigs with 138 contigs of the original draft genome assembly in
Geneious [53] which was also used to verify the circularity of the final sequence and manual trimming
of the overlap between ends. Before the genome was uploaded to the GenBank database, the sequence
was rearranged so it starts in replication origin oriC. This unwritten rule that linear string representing
a circular sequence should start in replication origin is, unfortunately, still not being followed by all
researchers. Finding a replication origin is easy with Ori-finder [54], an online tool searching for DnaA
boxes and calculating four (RY: purine pyrimidine, MK: amino keto, GC: guanine cytosine, and AT:
adenine thymine) disparity curves. These curves can be also replaced by a single curve of cumulated
phase signal as [ and my colleagues showed [55]. Although the hybrid assembly of C. beijerinckii NRRL
B-598 was based on NGS and TGS data, the error rate of Roche 454 pyrosequencing left many single
nucleotide errors that were discovered during a transcriptomic study [17] (Article [VI.]). Final
resequencing with high-quality Illumina NextSeq platform was needed to polish the assembly using
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Pilon [47] and present the final version of the genome sequence [18] (Article [VIL.]). In summary, to
complete the genome of C. beijerinckii NRRL B-598 took five years and cost around 10,000€, which is
now, less than five years later, hardly imaginable.

We used an almost similar procedure when assembling the genome of Pragia fontium 24613
with the only difference of using SOLiD sequencing data for polishing instead of Illumina [56]. The
SOLiD platform using ligation for sequencing is no longer available for several years and was never
widely used, at least in Czechia. Only one sequencing device was present in Czechia in comparison to
more than 20 Roche 454 pyrosequencing devices. Since SOLiD produced very short reads of length
only 35 bp, the polishing procedure was different. Firstly, reads were assembled using DBG assembler
and resulting contigs were mapped onto the genome assembly to repair single nucleotide errors in
Geneious. The resulting high-quality complete genome assembly allowed us to perform annotation and
thorough description of the bacterium [8] (Article [IV.]).

Every genome is different and a similar procedure as described above was not sufficient to
assemble the complete genome sequence of Clostridium diolis DSM 15410 [11] (Article [IX.]). At that
time, a PacBio RSII platform used for long-read sequencing was at the end of its support and was
substantially enhanced in comparison to previous studies. It allowed to use continuous long reads (CLR)
corresponding to the longest possible reads or to generate circular consensus sequencing (CCS) reads as
consensus sequences of particular subreads from the same sequencing well, in PacBio SMRT
sequencing referred to as zero-mode waveguide (ZMW) [57]. Although CCS reads were shorter, their
accuracy was >99%, which was considerably higher than ~85% of CLR. These reads were more typical
for the following PacBio Sequel platform and were later replaced by high fidelity (HiFi) reads that are
both, accurate and long. In the presented study, we started directly with hybrid assembly using CLR and
high-quality short Illumina NextSeq reads assembled with SPAdes [58]. Gaps in the resulting draft
genome assembly were closed with CCS reads using GMcloser [59]. The final contig was then polished,
in the first round, by all PacBio subreads using the SMRTlink tool and, in the second round, by BWA
mapping of short reads and polishing with Pilon. Finally, overlaps at the end of a linear contig
representing a circular molecule were found with MUMmer [60] and the duplicated sequence was

manually trimmed from one end of the contig.

In the following years, newly emerging ONT sequencing started to play a major role in
assembling complete bacterial genomes. Because of its high error rate, it should be always accompanied
by high-quality short-read sequencing. There is other bunch of tools for ONT data processing and,
according to my personal experience, their performance may vary among different genomes. During the
years, my colleagues and I were very successful with the following pipeline. ONT reads are assembled
using OLC assembler Flye and NGS reads with DGB assembler SPAdes. Their comparison performed
with MUMmer allows identifying erroneous Flye ONT contigs to be omitted from the following
polishing. The first step of polishing is then done by four rounds of mapping long reads with
minimap?2 [44] and polishing with racon [48]. The second step consists of two rounds of polishing with
medaka, again in combination with ONT reads. Finally, the third step of polishing is performed by
mapping short reads with BWA and polishing with Pilon. This mapping and polishing is done repeatedly

until the sequence of the assembly remains untouched by the additional round of polishing. Usually, at
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least two rounds are needed. Such a combination of tools gathered popularity in the bacterial community
and was used in the pipeline called Unicycler [61] that allows to call all of these tools and assemble
a complete bacterial genome with a single command. Using these tools, we were able to assemble
genomes of Clostridium beijerinckii DSM 7917 [14] (Article [XIL.]), Schlegelella thermodepolymerans
DSM 153447 [9] (Article [X.]), Tepidimonas taiwanensis LMG 22826" [10] (Article [XIIL]), and
Aneurinibacillus thermoaerophilus CCM 8960 [4] (Article [XVL]). The advantage of this pipeline lies
in its ability to reveal plasmids as shorter circular sequences with sufficient coverage. Since plasmids
are also circular, it is necessary to find their replication origin ori} and rearrange the sequence according
to it. Searching for oriV is more complicated than for oriC because plasmids do not show such a disparity
between nucleotides and must be searched based on sequence similarities using BLAST. Unfortunately,
oriVs are diverse and searches against the DoriC database [62] containing replication origins of
chromosomes and plasmids may not be successful. In that case, annotation of a plasmid is needed to

find the correct start of a sequence in the linear form, see the following chapter.

Thanks to the higher sequencing output of current sequencing devices and the possibility of
multiplexing, the real price per completion of a genome dropped to a range between 1000€ and 2000€
and the final assembly can be completed in several days. The higher the coverage, the easier to reach
a complete genome assembly and reveal plasmids. When combining NGS and TGS, a coverage of 200x
is usually sufficient to assemble the complete genome. Nevertheless, this is not the rule and we
experienced many problems when assembling the genome of C. diolis DSM 15410 [11] (Article [IX.])
despite having a total coverage of 700x. It can be taken for granted that bacterial genome assembly will
experience another change in the near future as PacBio sequencing was “reborn” last year. Only recently,
two new sequencers were introduced, Revio for long-read sequencing and Onso for short read
sequencing, both promising so far unmatched accuracy >Q40. Novel bioinformatics tools and novel
pipelines compiled with current tools will certainly emerge and the whole process will be again easier

than ever before.

2.2.4 Searching for Variants in Bacterial Genomes

Although reference-based assembly seems to be less complicated, it introduces completely new
hurdles that need to be overcome as shown in the study of nine mutants strains of C. beijerinckii NRRL
B-598 with increased butanol tolerance [12] (Article [VIIL]). In this case, it is not so important to get
a long string representing a mutant’s genome as it is almost similar to the wild-type (WT) strain genome,
but to highlight changes between these genomes. Beside single nucleotide polymorphisms (SNPs) also
larger structural variants such as copy number variations (CNVs). These are quite neglected topics in
bacterial bioinformatics. While in eukaryotes, these studies are often performed by single-cell DNA
sequencing (scDNA-Seq) [63], in bacterial studies, sequencing of a culture containing many bacteria is
still preferred. The reason lies in the difficulties of obtaining genetic material from non-model organisms
as available DNA/RNA isolation kits show different efficiency for various bacteria and it may be
impossible to get a sufficient amount of DNA from a single cell. Therefore, we will presume standard
sequencing of a culture that will show some low, yet non-negligible diversity. The beginning of the
procedure is straightforward, cleansed reads are mapped onto the WT strain genome with BWA or any
other tool and mapping SAM/BAM files are prepared. The following procedures, however, differ for
the prediction of CNVs and the prediction of SNPs.

19



Prediction of CNVss can be done with Pilon, since it is able, besides polishing an assembly, also
to infer SNPs and CNVs. CNVs are copies of a specific segment of DNA while a number of these copies
varies among different genomes. Although they are studied mainly in eukaryotes, they can be identified
in bacterial genomes, where they can highly influence the final phenotype [64]. In the study by
Vasylkivska et al., 2020 [12] (Article [VIIL.]), we used Pilon for their detection in mutants strains of
C. beijerinckii NRRL B-598. Nevertheless, there are other tools that can be used, for example,
CNproScan presented by our group [65]. In the study by Jugas et al., 2021 [65], we also compared our
tool with the other seven tools and showed that results can substantially vary between particular tools.
Nevertheless, this study is aimed at healthcare-associated infections (HAIs) causing bacteria, since
CNVs plays important role in drug resistance [66]. Analyses of bacteria involved in HAls are different
from those studied for utilization in the industry. Studies usually aim only at highly variable parts of
their genome that can be used to distinguish bacterial strains from one species by genotyping. How to
find such regions from sequencing data was described by me and my colleagues in the study by
Nykrynova et al., 2021 [67].

To capture SNPs, inspiration can be taken from scDNA-Seq data processing that removes PCR
duplicates to prevent algorithms from putting more weight on polymorphisms that were artificially
multiplied before sequencing. While scDNA-Seq distinguishes duplicates by small oligonucleotides,
called unique molecular identifiers (UMIs) [68], ligated to ends of sequenced fragments, in standard
sequencing they cannot be precisely identified. However, we are able to remove all duplicated sequences
mapping to the same position by simply deleting multiple copies of the same reads. Remember that the
two same reads may be still preserved when they map to different loci. This is advantageous as we want
to presume roughly even coverage of the genome. However, a mapping tool that maps these multi-
mapping reads randomly is necessary, BWA fulfills this presumption. Demultiplication can be done by
indexing the mapped reads with SAMtools and sorting them while deleting duplications with Picard
tools [46]. Under no circumstances should the demultiplication be done for the detection of CNVs as
their prediction is based on discrepancies in the genome coverage. Since reads are coming from many
bacteria, captured polymorphisms are usually not present in all reads as they are simply not present in
all bacteria and low frequent variants may be even the results of sequencing errors. Therefore, results
are somewhat similar to variant calling in polyploid eukaryotes containing different alleles and even the
WT strain culture shows many variable positions within its genome as not all sequenced cells are the
same. Considering this, it is evident that predictions of SNPs in mutant stains are biased and thresholds
of variant frequency have to be set to predict mutations exclusive for cultures of mutant strains. In the
study by Vasylkivska et al., 2020 [12] (Article [VIIL]), we set up our own approach, combining
laboratory work and computational data processing steps, to minimize false detections while capturing
SNPs. Besides the WGS of mutant strains, we did resequencing of the WT strain. We used variant
calling in the WT strain to set a threshold for mutant stains. Only SNPs with higher frequency than the
highest frequency in WT and sufficient coverage were counted for mutant strains. This was possible by
using GATK [69] which can report frequencies of particular SNPs. Not all variant calling tools are able
to do that, for example, Pilon reports all variants without their frequencies.

Besides genome sequencing, single nucleotide variants can be also captured by a cheaper

technique, particularly quantitative, also referred to as real-time, PCR (qPCR). Unfortunately, qPCR is
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only able to predict a presence of a mutation in analyzed amplicon (short analyzed part of DNA) by the
difference in melting temperature. Therefore, its use for biotechnology research is very limited. Yet, it
finds its utilization in the identification of HAIs causing bacteria thanks to its much lower price in
comparison to DNA sequencing. Processing of qPCR data also requires specialized computational

approaches. One such approach proposed by myself is a part of Czech patent CZ308046 [70].

2.3 Genome Annotation

Genome assembly itself is only the beginning of bioinformatics work in the research of bacteria as it
brings the basic structure to be further analyzed. As DNA contains genes that are somehow organized
and have different functions, the following steps belong to the genome annotation. While the structural
annotation serves to reveal the positions of particular genes, the functional annotation predicts the

behavior and purpose of particular genes.

2.3.1 Structural Annotation

Basic structural annotation of genomes is a computationally extensive, yet user-friendly procedure. The
majority of novel sequences is annotated automatically when uploaded to public databases. For example,
every genome uploaded to the GenBank database can be annotated by the NCBI Prokaryotic Genome
Annotation Pipeline (PGAP) [71] by simply selecting this option when submitting new data. PGAP is
a pipeline consisting of many other computational tools that are being continuously developed and
extended. It can be run online using the computational resources of NCBI or it is available for download
and local use. This may be advantageous for preliminary analyses without the need to publish an
analyzed sequence, for example, when searching for the dnad gene while trying to predict replication
origin. Another possibility for extensive annotation of bacterial genomes, also available online, is the
Rapid Annotations using Subsystems Technology (RAST) [72]. Not only are these two tools the most
widely used in the research of clostridia [6] (Article [V.]), but they find their use in the annotation of
any bacteria. Our group prefers using PGAP, therefore it was used in all studies describing novel
genomes within this collection [4, 7, 9-11, 14] (Articles [L], [IX.], [X.], [XIL], [XIIL], [XVL.]) but the
genome description of Pragia fontium 24613, where additional gene mining was manually curated based
on results of the RAST [8] (Article [IV.]). The outputs of an annotation are identified loci, i.e. genomic
coordinates, of identified elements. These are primarily coding sequences (CDSs), i.e. mostly protein-
coding genes, and rRNA and tRNA genes. Newer versions of PGAP also add other non-coding RNA
genes and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) loci. Each locus is
assigned a unique alphanumeric identifier referred to as a locus tag. Locus tags are unique for any
genome sequence assigned an accession number but they can differ between various versions of the
sequence. Therefore, it is necessary to clearly state the accession number including the version of the
genome, when referring to genes using their locus tags. Generally, it is better to use genome sequences
and corresponding annotations stored in the GenBank, European Nucleotide Archive (ENA), or DNA
Data Bank of Japan (DDBJ) databases that are shared and use the same locus tags that do not differ
between particular versions of sequences. Newly annotated genes between versions are given new locus
tags and locus tags of deleted genes are no longer used. Unfortunately, many users refer to the NCBI
Reference Sequence (RefSeq) database. This database contains copies of complete genomes stored in
the GenBank but uses annotation of the latest PGAP version. All locus tags are renamed between
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versions which makes the comparison of findings between different versions quite uneasy. This
happened to our group when locus tags in the RefSeq were renamed for C. beijerinckii NRRL B-598
between versions NZ CP011966.2 and NZ_ CP011966.3 which was problematic for comparing our new
results from the study Sedlar et. al, 2019 [18] (Article [VIL.]) to the older ones from the study Sedlar et
al., 2018 [17] (Article [VL.]). Since RefSeq does not presume further polishing of available genomes,
many users are not aware of this limitation. This may be a problem for future bioinformatics data
processing that relies on automated text mining and natural language processing while performing

extensive data mining from available published papers.

Basic structural annotation can be complemented with the outputs of other tools annotating
additional elements. Since the discovery of CRISPR-Cas9 genome editing [73], CRISPR arrays are
usually reported for novel genomes. While the latest PGAP reports CRISPRs, higher sensitivity in their
detection can be achieved with other tools, e.g. CRISPRDetect [74]. Besides possibilities of future
genome editing, their presence can be used to predict a presence of an active bacterial immune system
as CRISPR-associated system (Cas) can form an adaptive immune system in bacteria [75]. Thus, a Cas
presence may be accompanied by an absence of potentially active prophages as we found in the genomes
of four novel Corynebacterium species [30] and vice versa their absence may be followed by a presence
of active prophages as we reported for the genome of Pedobacter fastidiosus [27]. It is also possible to
combine more tools and report only consensus of CRISPR arrays detection as we used in the study of
Tepidimonas taiwanensis [10] (Article [XIIL]). Computational prediction of prophages is also quite
a common procedure when describing novel genomes. There are several tools that can be used, some of
them can even predict if the prophage is active, and combining result from several tools is also
possible [9, 10] (Articles [X.] and [XIIL]). Possibly, an activity of in silico predicted prophages can be
further examined by transcriptomic data as we reported for Clostridium beijerinckii [17] (Article [VL]).
Nevertheless, the prediction of prophages will probably undergo rapid development in the near future
as prophages are probably far more abundant in bacterial genomes than expected. A recent study by
Piligrimova et al. 2021 [76] showed that whole plasmid prophages are very common in the bacterial
domain. Their prediction is cumbersome, as many prophages remain to be undiscovered and
computational tools relying on homology searches reporting sequence similarities to already known
phages are, therefore, inefficient. Nevertheless, when combined with other computational approaches,
for example, with a calculation of plasmid coverage and other lab techniques, novel prophages can be
reported. Only recently, our group discovered a novel plasmid prophages pAT1 in the genome of
the original isolate Aneurinibacillus thermoaerophilus CCM 8960 [4] (Article [XVL]).

Besides monocistronic transcripts that encode only one protein, bacteria produce also
an ineligible amount of polycistronic transcripts. Adjacent genes that are transcribed together and share
a promotor form an operon. Annotation of operons is not widely applied in the research of non-model
bacteria, yet they can be predicted in silico from the genome sequence, for example with operon-mapper
[77]. This approach requires also functional annotation as genes in an operon belong to the same
pathway, i.e. they belong to the same functional category. Annotation is not standardized and operon-
mapper output has to be parsed with custom-made scripts to prepare a flat-file with an annotation table
that can be uploaded to the GenBank database to update a genome record. Thus, only a minority of

records contains information about operons, an example can be found in the genome of Schlegelella
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thermodepolymerans DSM 15344 published by our group under the genome accession number
CP064338.1 [9] (Article [X.]). On the other hand, annotation of operons is very often done only to
discuss the presence of selected biological pathways and important genes without uploading it to the
genome record as we did when describing genes and operons involved in violacein production
in Massilia antarctica [29]. This strategy can be used to explain unexpected behavior even for publicly
available draft genomes as we did with S. thermodepolymerans before its resequencing. We found
a unique operon in its genome containing genes for xylose utilization together with a gene for xylose
transport into the cell. This explained the preference of the bacterium to consume xylose over
glucose [78]. Operon can be also identified from transcriptomic data by searching for correlation
in transcriptional profiles of adjacent genes. Nevertheless, to my best knowledge, there is currently no
specialized tool that would be able to perform an automated identification of operons from RNA-Seq

data in non-model bacteria.

There are also other, mostly regulatory, elements, e.g. promoters, untranslated regions (UTRs),
or small non-coding RNA (sRNA) genes, that can be identified in a genome sequence. Nevertheless,
unlike the loci above that are being predicted directly from the genome sequence, regulatory elements
are identified using additional primarily transcriptomic data. Thus, they will be described in the third

chapter.

2.3.2 Functional Annotation

Basic structural annotation is always accompanied by basic functional annotation because homology
searches used for verification of predicted ORFs very often transfer also a putative function. Thus,
identified loci are described by features, e.g. “CDSs”, which are assigned other qualifiers with
descriptions, e.g. “gene” containing an abbreviation of a gene or “product” containing the basic
description of a protein-coding gene. If the function remains unknown, which is not so rare for non-
model bacteria, a generic description “hypothetical protein” is added under the product qualifier.
Overall, such functional annotation is not very accurate for non-model organisms as orthologous genes
may share very low sequence similarities to their counterparts in well-annotated model bacteria. Manual
reannotation of the function is, however, possible. This may be extremely time-consuming and requires
many manual comparisons using BLAST and even the processing of transcriptomic data. It took our
group a couple of years and a thorough analysis of three RNA-Seq datasets to reannotate several genes
in the C. beijerinckii NRRL B-598 genome for proper visualization of transcriptional changes in selected
metabolic processes [79]. Similar reannotations uploaded to public databases are highly desirable as
they improve the annotation of future genomes because corrected annotations are further spread for new

orthologues.

Some groups of genes with the same function may be even further divided into classes, for
example, PHA synthases [15] (Article [XV.]) that are divided according to their subunit composition.
Their correct identification in non-model organisms may be extremely challenging as we experienced
during analyses of Rubrobacter xylanophilus and Rubrobacter spartanus [80]. Although we were able
to easily identify PHA synthases in their genomes by similarity searches using BLAST, further
annotation of their subunits was not possible that way because comparable and very low sequence
similarities of 30% to both PhaE and PhaR subunits were found. Nevertheless, since both of these
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subunits have very different molecular weights, we were able to distinguish them by calculating their

putative weight directly from their amino acid sequences with the sequence manipulation suite [81].

Since the basic functional annotation added by PGAP or other pipelines may be unreliable and
tries to be unnecessarily detailed, more coarse-grained annotations are usually used for the description
of novel genomes. One of the simplest, yet the most widely used analysis is annotation dividing genes
into Clusters of Orthologous Groups (COGs), also referred to as clusters of orthologous genes. COGs
allow the classification of protein-coding genes using their homologous relationships, the whole
database is manually curated and its latest update comes from 2020 [82]. Annotation of novel genomes
can be done with BLAST against the COG database itself or using other specialized tools, e.g. eggNOG-
mapper [83]. Besides the description of the potential functional capacity of a novel organism, COGs can
be used to verify the completeness of a genome assembly as genes with housekeeping functions have to
be always present in a genome. Particular COGs are divided into functional categories that can be also
used for genome-wide visualizations. As our group uses these visualizations quite often [4, 9-11, 14]
(Articles [IX.], [X.], [XIL], [XIIL], [XVL]), we designed a python package, COGtools (available with
full documentation and tutorials from https://github.com/xpolak37/COGtools under the MIT license.),
capable to combine annotations from various sources and help to produce publication quality

visualizations, see Fig. 2.2.
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Fig. 2.2 Circular chromosomal map of Aneurinibacillus thermoaerophilus CCM 8960

The first and the second outermost circles represent CDSs on the forward and reverse strands,

respectively. The third circle represents pseudogenes. Colors highlight functional categories

of particular loci. The fourth outermost circle shows RNA genes, distinguishing between

tRNA, rRNA, and ncRNA. The inner area represents the GC content and GC skew.

Our preliminary, yet unpublished, results show that COGtools can improve the sensitivity and

overall accuracy of annotations. Since we also discovered some discrepancies between various sources
building upon COG vocabulary, more research on this topic is needed in the near future to help improve

the annotation of non-model bacteria.
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Another possibility for functional annotation that is more typical for model organisms is the use
of Gene Ontology (GO) [84]. GO is a kind of controlled vocabulary defining basic terms and
relationships among genes. Since the GO is maintained exclusively by the Open Biological and
Biomedical Ontology foundry, it does not contain any discrepancies and presents a basis for the
interoperability of databases and computational tools. GO dictionary has 3 categories or domains:
Biological Process (BP) describing an easily recognizable series of events, Molecular Function (MF)
describing basic gene (or gene product) activity, and Cellular Component (CC) describing where a gene
product can be found in the cell. Moreover, GO has a hierarchical structure in the form of a directed
acyclic graph (DAG). Thus, general terms can be replaced by more specific terms to perform a detailed
analysis, and vice versa, specific terms can be replaced by general ones to describe basic functions. GO
annotation of a non-model bacterium is not an easy task. It requires manual inspection of various
databases of extensive searching for annotated orthologues with BLAST. Even though many databases
can be accessed through a single interface of QuickGO tool [85], manual curation of the result to remove
duplications and to parse annotation in a correct format that can be further used is needed. So far, we
were able to prepare further utilizable GO annotation of only one organism, C. beijerinckii NRRL B-
598 [18] (Article [VIL.]) using custom-made R scripts. Nevertheless, results show that it is possible to
annotate even very specific terms to a non-model bacterium as visible from the bar plot showing the
distance of annotated terms from the root of the GO DAG, see Fig. 2.3.

Iype G0
-
£ W =
] o i
= - i
N~

levels

Fig. 2.3 C. beijerinckii NRRL B-598 GO annotation, taken from [18] (Article [VIL.])
Levels (longest distance from the root) of 18,020 unique GO terms assignments in
C. beijerinckii NRRL B-598 manually curated GO annotation divided into GO categories:
BP = Biological Process, CC = Cellular Component, and MF = molecular function.
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Although there is a wide range of other specialized resources for functional annotation, the only
other comprehensive enough to be mentioned here is the Kyoto Encyclopedia of Genes and Genomes
(KEGG) [86]. KEGG is a knowledge base for a systematic analysis of gene functions. It contains
information on reactions and pathways gene products are involved in, i.e. it links genomic information
with higher-order functional information. Reference complete genome assemblies uploaded to
GenBank/EMBL/DDBJ are automatically annotated and presented in the KEGG databases. Annotation
of additional genomes is possible with BlastKOALA [87]. This might be advantageous to select genes
whose transcription is worth analyzing as we did for C. beijerinckii NRRL B-598 [88] or just to discuss
the ability of novel species to produce valuable enzymes as we did, in comparison to the results of
metabolic fingerprinting, for Massilia antarctica CCM 8941 [29] and P. fontium 24613 [8]
(Article [IV.]), where we identified thiosulfate reductase responsible for H»S production, which is quite

an atypical feature for enterobacteria.

2.4 Identification and Phylogeny

Newly sequenced genomes need to be identified, i.e. their taxonomic name needs to be verified in the
case of bacteria from collections or a new name must be assigned in the case of novel isolates. After

that, phylogenetic analyses showing evolutionary relationships can be performed.

2.4.1 Taxonomic ldentification

A majority of bacteria from the public collections was identified based on their phenotype. Such
identification is not so precise and reidentifications of particular strains or reclassifications of whole
species are not so rare after genomes of these organisms are sequenced. Correct identification is crucial
for biotechnology as it allows to predict the behavior of analyzed organisms from related, already
described organisms. The whole concept of identification is based on genome similarities. While in the
past, genome similarities were tested in labs by DNA-to-DNA hybridization (DDH), in the genomic era,
hybridization can be calculated directly from genome sequences by digital DDH (dDDH). The most
powerful tool to identify novel genomes relying on an extensive database of reference genomes and
dDDH is the Type (Strain) Genome Server (TYGS) [89]. Since tens of thousands of bacterial genomes
are already known, it is nowadays quite easy to confirm correct taxonomic placement of a bacterium as
we recently did for Schegelella thermodepolymerans DSM 15344 [9] (Article [X.]) or Tepidimonas
taiwanensis LMG 22826 [10] (Article [XIIL]). Similarly, we were able to assign a species name to
formerly unidentified Aneurinibacillus thermoaerophilus CCM 8960 [4] (Article [XVL.]), an original
PHA -producing isolate from Brno. At last, but not least, the inability to identify analyzed bacteria helps
to confirm that novel species were found as we recently did for several novel isolates Pedobacter
fastidiosus [27], Rugamonas violacea [28], Massilia antartica [29], or four novel species of

Corynebacterium genus [30].

Massive sequencing of bacterial genomes which filled databases with reference data is,
however, the matter of the last five years. Correct identification of analyzed strains was more
challenging in the past as we experienced with C. beijerinckii NRRL B-598, formerly misidentified as
Clostridium pasteurianum [13] (Article [IIL]). Its correct taxonomic identification was challenging
because the genome sequence of the type strain that should be used as a reference was not available for
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C. beijerinckii back then. Moreover, a draft genome sequence of Clostridium diolis showed very high
genome similarities to our strain. Therefore, we had to supplement dDDH calculations with other non-
type strains by phylogenomic analysis. As we later sequenced genomes of the type strains C. beijerinckii
DSM 7917 [14] (Article [XIL.]) and C. diolis DSM 154107 [11] (Article [IX.]), we were finally able to
confirm that C. beijerinckii and C. diolis are heterotypic synonyms, i.e., they represent the same species.

Besides dDDH, there are other parameters showing genome similarities capable to perform
species delineation. Probably the most basic parameter is Average Nucleotide Identity (ANI) that we
still use to confirm dDDH values [27-30]. There are several approaches to calculate ANI. They are
usually computationally demanding as they require the alignment of long sequences and, therefore, are
available as server applications. My colleagues and I proposed a slightly different approach using
genomic signal processing that is able to outperform other ANI-based tools and run on a standard

desktop computer [90].

2.4.2 Phylogenetic Analysis

Identification is often followed by a more detailed analysis of relationships between various bacteria or
between selected orthologous genes. There is a wide range of techniques, tools, mathematical models,
and correction techniques to construct and rescale phylogenetic trees. In the most basic way, bacteria
are compared using sequences of 16S rRNA genes. This standard procedure in the research of bacteria
that we use for taxonomic studies [27-30] is usually supplemented or replaced by other techniques that

can bring important knowledge for white biotechnology.

Firstly, phylogeny based on selected protein sequences conserved across a bacterial domain can
supplement taxonomic identification as we did for the reidentification of C. beijerinckii NRRL B-598
[13] (Article [I11.]) and confirmation of C. diolis reclassification [11] (Article [IX.]). An efficient way
to perform similar analysis can take advantage of PhyloPhlAn [91] which calculates with an internal
database of conserved sequences in the bacterial domain and, therefore, can quickly analyze any dataset
of bacterial genomes. Recently, we used this pipeline also to identify a novel strain 4. thermoaerophilus
CCM 8960 [4] (Article [XVL.]) as the original isolate was unable to be taxonomically identified without

genome sequencing [3].

Secondly, the most precise phylogeny for a selected group of bacteria, for example, a selected
species with the potential to produce a valuable chemical, can be done by maximizing the amount of
information that is analyzed. This can be done by defining a core genome, i.e., all genes that are shared
by a group of analyzed genomes. Such analysis is computationally extensive as it requires pairwise
comparisons of whole genomes. Nevertheless, fast clustering techniques can be used, for example,
USEARCH can be selected as a clustering algorithm within BPGA pipeline [92]. This way, we were
able to reconstruct the most precise phylogeny of 242 strains of C. beijerinckii and define 16 clusters of
very similar strains [14] (Article [XIL]). Such information is valuable for diverse species like
C. beijerinckii as only one strain representing the whole cluster can be selected for further analyses to
reveal its potential for biotechnology. Other strains of the cluster can be presumed to have the same
phenotype manifestation and behavior. On the contrary, different clusters or even well-distinguished
strains are worthy to be further examined as they are expected to have different behavior. This is directly
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visible from the Fig. 2.4, where strains C. beijerinckii NRRL B-598 and C. diolis DSM 154107 present
the two closest, yet well-distinguished branches (please note that C. beijerinckii and C. diolis are
heterotypic synonyms, i.e., the same species as stated before). While the strain C. beijerinckii NRRL B-
598 is capable of acetone-butanol-ethanol fermentation with negligible production of ethanol [7]
(Article [L.]), the strain C. diolis DSM 154107 is capable of isopropanol-butanol-ethanol fermentation
and shows a unique ability to produce isopropanol [11] (Article [IX.]). Moreover, the type strain C.
beijerinckii DSM 7917 is hidden in Cluster 5. Therefore, the use of the type strain is not always desirable

for biotechnology research and results gathered using a single strain are not always generalizable on the
whole species.
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Fig. 2.4 Phylogeny of C. beijerinckii species, taken from [14] (Article [XIL.])

The phylogeny was reconstructed using 2308 genes of the core genome, present in every
strain. Branches that were shorter than 1% of the maximum branch length were collapsed.
The number of strains hidden under collapsed branches is written to each collapsed branch.
The branch containing the type strain C. beijerinckii DSM 7917 is highlighted in red.

Third, phylogenetic relations between selected genes can help to distinguish among various
classes of genes that produce enzymes utilizable in white biotechnology. These trees do not represent
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the evolution of species or strains but rather classify selected enzymes. In the study by Obruca et al.,
2022 [15] (Article [XV.]), we compared PHA polymerases from extremophiles. We showed that
halophiles and thermophiles carry Class I or Class III PhaC synthases and that there might be some yet
undiscovered classes of PhaC synthases. This study presents also another phenomenon. Although the
article type is “review”, bioinformatics work done in the study is standard research. This demonstrates
that bioinformatics serves as a tool for biotechnology that can be used either for novel research or to

review current knowledge.
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3 REGULATIONS IN BACTERIAL GENOMES

Computational analyses and annotations of genome sequences can only reflect the functional potential
of a bacterium. This is the first part of biotechnological research that serves to select suitable organisms
for further research. Nevertheless, the real functions and regulations that would be utilizable in white

biotechnology have to be revealed with additional epigenetic, transcriptomic, or proteomic experiments.

3.1 Methylation

Although bacteria seem to be simple unicellular organisms, they have several mechanisms working as
adaptive immune systems. One of them, the CRISPR-Cas system was already mentioned in the previous
chapter. Another, no less important, system is the restriction modification system (RM system). RM
systems are formed by methylases and restriction nucleases. The latter enzymes cleave DNA at specific
motifs, but the former can protect bacterial own DNA by adding a methyl group. This way, only foreign
DNA is destroyed. This is an important feature for biotechnology as foreign DNA is often introduced
by an infectious agent, for example, a bacteriophage. Contamination of the biotechnological process is
extremely dangerous as it causes huge financial losses and at the same time contamination precautions,
for example, sterilization, are costly and prevent the use of many organisms in industrially viable
projects. Thus, the targeted utilization of RM systems could bring a completely novel concept to white
biotechnology supplementing current trends such as the Next Generation Industrial Biotechnology
(NGIB) that relies on the use of extremophiles [15] (Article [XV.]). Extreme conditions that are suitable
for extremophilic bacteria are usually hostile to other contaminants including phages. This is, however,
not true in general and even extremophiles contain foreign DNA and prophages as we discovered in
Tepidimonas taiwanensis LMG 22826, a thermophilic PHA and protease producer [15]
(Article [XIIL]). On the other hand, the incorporation of foreign DNA is desirable during the
engineering of various strains to improve their features. In that case, RM systems may present
unnecessary hurdles and exclude strains from further research. Thus, revealing genome-wide

methylations is highly beneficial for biotechnology research.

Unfortunately, the detection of methylations is possible only with selected TGS platforms and
to some limited level with NGS. For NGS, bisulfite sequencing, usually using the [llumina platform, is
needed [93]. Bisulfite conversion changes all but methylated cytosines into uracils. Thus, by mapping
reads to previously assembled reference genomes the methylated cytosines are revealed. Unfortunately,
that way identified SmC methylations are typical for eukaryotes and their role in bacterial genomes,
where 4mC or 6mA methylations are usually more prevalent, is often unimportant. These two
modifications are, however, easily detected with the PacBio platform. Moreover, with an improved
detection algorithm, PacBio SMRT is able to detect also SmC modifications from 2022 on with newer
sequencing devices. Since methylations are directly identified from raw sequencing fluorescence signal,
no additional lab procedures are needed and methylations are labeled directly in the newly assembled
genome without the need for any former reference sequence. Methylations can be also identified with
ONT platforms in a very similar way. However, the processing of raw current nanopore signals, referred
to as squiggles, is not so precise and needs to be further developed for practical use.
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Our group took advantage of the PacBio RSII platform used for C. beijerinckii NRRL B-598, formerly
misidentified as C. pasteurianum NRRL B-598, genome sequencing when we were not able to transform
the strain according to a protocol working for other clostridia [16] (Article [I1.]). We described formerly
unknown two motifs containing 6mA methylations and matched these recognition sites with two
methyltransferases using the REBASE database [94] where we published the results. Finally, we were
able to prepare a protocol for a gene transfer into C. beijerinckii NRRL B-598 using unmethylated
plasmid DNA. Similarly, we revealed thousands of 6mA methylated positions in the P. fontium 24613
genome and matched the inferred GATC recognition site to functional well-described DNA adenine
methylase responsible for mismatch repair of DNA [8] (Article [IV.]).

Unfortunately, it is not always possible to match motifs of newly discovered recognition sites to
corresponding methylases. Although we detected nine methylation motifs in C. diolis DSM 154107
genome of which seven were hitherto undescribed, we were not able to couple them with methylases as
only a single methyltransferase was annotated in the genome [11] (Article [IX.]). Inferred motifs were
probably not genuine, caused by errors in motif calling caused by limitations of today obsolete PacBio
RSII sequencing platform. Although there must be an active RM system in C. diolis DSM 15410"
genome, because the strain requires pre-methylated DNA for transformation [95], its own RM systems
must be strain specific and different from RM systems identified in C. beijerinckii NRRL B-598,
the closest strain within the genus (please note that C. beijerinckii and C. diolis are heterotypic
synonyms), see Fig. 2.4. Similarly, we were not able to couple eight SmC modification containing motifs
to methylases annotated in the 4. thermoaerophilus CCM 8960 genome [4] (Article [ XVL]).

3.2 Transcription

A transcriptomic study, which reflects the involvement of individual genes in all cellular processes
within a population, at any given sampling moment, is a valuable tool for gaining a deeper insight into
microbial cell factories. Measuring the expression of genetic information is a standard research
procedure that reveals microbial behavior by providing information on the regulation of their genes.
Transcriptomic techniques can aim at a limited number of preselected genes or capture genome-wide
transcription. They can even help to infer novel, hitherto unannotated genes, explain the functions of
poorly described genes, or annotate non-coding elements with important regulatory functions as
reviewed by Patakova et al., 2022 [19] (Article [XIV.]). While the study is aimed at solventogenic
clostridia, summarized bioinformatics techniques for transcriptomic data processing are applicable in

general to any bacterium utilizable in white biotechnology.

3.2.1 Transcription of Selected Genes

A low number of selected genes can be studied with RT-qPCR to capture changes in their expression.
The method is very cheap but processing a larger number of genes is not possible as unique primers
have to be proposed for every single analyzed gene. Not only serves RT-qPCR for validation of the data
from other genome-wide techniques [19] (Article [XIV.]), transcription of key genes in a selected
pathway can be studied to compare transformed strains with WT strains. In the study by Kolek et al.,
2017 [96], we compared expression profiles of six selected key genes in sporulation, acidogenesis, and
solventogenesis as these processes are tightly connected and orchestrated by the master regulator spo0A.
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To be able to compare results for the WT C. beijerinckii NRRL B-598 to the mutant strain OESpo0OA
with overexpressed spo0A, normalization of the data was needed as a standard task of RT-qPCR data
quantification. As genome-wide expression of the WT was not available at that time, we selected four
candidate genes from the literature search as possible reference genes and examined the stability of their
expression with RT-qPCR. Eventually, rpsJ was chosen as the reference gene for data normalization.
Since the transcription of the gene was tested only under the specific conditions of our study, we
calculated only the relative expression of studied genes and rated fold changes in their expression
profiles.

Although utilization of universal reference genes, for example, 16S rRNA coding gene, whose
expression is believed to be stable, is very popular for normalizing RT-qPCR data, it does not seem to
be correct as many studies have shown that the expression of commonly used reference genes is not
always stable [20] (Article [XL.]). Bacteria are very diverse and their expression profiles are specific
even for particular strains. We used several genome-wide transcription studies of C. beijerinckii NRRL
B-598 to infer its most suitable reference gene [20] (Article [XL.]). The selection of candidate reference
genes was conducted by a series of bioinformatics steps to filter RNA-Seq data. Besides calculating
differential expression between all 66 time-points pairs for all genes in the genome, the coefficient of
variation of transcript per million counts was used. Candidate genes were further analyzed by RT-qPCR
and zmp and greA were selected as the most suitable reference genes for C. beijerinckii NRRL B-598.
These genes are not widely applicable to C. beijerinckii species because pepT was confirmed to be the
most suitable reference gene for the strain C. beijerinckii NCIMB 8052 by two studies [19]
(Article [XIV.]).

3.2.2 Genome-wide Transcription

Genome-wide transcription was formerly examined mostly by microarrays. The term “genome-wide” is
not fully appropriate, because microarrays are designed to capture expression of pre-selected genes.
Nevertheless, there are hundreds of spots each corresponding to a specific gene on a single microarray
and, thus, the technique belongs to the high throughput methods. The disadvantage is that sequence of
analyzed genes has to be known to prepare a microarray. Thus, current genome-wide transcription
studies of non-model bacteria mostly rely on transcriptome sequencing, i.e., RNA-Seq, because no prior

information about analyzed genes is needed and the technique offers an unlimited dynamic range.

The bioinformatics preprocessing of RNA-Seq data is not trivial and consists of numerous steps,
e.g., quality assessment and trimming, computational ribodepletion, RNA-Seq specific mapping, and
data quantification. The most popular tools to perform these tasks are summarized in Patakova et al.,
2022 [19] (Article [XIV.]). Data preprocessing depends on the aim of the study, while some
quantification techniques, for example, Reads Per Kilobase Million (RPKM), are suitable to compare
values within a single sample, other techniques, for example, Transcripts Per Million (TPM), allow to
compare values between samples. Eventually, the most reliable result can be achieved with statistical
tests to calculate differential expression, i.e., if the expression of the gene between two conditions
significantly changed, then can be supplemented by informative visualizations using Venn diagrams,
bar plots, or dimensionality reduction techniques [17, 18] (Articles [VL.], [VIL.]). Expression profiles
can be visualized in heatmaps using Z-score to normalize the data. Possibly, moments, where
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statistically significant changes were captured, can be highlighted as we did with small arrows in the
study by Patakova et al, 2020 [79], see Fig. 3.1. Besides already mentioned comprehensive studies
describing the overall response of an organism [17, 18] (Articles [VL.], [VIL.]), the same data can be
reused to describe particular metabolic traits, i.e., acidogenesis, solventogenesis, and metabolic stress
[88] or amino acid, metal ion, vitamin and carbohydrate uptake [97].
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Fig. 3.1 Heatmap of selected genes during shocked ABE fermentation, taken from [79]
Heatmap showing expression of heat-shock protein-coding genes during butanol shocked
ABE fermentation in C. beijerinckii NRRL B-598 (arrows 2 and Y indicate statistically
significant (p-adj <0.001, Benjamini—Hochberg correction) upregulation and downregulation
of related genes transcription; if there is no arrow in the figure, transcription was not changed
significantly).

Eventually, formerly prepared functional annotation can be used to characterize biological
processes in an organism under selected conditions. Simple quantification techniques can be used to
estimate the activity of annotated elements as we did for prophages in C. beijerinckii NRRL B-598
genome using RPKM values [17] (Article [VI.]). More complex techniques, especially differential
expression analysis can be used to define regulated genes of interest and a gene universe to summarize
biological processes, molecular function, and cellular components describing studied phenomenon in
a bacterium with GO enrichment analysis. That way, we described the response of C. beijerinckii NRRL
B-598 to the butanol shock [18] (Article [VIL]) and characterized its unregulated processes [20]
(Article [XI.]).
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3.2.3 Annotation with Transcriptomic Data

Some of the regulating genomics elements, e.g., promoters, UTRs, and sRNA genes, remain to be
discovered and cannot be directly annotated in a genome sequence by basic structural annotation because
their orthologous sequences are unknown. Nevertheless, these elements, when showing some
expression, can be inferred from RNA-Seq data. There are not many automated tools for their annotation
and they usually work with limited kinds of data. Novel tools will be highly desirable in the near future
as transcriptomic studies of non-model bacteria are more and more common nowadays. As adjustments
of sequencing protocols are quite common, it is hard to design a tool that can work with any kind of
data. Nevertheless, it is possible to propose methods that work with similar sensitivity for the older types
of data. Our preliminary results, for example, show that trans-encoded sRNA genes can be annotated

using old non-stranded RNA-Seq libraries with similar sensitivity to new stranded RNA-Seq data [98].
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4 CONCLUSIONS

During the last decade, I contributed to the description and analysis of numerous bacteria. Rather than
an austere taxonomic description, I always aimed at functional annotation in order to infer new
knowledge that could be further utilized in biotechnology. In this introductory text to the 16 selected
articles, I mainly aimed at studies of organisms relevant to white biotechnology, a concept that relies on
the utilization of bacterial cell factories for environmentally friendly production of valuable compounds,
e.g., biofuels and bioplastics. [ believe the biological production of materials of daily use from renewable
sources is the only possible future for humankind due to the limited resources of our planet.
Nevertheless, biotechnology research that is needed to establish industrially viable projects for a circular
economy using bacterial cell factories will not be possible without bioinformatics support. Only
thorough bioinformatics description of processes, which were revealed by biotechnology itself, can
bring their full understanding needed to adjust these processes and maximize yields. From that point of

view, I see bioinformatics being one of the most important tools for current biotechnology.

Nevertheless, bioinformatics analyses of non-model bacteria are not trivial for several reasons.
The first obstacle is the fact that many tools and algorithms require input data that are simply unavailable
for hitherto undescribed organisms because their measuring would be too costly or is simply impossible
due to the missing biological kits to perform desired experiments. The second obstacle, a more general,
lies in newly emerging laboratory technologies, mainly constantly changing sequencing technologies
that pose new requirements on the computational tools. This is clearly visible from the collection of
articles as genomes of presented bacteria needed to be assembled and analyzed by various computational
approaches. For that reason, I do not believe it will be possible to propose comprehensive computational
pipelines that would be able to automatically annotate and analyze bacterial genomes for
biotechnologists in the near future. On the contrary, experienced bioinformaticians with a broad
overview of computational tools that are able to combine various tools in order to infer biological
knowledge will be needed more than ever before in the multidisciplinary teams working on bacterial

biotechnology.

The main aim of this thesis was to present bioinformatics as the modern and constantly changing
discipline that offers a wide range of techniques that, when appropriately combined, can offer extremely
powerful apparatus to infer biological knowledge for biotechnology and possible industrial utilization
of bacteria. Apart from the brief introduction of sequencing technologies and approaches to assemble
genomes, | rather aimed at practical aspects of bioinformatics research with as many examples of
problems I faced in the research during the last 10 years as possible. I believe this practical illustration
could be appealing not only to bioinformaticians but also to biotechnologists that would like to start

using bioinformatics as another tool in their research.
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Thie strain CTasrridium pasteuriansam NERL B-538 is non-rype, axygen inlerant, spore-lorming, mesaphilic
ared heterofermentative strain with high hydrogen production and ability of acetone=butanod fermenta=
i [echar| producton being negligible L Here, we peesent the annatated Complene gename sequende of
this hacterium, replacing the previous draft genome assembdy. The genome consisting of a single circalar
GLB6.8TY bp chramsasome with no plismid was depermined wsing PacBio BES1 and Roche 454 sequencing.

© 2015 Elsevier BY, Al rights reserved,

Clogtridin are a diverse, palyphyletic group of usually rod-
shaped, spore-forming anaerobes including a large number of
solvent producing species. The strain Clostridiem pasfeurianim
MRRL B-5398 ferments wide specirum of substrates containing ghu-
ciose, xylose, arabingse, mannose, skocharase, lactose, cellobiose or
starch by bi-phasic acetone-butanol fermentation. In addition, the
straim has exceptional proteolytic abilitbes which allow alternation
of complex nitrogen sources like yeast extract or tryptone ina cul-
tivarien medium with cheap protein or peptide containing waste
(g whey or feather maeal). The start of solventogenic phase in this
strain is clearly associated with formation of endospores but no
acids re-utilization usually accurs and solventogenesis beging in
cxponential growth phase, Unlike other C posteuriomum - strains,
this strain camnol utilize glycerol a2 4 substrate, The strain forms
an unknown pale purple pigment, possibly of polyketide origin,
the productien of which is linked with high selvents yield. For this
strain, butanol stress response was studied (Kolek et al, 2015,
which resulted in increased content of membrane plasmalogens.
Further, sol operon and SpolA global regulator were kentified in
the genome (Sedlar et al, 2004} and the strainwas used for develop-

* Correiponding asthis,
E:mind! mefdresses: codlar@benc vuthe oz (I Sedlary, fan koleb@verhoor (L Kokek ),
sk ko aildees wuthe £ (M, Skethova], huirbiora branakasaicks cr (B, Bramaka),
provanndioBtess vulhe or (L Prosrenik), petrapata kosaddvache o (P Pacakosra).

Wiep: ko oot 0k 0 G G4 flvbetec. 201 S0RLG3 2
018 1ESEM 2001 5 Elsevier BA. Al rights reserved.

rent of low cytometric analyses enabling cell-level insight to the
bacterial population (Fatakowa er al, 2013: Linhova et al., 2012},
Until now, only the draft genome was svailable (Kolek of a1, 2014)
which was now replaced with the complete genome sequence, Due
to high genetic stability, oxygen tolerance, and versatile sugar-
fermenting and protesdytic abilities, this strain has a potential to
be a useful pladform for further genetic modification.

Tatal genome DHNA of C pestenrienum MRERL B-508 was
sequenced using PFacBie | Packlo RSH; GATC Blotech, Inc., Constance,
Cermany] and Roche 454 (Roche G5 Junior; UCT Prague, Pragus,
Czech Republich FacBie single molecule real-time (SMET) analy-
w5 v.2.3 was wsed lor PacBio raw reads (2= SMET cell, covering
=4 Mibp) treatment. The HGAP software (Chin et al. 2013} was
uged for de nove gensme asembly with =30« coverage of sell-
cormected reads with length over 6626bp. Contig accuracy was
enhanced with the Quiver (ool using the entire read se{ =79 cov-
erage). The resulting 3 PacBio contigs were combined with previous
Rooche assembly containdng 138 contigs (Kolek er al. 2004) using
Ceneiows RT (Kearse ot al,, 2012} The final contig was circularized
while owerlaps at its ends were manually trimmed. The genomse
sequence was arranged fo onC predicted by Ori-Finder {Gao and
Zhamg 2008). Annotatbon was added by the MCBI Prokaryotic
Genome Annotation Pipeline (PCGAP) (hoip:/ warw nchindmonih,
pov/genome/annotation. prok/). ProSplign (Kinutin et al, 2007)
and GenedlarkS+ (Besemer et al, 2001 ) were used for open reading
frame (ORF) detection; tRMAscan-5E (Lowe and Eddy, 19697 was
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a sequence similarity search using BLAST against an RNA sequence
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L. pastenriammm MRRL B-598 contains only chremosomal DNA
i plasenids were detected. By fllling gaps in the previous draf
genomie assembly, the length of the complete genome sequence
increased to & total of 6,186,879 bases. The G+C content of the
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sequence, see summary in Table 1, The genome of C pasteuriaminm
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8052 differing in only a single amino ackd (Sedlar et al, 2014)

Nucleatide tequence accession number: the O pasteurianion
MREL B-598 whole genome sequence has been deposited at
DDE]|EMBL/GenBank under accession Mo, CPO1 1966, replacing the
wis genome A KRIO000000, The strain is available from the Agri-
cultural Research Service | NREL) Culture Collection.
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Dam and Dcm methylations prevent e
gene transfer into Clostridium pasteurianum
NRRL B-598: development of methods

for electrotransformation, conjugation,

and sonoporation

Jan Kolek'", Karel Sedlar’, vo Provaznik® and Petra Patakova'

Abstract

Background: Butanal is currently ane of the most discussed biofuels Its use provides many benefits in compari-

son to bic-ethanol, but the price of its fermentative production is still high. Genetic improvements could help sohwe
many problems associated with butanal production during ABE fermentation, such as s toxicity, low concentra-

tion achievable in the cultivation medium, the need for a relatively expensive substrate, and many maore. Clostridium
pasteuriancem MRRL B-533 is non-type strain producing butancl, acetone, and a negligible ameount of ethanol. 1ts main
benefits are high axygen talerance, utilization of a wide range of carbon and nitregen sowrces, and the availability of
its whole gencme sequence, However, there is no established method for the trarsfer of foreign DNA into this strain;
this is the rext step necessary for progress inits use for butanal production,

Results: We have described functional protocols for conjugation and transfarmation of the bio-butanal producer C
pasteurianum MRRL B-593 by foreign plasmid DNA. We show that the use of unmethylated plasmid DMA &s necessary
for efficient transformation or successful conjugation. Genes encoding DA methyation and those for restriction-
rmadification systems and antibiotic resistance were searched far in the whale genome sequence and their hamolo-
gies with ather clostricial bacteria were determined. Furthesmarne, activity of described nowel type | restriction systern
was proved experimentally. The described electrotransformation pratocal achieved an efficency 12 = 107 cfus

pg DA after step-by-step aptimization and an efficiency of 1.6 x 10° cfufug DNA was achieved by the sanopora-
tion technique wsing a standard laboratcry ultrasound bath, The highest transformation efficiency was achieved
wsing a combination of these approachies; sonaelectroporaton ked 1o an increate in transformation eficiency, to

5.3 % 107 clu/ug DNA.

Conclusions: Both Darn and Dom methylations are detrirmental for transfcamation of C pasteurianurm MRRL B-598,
Methods for canjugation, electropanation, sonoporation, and a cambined method for soncdelectroporation wene
established for this strain, The methods described could be used for genetic improvement of this strain, which is suit-
abde for bic-butancl production.

Keywords: Clostrichiurn, Butancd, Transfonmation, Conjugation, Methylation, Dam, Dom, Electroporation, Sonoporation
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Background

Interest in biofuel proeduction, which could represent
a useful substitute for standard fuels derived from fos-
sil pesources, has increased significantly over the last
decade [1]. Butanol formed during acetone-butanol-
ethanol {ABE} fermentation by solventogenic clostridia
represents an interesting option for biofuel production,
especially taking inte account its physico-chemical prop-
erties that better suit requirements of gasoline motors
compared to ethanol. Although butanol proeduction by
ABE has been known for more than 100 years [2], its
industrial-scale production is hampered by a low final
concentration, lower yield compared to ethanol, and in
most species, an asseciation of butano] production with
sporulation. In addition, clostridia, including solvento-
genic species, are a polyphyletic group of bacteria, where
transfer of knowledge gathered for one species, or even
strakn to another species/strain & difficult if not impossi-
ble. Most knowledge regarding the ABE process has been
abtained from a single strain, Clostridinm acefoluiylictnn
ATCC 824, which differs in many features from other sol-
ventogenic clostridia [3]. Most other species, with the
exception of C. beiferinckil MCIMB 8052 [4], have been
described relatively poorly. These drawbacks have pre-
cluded the biotechnological production of bio-butanol
on a larger scale [5]. Genetics and metabolic engineering
represent new approaches with the possibility of signik-
cantly improving the ABE process.

The existence of methods for genetic manipulation
of industrial microorganisms is generally essential for
improving their properties to be appropriate for bio-
fuel production. However, these methods are also very
important for better, quicker and more effective research
that could lead to the acquisition of important informa-
tion useful in industrial processes. The most commonly
used method for introducing foreign DNA into bacte-
rial cells is transformation (an exogenous molecule of
DA is introeduced directly through the cell membrane],
conjugation {mediated by tight contact between donor-
recipient cells and pili formation), and transduction
(mediated by virus particles). In most cases, transforma-
tion of Gram-positive bacteria is more difficult compared
to Gram-negatives and the development of transforma-
tion protocols is demanding. Gram-positive bacteria pos-
sess a thick peptidoglycan layer that is further enveloped
by a protein 5-layer and these bacteria also have only
one cytoplasmic membrane, whose distortion can lead
to immediate disruption of cell homeostasis and often
death.

Transformation of gram-positive, strictly anaerobic
bacteria of the genus Clostridinm, is also usually acoom-
panied by many drawbacks. For the introduction of for-
cign DMA into clostridial cells, several protocols have
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been described, based on conjugation with Escherichia
coli [6, 7] or Emeracoccus [8] donors, PEG-induced pro-
toplast transformation [9, 10] and more recently, elec-
troporation [11=14]. In addition, some less frequently
used transformation approaches such as chemical treat-
ment by Tris-PEG method [15] or sonoporation [16] have
been tested.

Here, we describe the development of methods for
genetic medification of C pasterianun NRRL B-598—a
solventogenic bacterium  producing butanol, acetone,
and ethanod [17]. This strain is unigue in its exceptional
oxygen redstance, which is much higher than the stand-
ard butanol-producing model strains such as C pas-
tevriannem ATCC 6013, C befferinckii NCIMEB 8052 or
C. acetobutylicurmn ATCC 824, Also the whole genomic
sequence is available for this strain [18, 19]. Moreover,
only one system for genetic manipulation of O, pasten-
rignron species (type strain ATOC 6013) has been pub-
lished [12]. We found that the development of methods
for introducing DMA into the non-type, and at first
sight untransformable, strain O pastesrianum MRRL
B-598, was problematic and completely different from
other clostridia, We believe that our contribution to this
ficld will strengthen knowledge on bacterial (especially
Clostridium)  transformation methods and encourage
those who tackle similar tasks, trying to apply protocols
developed for different species/strains, to their particular
MICrOOrganisms.

Results
Initial transformation attempts
Initially, we conducted a series of pilot experiments based
on previous descriptions of the transfer of foreign DNA
to other clostridial species, as described in the litera-
ture |6, & 20, 21]. First, we tested various conditions for
plasmid transfer by conjugation wsing various growth
media (TYA, RCM, TBM, P2, YTG), time of conjugation
{5=24 h}, donorrecipient ratios (from 1:10 to 10:1) and,
when no transformants resulted, electroporation was
tested using various growth states of cells (0D 0.4-1.2),
electroporation buffers (5MPE PEG, glyeerol], cuvettes
(0.2 and 0.4 cm gap), and electrical parameters (field
strength 25-15 kV em™', time constant 5-20 ms). We
aleo used plasmids from the pMTLE0000 series encoding
different replicons and antibiotic resistance markers [21];
this was to minimize the possibility that the plasmids
may encode unsuitable origing of replication or antibiotic
resistance for our strain. Unfortunately, no conditions
that we tested during these pilot experiments led to suc-
cesaful transformation,

During pilot experiments, we discovered that strain
. pastenrianin NRERL B-598 was naturally resistant to
chloramphenicol and thiamphenicol, therefore plasmids
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encoding thiamphenicol resistance, classically used as
a selection marker for most clostridial strains, were not
applicable. Om the other hand, such a marker could be
used for counter-selection during conjugation. We also
verified that C, pastewrianum NREL B-598 was nol resist-
ant to erythromycin or spectinomycin (20 pg/pl, 700 pg!
pl resp.]) al concentrations previously reported in the lit-
eratire [21]. but when a lower concentration of antibiotic
was used, or oo many cells were seeded onto agar plates,
a very strong background growth was observed. Simi-
lary, almost normal growth of cells was observed after
longer periods {2-3 days) in TYA broth supplemented
with appropriate concentrations of anitbiotics.

Bioinformatics analysis of the C pasteurianum NRAL B-598
QENOMmEe

Because all attemgpts at plasmid transformation of our
straln falled, we declded to perform a more detalled blain-
formatics analysis. The maln purpose was to reveal genes
encoding putative restriction-modification (B-M) sys-
tems that could present a problem during transformation
af clostridia, and genes encoding putative DNA methyl-
transferases that could be connected with these B-M ays-
tems for protection of their own DMA [8, 12, 22, 23],

We took advantage of SMET sequencing data used for
the genome assembly [19] to study DMNA methylation
on a genome-wide scale, We analyzed all base modifi-
cations to determine modified sequence motifs, Out of
the total, 2033 positions in the C pastenriarum NRRL
B-598 genome were detected as being methylated (m4C
or miA) with the majority being m6A methylations {199
positions). Both detected motifs (GAAYNNNNNNN-
ETARYC, GATNNMNNNCTAG) demonstrated movel
recognition sequences that have not been described previ-
ously. Letters in bold denote methylated bases. Highlighted
T represents methylation of ‘A’ in the opposite strand.

The data were deposited in the REBASE PacBio data-
base (http://rebase.neb.com/cgi-bin/pachiolist) [24] and
were connected to the B-M system based on homology
searching, The detected methylation motifs, both mbA
types, are summarized in Table 1, along with the corre-
sponding methyl transferase (MT)-encoding genes,

In addition to above-mentioned type | B-M sys-
tems, three more putative B-M systems were predicted,
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including two type [l B-M systems and a single type [V
E-M system. A summary of all five systems is found in
Table 2. BLAST results also showed that no genes homal-
ogous to £ coli Dam and Dem were present in the C.
pasteurigmum NRRL B-598 genome.

We also searched for antibiotic resistance genes. In
tatal, 28 ORFs with antibiotic resistance [unctions,
divided into nine resistapce clagses, were dentified in
the genome. All of these ORFs were assigned GenBank
accession numbers for the relevant protein product
(Fig. 1). As expected, we verified the presence of a gene
for chloramphenicol acetyliransferase (cat, [GenBank:
ALB45592]) that encoded resistance to chloramphenicol
and thiamphenicol, as observed during our experiments.
Moreover, genes encoding ervthromycin or spectinomy-
cin reslstance were ot identified A substantial part of
the antiblotic reslstance of C. pastesriann NERL B-598
s mediated by an antiblotic efflux system.

Investigation of potential restriction barrlers

As described previously, nucleases can be located on the
surface of cells and in sorne cases and degradation of
DMA can already start after adding DNA to the cells [25].
Im other cases, enzymees with nuclease activity are located
in the cytoplasm. Hence we examined nuclease activities
in both the protoplast crude lysate (without any parts of
the cell envelope) as well as in the whole cell extract.

We did not detect amy restriction activity when
pMTLEIZ53 (plasmid does mot contain motifs of pre-
dicted type 1 RB-M systems) was incubated with crude
extracts and whole cell lysate. In the case of pMTLA2254
{contains one of each predicted motifs), plasmid DNA
was nearly completely digested in broad spectrum of cul-
tivation conditions. Restriction did not provide separate
bands (DNA fragments) like in case of cultivation with
crude extract from O, pasterianum DSM 525, but led to
one fuzzy smear {see Fig. 2). The same restriction pattern
was obtained at 30 and 37 "C.

Influence of methylation and establishment of an
electroporation protocol

As 3 next step, we wanted to test whether plasmid DINA
without Dam and Doem methylation could be used for
transformation. We extracted plasmids from £ coli

Table 1 Methylated motif detected for C, pasteurianum NRRL B-598

A-M systam Maotifs (strand) Mo, in M, detected % detectod Locus tag Momenclature
Type QERDME [&strand) iEatrand)
CAMTAYNMHNNEERTTCY 406 3A5/350 BB WITE 1060 MCpasial
CARYHMMBINNNATANYE
CTAGNNNNRIETES 08 57550 45592 41 MIFR 12550 MCpasHall

(TN MR TAG
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Table 2 R-M systems in C, pasteurionum NRAL B-598 genome
Typa MNasra Gene® Math. type Recognition Lisciss (X276 ] Mast similar (% idantiny)
i Cpasasp R v, CRAATHMM BN TANYC 10620 CrpaADRFA1029 (575 %)
M P59 L 104530 ML be] | FORFLF (97 %)
SCpaboE 5 10635 SCspMORRS 1P 49 5
| Cpatosle K frid, AN NNCTAG 12355 Lo 257 THORFF (90 %]
MU pa5aaE M 12360 MCsr FSTISORFIP (96 W
S CpabsE 5 12365 S B0 P ORFGP (56 %)
] M CpaSS8DRF 20205 M mSC = - M1 ChoRAPEIORF | 21600 (BT W
WA paSEBORF 20005 M {H 545 A 2 ChoMAPBIORF 1 21600 (84 %)
R CpaSS80AF 0005 1] x A2 Coe 8 SORFS00TP (46 %)
R pa S SBCRF 20204 K {555 A1 Bop SORTORF J217P (11 %y
] WL paSGHORF 24100 M e, GATCE 0735 WL DS GROREF 12540 {100 %)
L L paSSBLEr | 2465 K - - | 255 Lol 54 100RRLE (93 i)
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IM110 (damr=/dem=), a strain wsed for preparation of
unmethylated DNA. After pilot electrotransformation
experiments using wnmethylated pMTLB3253 {con-
taining the pCB102 origin derived from O bueyricim)
and conditions described previously for ©. beiferinckii
[25], a few erythromycin-resistant cobonies (1=12 CFU)
waore obtained after 48 h of growth on selective agar
meedium,  Also other tested  plasmids (pMTLEI353-
pCB102 replicon and spectinomycin sedection marker;
pMTLEZ251-pBP1 replicon; pMTL84251- pCD6 replicon;

pMTLES251-pIM 13 replicon) were transformed success-
fully but the CFL ylelds were much lower (a maximum
of 4 CFLU). Because of the best transformation effickency
achieved, as well as the fact that the pCB102 origin is the
replicon that Is used, for example, in standard pMTLOO7
plasmids (ClosTron system) [7] used for fast and specific
knock-cuts, we performed all following experiments with
pMTLEI253. The presence of pMMTLEI2SS in erythro-
mycin-reskstant colonles was verified by its isolation and
restriction digestion by Psil. Bands of the digested DNA
were compared to bands of pATLE3253 (solated from E.
cali and digested in the same way (Fig. 3). The presence of
pMTLEI253 was confirmed in all erythromycin-resistant
colombes that we tested,

After achieving successful transformation, we aimed
to improve transformation efficlency for unmethylated
plasmid DMA because the twelve colonies observed
{observed maximum) corresponded to a transformation
efficiency of only & cfuw/pg DMA, which is very low and
wiould mot be compatible with the use of this method for
genetic manipulations,

Imitially, we tested different woltages (2500-
15,000 V em™'). A second parameter, investigated and
optimized during the first experiments, was the growth
state of the cells, represented by culture optical density.
For this purpose, we prepared electrocompetent cells
from cultures of different OD, (0.6-0.8 and 1.2-1.4),
representing the previously used states of culure for
electrotransformation of clostridia, “When cells at an
0D of around 1.2-1.4 were used, transformation effi-
ciency was significantly improved (Fig. 4). In the fol-
lowing electroporation experiments, time constant, as
the main parameter of electroporation, was investigated
using the best voltage and cell growth conditions (see
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above). We observed that shorter electrie pulses (5 ms)
were significantly better for transformation efficlency
compared to higher values. CFUs obtained using diffes-
ent time constants are shown in Flg. 4. Square-wave pulse
diolivery was also tested, but transformation efficien-
ches were significantly lower than with exponential pulse
mode (see Fig. 4)

We also tested a set of various electroporation buflers
(30 % PEG 8000 and SMDP buffer at different pH values).
However, no increase in transformation efficiency was
obtalned in any other buffers during these experiments.
The addition of cell-wall weakening additives {differ-
ent concentrations of glycine, amplcillin or Tween 80)
or treatments with various concentrations of lysozyme
prior to electroporation, which have been described
previously |12, 26] as methods for significantly increas-
ing transformation efficiency in Gram-positive bacteria,
was not successful and mo transformants or poor trans-
formation efficiencies were observed (dara not shown),

no Difted

HER, CurSman

Lpal

|' er i ek I-. -..

e SoeEnEilic,

Thapi s
NER, CL
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T Scientific, Tango 1x
HER, CutSman
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D ladcder

Generally, very poor growth was observed in the pres-
ence of low concentratlons of glycine (more than 0.25 %),
even with sucrose of PEG osmotie protection. Egqually,
addition of cemoprotective agents [varlous concentra-
tone of sucrose, PEG or lactose) to the recovery medium
always had detrimental effects on geowth and transfor-
mation efficlency, and addition of sucrose to the growth
medium at high concentrations (0.2 M and more) led to
a slgnificant decrease In growth. Importantly, when cul-
ture degeneration [27] was observed (represented mainly
by formation of very long, mycelium-like cells in log and
late-log phase), transformation efficiency was reduced
drastically and only a few colonkes grew on the selective
medium.

After optimization of electrotransformation steps,
we wanted to better understand the influence of Dam
and Dom methylaton individually te resolve which
one is detrimental or potentially helpful in transfor-
matien. We compared electroporation transformation

54



Eplek & ol Blotechnol Brofuels (20061814

Article II: Dam and Dcm methylations prevent gene transfer into Clostridium pasteurianum NRRL B-598

Page & al 14

Bagh
28
23

. =
—
o e |
-
500 bp
B
250 bp

Fig. 3 Confirmation of pAATLALAY preserce in C pasteorionum WAL
B-558 eryibramrcir-resislant Bansformants & péATLELISY modated
Troem E codl BT 10 [0 and © posiesiones MRRL B-558 Irarmdommants
(a1 b pdATLEIZS T molated from £ colf W1 10 (b5 and C padfewrt-
arwm MRFL B-588 traraformants (hE) clemed by Peil (pesuilting Irag-
rreerits 370 By arvd 441 3 b} compared o ke GereBufer 1 b DA
Ladder - Tresmd Sckertihe ()

efficiencies of -E:l.':reri.nll:ﬁl:.. where p]uxm:id. DNA 5o
lated from the following methylation-deficient E
coli straing were used: IMILI0 (dam—ldemi—), BL2]
[dam+ldem—) and GM33 [(dam—/dem+). DMNA
extracted from E coli DH%x (dam+/demi+) was also
used for confirmation that Dam and Dem methyla-
thons represent a real obstacle o transformation, even
when the optimized electrotransformation protocol
wai performed. A few ervthromycin-resistant colonbes
(a maximum & of CFU} containing pMTLE3253 were
sometimes obtalned If DMA from DHS5a (fully meth-
viated) was transformed. Relatively consistent resulis
were achieved by transformation of hemimethylated
plasmid DMA. Both methylations led to a significant
reduction in transformation efficiency. The influence of
varbous methylations on electrotransformation efficlen-
ches is summarkzed in Table 3.

Establishment of conjugational transfer

Conjugation was not obeerved when an E. coli strain sup-
porting Dam or Dom methylation was used as a donor
for transmission of pMTLAMM series plasmids to our
strain used in the pilot experiment (see above). Based on
our experience from electrotransformation experinvents,
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we constructed a new conjugation donor strain by
transmission of RBP4 helper plasmid to £ coli IML10
(i — fdler— ) containing pMTLEIZS3. With this donor
ensuring transfer of unmethylated pMTLEIZ53 between
donor and recipient cells, we tested for conjugation. Con-
jugation wsing a methylation-deficient donor was suc-
cessful and many erythromycin-resistant colonies were
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Table 3 Influence of DNA methylation stage to the electrotransformation efficiency

DMA amcnt [Pl E coll strin {designation) CFU {average count)® Efficiency (CFU par jig DAY
I gD jdam +4dom 4 3 15

I g3 3 (dam =Adom +) iy 135

I el foam +foom <) -} %

I g A0 (s — el —) 136 LA L

* 2 g of DA wars urieedd B Translenmation

observed after 48 h. CFUs achleved after vartous conju-
gatbon times (6 or 24 h) are summarized in Table 4.

Use of soneporatien for ransmibsshoen of plasmid DNA

As described previously, ultrasound could also be a use-
ful technigue to use for transformation of Gram-positive
bacteria. From a few sonoporation media tested [TYA
broth, 0.5 M CaCl,, sterile water, SMP and PEG), only 10
and 30 % PEG 8000 were suitable for relatively high-effi-
ciency transformation. No or only a few transformants
were achieved when other sonoporation media were
used. An adequate time of ultrasonic pulse was designed
according to previous experiences with sonoporation of
Gram-positive bacteria, where 20 s was identified as a
critical time for ultrasound-mediated plasmid DNA deg-
radation but less time led to a reduction in transforma-
tion efficiency [16). Sonoporation has been proven to be
a very effective method of transformation that provides
even higher transformation efficiencies than clectro-
transformation. Efficiencies of transformation achieved
by sonoporation are summarized in Table 4.

Combined sono/electroporation for increased
transformation efficiency

Because cell-wall weakening approaches were not suc-
cessful, we compiled a combined method wsing bath
sonc- and electroporation for improving transformation

efficlencies. During the first set of sonofelectroporation
experiments, we observed that a square-wave pulse pro-
vided more consistent results and significantly higher
efficiency than the previously used exponential pulse.
Also, different amounts of DA (0.25-2 pg) were used
for establishing the most efficient approach. Slighthy
higher voltage (1250 V) produced the most transfor-
mants in the square-wave mode and best transformation
efficiency was achieved with 0.5 pg of plasmid DMNA (see
Fig. 5). By a combination of both techniques, we were
able to reach a transformation efficiency of 5.3 »x 107 cfw/
pg DNA (see Table 4),

Discussion

The development of methods for efficient genetic manip-
ulation of clostridial bacteria is generally very challeng-
ing. Protocols for transmission of foreign DNA to many
clostridial species have been developed [20], but these
transformation procedures use very different conditions
and their overall efficiencies vary by orders of magnitude
from 10¢ to 10° transformants/pg of DNA. Furthermare,
transformation conditions are often useful for only one
strain and cannot readily be wsed for other species or
even strains, At least, rational step-by-step optimization
of the protocel is necessary in order to achieve consist-
ent results. A unique approach to transformation must be
developed when the strain expresses a specific restriction

Table 4 Summary of pMTLBI153 containing CFU yielded by conjugation, sonoporation, and combined sono/electropara-

tion approaches

Comjugation |E ool 110 congaéning FP4 and pMTLAIZES donee]
& of Corjugation

24 Iy of conjudgation

SorapEation

0% PEG BOOO Bruffer, 20 5 putse

B0 % PEG BOOO Buffier, 20 § pulie

Sonofelectroporation

10% PEC 8000 buffer, 205 ulrasound palse. § ma sguane-wave pulse 5 me (1250%)

B3 gyl DML, wrans el ey tranadeomatian
B 0% g of DRA was used for Sranalomation
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barrier that prevents effective transformation, or when
conditions from previously published approaches are
uwnsuccessful, as in our case.

C. pastewrianum MERL B-598 represents a non-type
strain of solventogenic clostridium that could be a good
candidate for production of organic solvenis in an ABE
process. This strain excels in very high oxygen resisi-
ance and overall robustness that could be helpful for a
large-scale ABE process. Moreover, blosynthesis of some
nonspecific proteases that allows the use of cheap nitoo-
gen sources in its cultivation (e.g., waste whey products)
has been described previously for this strain [28]. Dur-
ing our experiments, we showed that C. pastewrianim
MREL B-598 carries a caf gene encoding resistance to
chloramphenicol and thiamphenicol, the antiblotics that
iz normally efective against many strains of clostridium
bacteria. This finding is a little surprising because chlo-
ramphenicol and thiamphenicol resistances have only
been observed in solventogenic species such as C. Ielfer-
derckidi, but not O, prasteurdanum.

The action of various restriction-modification (R-M)
syEtems represents a fregquent obstacke in the transforma-
tion of clostridia, as well as other Gram-positive specles.
Type 1l B-M systems recognize a defined short sequence
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in the foreign DNA and promote its degradation after
transmission to the cytoplasm, or even immediately on
the cell surface [29], B-M 11 systems were described as a
reason preventing transformation of O, acefolutylicom
ATCC 824 [22], C pastenriamim ATCC 6013 [12] or C
cellulalyticum ATCC 35319 [8]. In these cases, special
treatment by DNA-methyliransferaze, which masks all
recognition sequences, was necessary before transfor-
mation. Type | B-M systems could also be responsible
fior a decrease in transformation efficiency like in C sac-
eharobutylicuns MCP 262 [23]. Specific protein inhibi-
tors (such as TypeQne restriction inhibitor), protective
methylation or heat inactivation could be approaches
for overcoming these systems [29]. Equally, reduction
of transformation efficiency could be caused by B-M 111
or IV, but these systems have, so far, been very poordy
described in clostridia.

Based on the analysis of PacBio SMRT data, we demon-
strated the genomic existence of two type 1 B-M systems,
Cpad98] and Cpa5981L Activity of these systems was also
confirmed experimentally by cultivation of pMTLE2254
which contained recognition sequences of both R-M
systems. Restriction provides probably unspecific cleay-
ing of DA in the direction from the recognized maotifs
which [ typical for type | R-M systems [30]. Both rec-
ognized motifz are Included in sequence of pEP1 repli-
cation origin module of pMTLE000 plasmids system
thus it is better to use other replicon for transformation
of this straln. On the other hand, when unmethylated
pBPL replicon-based plasmibd (pMTLE2251) was trans-
formed by electroporation. we were still able to abtain a
few tramsformants.

Baoth type 11 R-M systems are most certainly inac-
tive because no methylated recognition sequence for
CpafQB0ORFX10 systemn was found and no m5C meth-
viations asslgned to CpaS9RORF20205 svstem were
detected. We note that the kinetic signatures of m5C
bases may not have been strong enough to study prop-
erly, but in a relatively high sequence coverage (79x)
not a single m5C methylation was detected and also no
active type Il B-M systern was obtained during experi-
meental testing of their presence in the protoplast or
whole cell lysates. Activity of the remaining type IV B-M
system remains unclear, since these systems are poorly
described and neither recognition sequence nor the type
of methylation was assigned to this system. Nevertheless,
because CpaS980RF 12465F is a methyl-directed restric-
tion enzyme, its activity could also be the reason for
decreased transformation efficiency. Further studies are
required to verify these hypotheses,

The C. pasterriamem NEREL B-598 genome contains a
relatively large number of antibiotic efflux genes. Anti-
biotic resistance can be confirmed by almost normal
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growth of cells in a medium containing various antibiot-
fcs over long periods of time.

The addition of TypeOne restriction inhibitor, which
has been described previously as a functional agent for
overcoming R-M [ systems in E coli or Saelmaerella typ-
irmieerivee [31], also did not bead to swccessful transforma-
tion. Based on these results, we assumed that a restriction
barrier requiring methylation protection of plasmid DNA
probably did not constitute a relevant obstacle during
transformation of DNA extracted from E. coli or its con-
jugal transfer to C. pasfenriameon NRRL B-595,

Methylation af transmitted DNA can also clearly affect
the efficiency of bacterial transformation. Significant
reductions in transformation efficiencies when methyl-
ated DMA wat used were described for many bacterial
species such as Streptomyees or Laclobacilluz. Methyl-
specific restriction systems probably play a major role in
these observations [32, 33], but the fact that methylated
orf sequences on a plasmid may not associate with a spe-
cific replication protein could also play an important role
in transformatbon efficiency [34]. Fully methylated DMA
izolated from Escherichia coll (dam+/dennt) was, In
most cases, referred to as the best template for clostridial
transformation because Dam and Dem methylation coukd
prodect DNA from degradation by nucleases and could
increase clostridial transformation efhiciencies. Reported
cases of detrimental Influences of E coll methylation
were observed in O thermiocelfuwm DSM1313 and C. [fue-
gahiil DEM 13528, but eventually only Dem methylation
was identified as the orlgin of transformation problems
in both experiments [13, 34]. Surprisingly, when unmeth-
ylated plasmid DMNA was used for electrotransformmation
of C. pastenrtanum MREL B-598, we suddenly obtained
a few transformants, For electrotransformation, a previ-
ously published protecaol for O beiferinekii MCIMB 3052
[25] was used and the maximum transformation effi-
clency, achieved with pMTL82353, was & clu/pg DMA.
The transformation efficlency achieved was wvery low
compared to other dostridia or Gram-positive bacteria
and could not be used for effective genetic manipulations
or research on this strain. Because a previously published
protocol for other species was used without changes, we
wanted to optimize it directly for C. pastenriann NRRL
B-598, hopefully leading to an improved transformation
efficiency.

The efficiency of ebectrotransformation may be affected
by many parameters such as growth medium, cell growth
phase, composition of electroporation buffer, voltage of
electric pulse, or its length (influenced mainly by capaci-
tance and resistance of the electroporator), For electro-
transformation of clostridial species, cells in early-log to
late-log growth phase, different electroporation buffers
with low conductivity containing osmostabilizing agents
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Gsucrose, PEG, etc), and a relatively low electric feld
{around 5 kY cm™') are usually used [20]. We found that
the best growth phase of C. pastenrianun NRERL B-598
for electrotransformation was between late logarithmic
and earty-stationary phase (0D, 1.2=1.4), which is not
typical for most solventogenic strains, Similady, the best
transformation efhiciency was oblained when electropo-
ration was conducted in 10 % PEG 8000 and decreased
when the SMP electroporation buffer (at various pH val-
wes) was used. Through step-by-step optimization, we
were able to achieve an average electrotransformation
efficiency of 1.2 x 10° cfu/pg DNA when unmethylated
DNA was used. This was much lower than for the type
straing C. acefobudylicam or C. beijerinckil, where the
electrotransformation eficiencies reached 10°-10" trans-
formants per g of DNA [22, 25]. Nevertheless, this effi-
ciency is sufficient to use this method for some genetic
improvermnents and basic research on this intractable
slrain.

Achleved transformation efficlency showed clearly
that with a decreasing number of any E. coli methyla-
tions, transformation efficiency significantly increased.
Thus, both Dam and Dem methylations were shown
ta be detrirmental to transformation, a fact that has not
been described previously in transformation of other
clostridia. Previously, Pyne et al. [20] described similar
effect of CpG methylation which presence led to obtain
no transformants even though CpG provided good pro-
tection against digestion by described R-M system. If
we take Into account the number of Dam- and Dem-
specific methylation sites on pMTLEI2ZS3 (10 and 18
resp. ), we can postulate that Dam methylation could be
a little maore detelmental than Dem, which is at variance
with findings obtained previously [13, 35]. Decreased
efficiency could be caused by a reduction in replication
efficiency or some methyl-specific restriction system that

may be present In cells as a protection againsi forelgn
DMA, eg., bacteriophage, exhibiting a forelgn methyla-
tion pattern. The best described similar systems are, for
example, the Dpal system in Streplococcus prewmomiae
138] or model methylation-dependent systems MeorA,
MerBC, and Mrr as described in E coli [30]. If some
methyl-specific type I'V restriction system occurs in our
strain (see above], it would be quite interesting because
no restrictions were obtained when we conducted an
examination of restriction systems with Dam and Dem
methylated pMTLE3253. However, we focused mainly on
E-M I and [ systems, 50 some putative B-M IV (methyl-
specific) systems may not be active under these in vitro
conditions.

The influence of E. cofi methylation was also verified
in conjugation experiments, where pMTLE2353 trans-
mission was only successful in the methylation-deficient
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doner strain (JM110 containing BP4). The existence of
effective conjugal transfer could be very uselul because it
represents an effective way to transfer large plasmids to O
pasterriameen NREL B-598, which is poorly transform-
able by electroporation and sonoporation technigues,
Mo evidence concerning the use of a conjugation donor
mediating transfer of unmethylated DNA between E
cali and clostridia has been published previously and this
method could represent a fast and relatively easy method
for an initial examination of the influence of methylation
on transmission efficiency because this IncP-based con-
jugation method is applicable for many clostridial species
in a similar arrangements of experiments.

Sonoporation s a relatively new method that = not
used frequently for bacterial transformation. It is prob-
ably based on the cavitation of the cell wall and mem-
brane, mediated by ultragsound pulse delivery that results
in transmission of DMA inbo the cell [37]. Historically, a
few transformations of thermophilic clostridia were con-
ducted successfully using ultrasound-mediated transfer
[16]. We were able to transform O pastenrianams NERL
B-598 by sonoporation using a simple 30-5 ultrasound
pulse. Surprisingly, the average efficiency of pMTLE2353
transfer was 1.6 x 107 cfu/pg DNA, which was even more
efficient than electrotransformation. Moreover, somnopo-
ration |s a method that does not require any special or
expensive equipment and is fast and reliable. On the
other hand, it is likely that ultrasound-mediated transfor-
mation ks lmited by the size of the transferred plasmid
because larger plasmids can be more rapidly destroved by
sonlcation. Polyethylene glveol probably plays an impor-
tant role in tramsformation of O pastewriamim NERL
B-598 because it may act as an csmostabilizer and also as
an agent ensuring easier transmission through the bacte-
rial membrane. Sonoporation of unmethylated DNA was
the necessary condition and when DNA extracted from
DHS5a was used, no or only a few transformants were
chtained.

Ultrasound pre-treatment prlor to electrotransfor-
mation was used previously eg., for Saccharopolyspora
erythraea |38] or Streptowryces spp. [39]. Ultrasound
can effectively disorganize the cell wall; therefore, it may
be useful to increase the efficiency of transformation,
Because we were not successful using standard cell-wall
weakening procedures (glycine addition or lysozyme
treatment), we attempted to enhance the uptake of DINA
into bacterial cells by sonication prior to electroporation,
especially in this case where sonication was proven to be
the best approach for transformation. Sono/electropo-
ration proved to be the best method for transformation
of C. pastewrianum NRRL B-598, producing relatively
consistent results over many replicates. 1t was shown to
be important to use a square-wave pulse during sono/
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electroporation because when a standard exponential
pulse was delivered, transformation efficiency decreased
This was mainly result of higher cell mortality probably
due to ultrasound -caused cell wall disturbances. By the
combination of both methods, we were able 1o achieve
transformation efficiency of 53 = 10° clujpg DNA,
which was about four times higher than using sonopora-
tion or electroporation alone.

The transformation efficiency that was achieved is suf-
ficient for effective plasmid DNA delivery to C pasfen-
rigenrn NERL B-598 and could be used, for example, for
simple gene over-expression or knock-out experiments.
Due to restrictions with equipment, all transformation
steps (electroparation, sonoporation, and partial culture
manipulation) were performed outside of the anagrobic
chamber. We assume that strict anaerobic conditions
may improve the efficiency of DNA transmission how-
ever even under the described conditions, we were able
o achieve usable and repeatable resulis for this oxygen
resistant sirain, It s also possible that less well-described
E. coli methylases (eg. genomic orphan methylases)
could be responsible for the relatively low efficiency of
DHNA ransmission and could be the subject of further
research,

Conclusions

We have described methods for transmission of forelgn
DMNA to O pastenrianint MRRL B-598 for future poten-
tial genetic manipulation. Using PacBlo kinetic data, we
described 2 previously unknown recognition modtifs for
type | R-M systemns In the C. pastenrignins MRREL B-598
genome as well as demonstrated the inactivity of 2 type
I B-M systems. We also discovered a putative type [V
methvl-directed R-M systern that could be responsible
for low trapsformation efficiency. Transformation or
conjugal transfer of non-methylated DNA was necessary
for high-efficiency transmission by all methods tested,
which s unusual for clostridial transformation meth-
ods described to date. Methods for conjugation, elec-
trofransformation, not frequently used sonoporation,
and even their combination {(sono/electroporation) were
described and a maximum transformation efficiency of
5.3 x 10° cfu/pg DMA was achieved. In this paper, we also
demonstrated that development of genetic methods for a
non-type strain could be challenging and be completely
different to the type strain or even other clostridia. All
described methods could lead to more effective research
that would make this strain useful in biofuel production.
This work also reveals new knowledge about the diversity
of defense mechanisms against foreign DNA in solvento-
genic clostridia and shows the possibility of using sono/
electroporation for efficient transformation of Gram-
positive bacteria.
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Methods

Bacterial strabns and growth conditions

All strains described in this paper are summarized in
Table 5. C. pastenriamess NEEL B-598 was maintained
as a spore suspension in sterile distilled water and grown
in TYA medium [40] containing in g/l: 20 gluocose; 2
veast extract (Merck); 6 tryptone (Sigma); 0.5 KH.PO,: 3
ammenium acetate; 0.3 MgS0, THLOr 0,01 FeS0r,, TYA
plates {solidified by 1.5 % agar) were supplemented with
erythromycin (20 pg/ml), spectinomycin (700 pg'mil),
chloramphenicol (25 pg/ml), or thiamphenicol (15 pg!
ml} as required. C. pastenriamuem DSM 525 was cryopre-
served in 30 % glycerol solution (maintained in —80 "C)
and grovwn in RCM broth (Merck) supplemented by glu-
cose to 4 final concentration of 20 g/l. Cultivation of both
strains was performed in an anaerobic chamber {Concept
400, Ruskinn Technology, UK} in a stable atmosphere of
95 % MNL/5 % H, and at 37 "C, Clostridium basal medium
(CBM) [41), semi-defined P2 medium [42], and YTG [43]
media were also used during this study,

All E, coli strains were crvopreserved in 20 % glyc-
erol solution {maintained in =80 "C) and grown on LB
medivm {containing in g/l 10 tryptone; 5 yeast extract; 5
MaCl) in 37 "C. LB broth or plates (1.5 % agar) were sup-
plemented with ervthromycin (500 pgfml), spectinomy-
cin {100 pg/mb), ampicillin (100 pg/ml), or streptomycin
{30 pg/ml} as necessary.

Plazmids, oligoneclectides, and DNA manipulation

All plasmids used in this paper are summarized in
Table 5, Plasmid DMNA was transmitted to E, coli strains
by standard Calll, treatment; transmission of EP4
helper plasmid between E, coli strains was performed
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by conjugation. For isclation of plasmid DMNA, a High
Pure Plasmid Isolation Kit miniprep (Roche, Switzer-
land) was used, Plasmid DNA from O, pastewriamim
MWERL B-598 was extracted by the method described
previously for C. pasfenrianus ATCC 6013 [12] with
maodifications. For isolation. 8 ml of culture (ODg, ca.
13=1.5) was harvested by centrifugation (10.0880=g,
2 min.}, washed once in 1.5 ml KET buffer (0.5 M KCL
1 M EDTA; and 0.05 M Tris=HCE pH 8.0 and SET
buffer (25 % sucrose, 0.05 M EDTA, and 0,05 M Tris-
HCL pH B.0) and resuspended in 250 pl of SET buffer
containing 5 mg/ml of lysozyme. The mixture was incu-
bated for 10 min at 37 "C. Lysis and purification were
completed using the High Pure Plasmid lsolation Kit
miniprep (Roche, Switzerland] where the first step was
addition of 250 pl of lysis buffer. The original protocol
was followed after this step.

Detection of redtriction Syibems

For identification of putative restriction systems in C
pasteurianirs NRERL B-598, a protoplast crude extract
and whole cell lysate were tested for restriction activ-
ity. The whole cell lysate was prepared by sonication
(30 min) of the bacterial cells, which were harvesied
from 30 ml of culture {OD, . (06-0.8) and resuspended
in 5 ml of nuclease-free distilled water. For protoplast
preparation, 50 ml of calture (00, (W6-0L8) was cen-
trifuged [(10000=g 2 min), washed with lactose-con-
taining protoplast buffer (25 mM potassium phosphate,
6 mM Mg50,, 15 % lactose, pH 7.00 [12, 4] and resus-
pended in 2—4 ml of protoplast buffer containing 10 mg/
ml of bysozyme. The mixture was incubated at 37 “C In
the anaerobie chamber for 45-60 min (at least 20 % of

Table 5 Summary of bacterial strains and plasmid DMA used in this thesis

Bacterial stradns Genotype Source
Clonfrichum pasfeovianam MAAL B-558 ARL colection MEEL)
Clostridium pasteunidnum CEM 525 (00 6015 Coding hype 1 estriction Syshern Cpakl DEMT
Escherichie coll DHS0 (DSM 6837 fe e [
Eschenichir ookl 16110 056 11530 cham=fdcrm= Lokl
Escherichie ool BLINITET) ey fdom— LS
Eschenichie coll G33 dam—fdom-+ L5
Erhenichie ool HR101 58 1607) dam-+idom-+ DG
E ool plasirick
R R Ciclirsg IncP-Dadesd corjugation funtion (.2 L
E i Chesridvusty shine pladrnids
pMTLAIZSE aad?, plB102 adign of replcation [21]
pMTLEZZS e, pEF adgin of replcation [21]
ph{TLAIDGY errmll, pCB 103 origin of replication [21]
pidTLE425] ermll, pCiDé arigin of replication [21]
pATLASIS ermill, plkd 3 anigin of replication 3]
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cells were transformed to protoplasts). Protoplasts were
collected by centrifugation (1300=g, 10 min) and lysed
in 20 ml TEMK boffer [22] at 37 °C for 1 b after which,
cell debris were removed by additional centrifugation
(20,000xg, 20 min, 4 "C). The C. pasteurianum DSM
525 protoplast crude extract was prepared in the same
way as above (15-20 min. cultivation with lysocyme-
containing buffer was enough in this case) and used as
a positive control in the restriction-system detection
assay. Protoplasts and whole cell crude extracts were
usged immediately for reactions with plasmid DNA.

The reaction mixture composition was the lollow-
ing: 5 pl of protoplast crude extract or whaole cell Dysate;
05 pg of plasmid DMA (pMTLE3253 and pMTLA2254);
reaction bulfer added to a final 1% concentration; deion-
ized water was added to a final valume of 20 gl Reactions
were performed at 30 and 37 “C for at least 8 h (4 h in the
case of the positive control). After incubation, reactions
were analyzed by standard 1 % agarose-gel electrophaore-
sis, Reaction buffers that were tested were the following:
commercial B, O, G, B, and Tango buffers for restric-
ton enzymes (Thermo Scientific, USA), a commercial
Cutbmart buffer for restriction enzvmes (MEB, UE) and
Cpail reaction buffer [45].

Bloinformatics

Blofnformatics analysis was focused on revealing genes
for antiblotic resistance, putathve restriction barriers and
methylation enzymes and motifs in the C. pastewrianum
MREL BE-5%8 whole genome sequence.

The methylome was characterized using PacBio Single
Moaolecule Beal-Time sequencing (2= SMET cell) kinetic
data collected during the genome sequencing process
[46]. SMET Analysis v.2.3 using "RS_Modification_and_
Motif_Analysis.1” protocol was used for genome-wide
base modification and detection of the affected motifs,
The default quality walue (V) scope of 30 was used for
meotifl determination. The detected modifs were uploaded
and further analyzed using the REBASE database [24].
The complete genome was also scanned for homologs
of B-M system genes using BLAST searching against
REBASE and GenBank databases.

[dentification of antibiotic resistance genes was Car-
rled ouwt with RGI (Resistance Gene ldentifier) version
2 [47]. The predicted ORFs were manually compared
to genes in the O pasfeurianum NREL B-598 complete
genome [19] predicted by MCBI Prokaryotic Genome
Annotation Pipeline {PGAP) (hitpy' fwww.ncbinlm.nih,
gov/genomefannotation_prok/) and GenBank accession
numbers of protein products of relevant genes were
assigned.

Statistics analyses describing transformation efficiency
were calculated and visualized using Matlab 20145,
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Preparation of electrocompetent cells and electroporation
conditlons

For all electroporation experiments, a GenePulser Xeell™
electroporator including both CE and PC module {Bio-
Rad, USA) was used. For preparation of electrocompe-
tent cells, 100 ml of TYA medium was noculated with
different proportions of spores and grown overnlght.
Following a days culture, the competent cells were pre-
pared from cells in late-log to eardy-stationary groswth
phase (0D, 1.2-1.4). Bacterial cells were centrifuged
{10000 =, 3 min, 4 “C), washed once with an equal wol-
ume of chilled electroporation buffer (10 % PEG B0}
and gently resuspended in 1/20 volume of the same
buffer. Electrocompetent cells were maintained on ice
and used for electroporation immediatedy,

Into a 0.2-cm gap electroporation cuvette (BioRad,
LISAY, 480 pl of competent cells and 2 pg of plasmid DNA
dissolved in 20 pl of demineralized water were mixed and
transferred to the electroporator. During optimization of
electroporation parameters a Time Constant mode was
used. The most successful parameters were the follow-
ing: 5 ms time constant. 1000 % {corresponding to 50 pF
capacitance and 100 £} resistance). Electroporated cells
were incubated for 10 min in the anaerobic chamber on
ice and 100 pl of shocked cells were then incculated into
2 ml of prewarmed and prereduced TYA broth, After
& h of culture, all cells were harvested by centrifugation,
resuspended in 100-500 gl of TYA and plated onto TYA
agars with appropriate antibiotic selection, or directly
seeded onto plates in different volumes. Growth of anti-
biotic-resistant colonics was observed after 2448 h

Al centrifugation and electroporation steps were con-
ducted out of the anacrobic chamber because chamber
construction did ot allow them to be performed inside,

Gene transfer by conjugation

Excherichia cofi HB101 and TM110 both containing helper
plasmid KP4 were used as conjugation donors, The donor
was transformed by pMTLE3253 as described above and
conjugation was conducted as described previously [21],
An overnight culture of donor (1 mi) was washed twice
with LB broth and 200 gl of overnight recipient culture
were added, The mixture was spotted in small drops onto
TYA agar medium without antibiotic selection and incu-
bated for 6-24 h, Cells were scraped and washed from
the agar with 600 pl of PBS, twice, and plated onto TYA
with appropriate antibiotic selection and chlorampheni-
col or thismphenicol counter-selection for suppression of
E. coli donor growth.

Gana transfer by sonoporation

Sonoporation was performed using a standard laboratory
wltrasonic bath (Elmasonic E120H, Elma Schmidbaver
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GmbH, Switzerland), Competent cells were prepared in the
same way as electrocompetent cells (see above) but were
finally resuspended in 1720 volume of soneporation buffer
{30 % PEG 8 000), Into a flat-bottom glass vial, 450 pl of
competent cefls and 2 pg of plasmid DNA were mixed and
immediately sonoporated in the middle of the ultrasound
bath for 20 5. Recovery of the mixture was conducted in the
same way as during electrotransformation. Growth of anti-
biotic-resistant colonies was observed after 2448 h.

Combined technigue for higher transformation efficiency
For the best transformation efficiency. a combination of
sonoparation and electroporation was performed. Com-
petent cells and transformation mix were prepared in
the same way as during the standard pro-
cedure; however gnly 0.25-2 pg of plasmid DNA was
used for transformation. Immediately after sonoporation,
cells were transferred to the (C2-cm gap electroparation
cuvette and electroporated using a square-wave pulse
{5 ms, 1250 V). For recovery of the cells, the standard
method was wsed (see above).

Statistical and control approaches

All transformation experiments were performed at least
three times, Transfer efficiencies of forelgn DNA were
calculated as an average value derived from three inde-
pendent experiments. MNegative controls {transformatbon
mixture without DMNA added or conjugation with donor
strain without appropriate a pMTLAMWO0 series plasmmid)
were used in all transformation experiments.
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Reclassification of non-type strain Clostridium pasteurianum NRRL
B-598 as Clostridium beijerinckii NRRL B-598

Karel Sedlar* ", Jan Kolek”, Ivo Provaznik®, Petra Patakova®
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ARTICLE IMNFO ABSTRACT

Article fistory: The complete genoame sequence of non-rype soragn Clasorigdium pasteurianien NRRL B-596 was incroduoed
Reveived T Ochober 2016 last year; it is an oxygen tolerant. spore-forming. mesophilic heterofermentative bacterium with high
:_c‘-"""" Tj"’““ﬁ"ﬂ‘:?“’“"’ a7 Frydregen production ard soetome-butanal fermendation abiling, The basic genome statistics lave shown

its stmilarity to C bedjerinckn rather than the C pestrurionem species, Hene, we present a comparative
andlysid of the strain 'with several other complete clostridial gensme sequences. Bedides 3 165 rENA gene
segquere comiparizan, digital DNA-BNA hybridization (dDDH) and plylogenomic analysis confirmed an

Availabde online 19 Januany 30E7

wﬂl = j- inaccwracy of the axonomic status of strain Clestridiam pasteuriorum NERL B-598. Therefore, we suggest
Closiradium Befferincki ins reclassification to be Chostridiem beljeninck’d NRRL B-598, This |5 a specific strain and is not identical
ReclassiBcation to other O befjerinckdi strains. This misclassification explaing its unexpected behavior, different from
Phylogenomic analysis oAb O PAEeLTIanam SITANS: it Als0 permmits betrer understanding of the Bacterism for a fature genetic

manipulation that might increase its bofise] production pobential.

Clostridie forms a large and diverse growp of pypically rod-shape,
spore-forming anasrabes. The present study, as well a5 previous
mabecular studies, suggests that the genus Clostridium represents
A polyphyletic group with uncertain phylogenstic affinities, There-
fore, misclassification of its representatives, including type strains,
15 not unusual (Ramey and Lawson, 2016 Moon er al, 2008)
Although taxonomic dissection for Clostridio based on the 165
rRMA gene sequence was proposed, it has also shown that the
gemes is not phylegenetically coherent and taxonomic placing of
niewly sequenced genomes can be questionable (Collins etal 1994;
Stackebrandr et al, 19949, For distantly related prokaryotes, this
technbgue can predict genome-wide bevels of similanity very well:
but for closely related ones, ather marker genes are needed (Lan
et al, 20061 In particular, for strains with ambigeous properties,
genmme-wide shudies like DNA-DNA hybridization are needed for
the definitive assignment (landa and Abbate, 2007},

The strain . pastewrignum MRREL B-588 is a spore-forming,
mesophilic heterofermentative bacteriom with acetone-butanod
fermentation ability [ Lipovaky et al, 20061 It is avallable from e
Agricultural Research Service Culture Collection (NRRL) The bac-
terium s unable to urilize glyceral, but [t ferments a wide range

* Corresponding asthor
E-miail addremin: vedlarileec vuthe.cr (K Sediar), jan kolekivachnor (L KolekL
prosaradoBtees vuthe o (L Prevaenik), petra patabkovadsschocr (P Patakeva)

e e ded orgd N A G ket 200 7.01.003
ONES- 16560 2001 7 Elsevier BV, All rights reserved.

© 201 7 Elsevier BY. All rights reserved.

of substrates containing glucose, xylose, arabinose, mannose, sac-
charase, lactose, cellobiose or starch. Furthermare, it can liquely
gelatin, decompose casein, produce polysaccharide capsules when
growwn on starch, and form stock palysaccharide granulose prios
to the sporulation. The inahility to grosw on glycerod supports the
msclassification of the strain. This is because this abdlicy is gen-
erally considered to be one of the main distinguishing phenotypic
traits for C. pasteurignum strains (Jensen et al, 2012). The strain is
also naturally chloramphenical[thiamphenicod resistant which has
never been observed for the O pasteurfaniom speches. but it some-
times occurs at C, beiferinckii ( Kolek ot al. 2016Ga), First analyses of
the genmme showed a similarity of the genes involved in solvetoge-
nesis to L, bedjerinciidl { Sedlar et al, 2014}, However, a prévious draft
gename assembly did nat contaim any 165 rEMNA gene sequence
(Kolek el al, 2014}); its correct taxonomic identilication was thens-
fore impossible. Last year, we presented its complete genome
{Sedlar eral., 201 5). This is available ar DDE]/EMBL/GenBank under
accession Mo, CPO1 1966, The complete genome sequence allowed
us to perform a 165 rENA gene sequence analysis, in addition 1o
genpme-wide anzlyses that proved misclassification of the strain,
Therefone, we suggested its reclassification to be C. bedlerinckll MREL
B-508

Analysis of the 165 rRNA gene sequences showed that the strain
€, pasteurianim { beiferinckity NRREL B=598 shares only 92% similar-
ity with the type strain C posteurianum ATCC 6013 {(Roma et al,
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Clostridivm bafferinckii NCIMB B052
Clostridivm befjerinckil ATCC 35702
Chostridivm pasteurianum NRRL B-598
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201 5), while similarity to the well described strain C betierinckdi
RCIMB BOSZ s as high as 99% [sequence of the rype strain is not
available ), Beside the fact that it has a 99 similarity to other C bei-
Jerimckdl straims (esg. ATCC 35702 or NCIME 14988 ), and therefore
modthing about strain identity can be revealed, this high similarity
(%H-99%) ks also shared with other clostridial species. Examples
include: C soccharoperbutplacetonicem N1-4HMT), C buyricum
subsp. convexa JCM T840, £ saccharsbuiylicum D5M 13864, and
others, Therelfore, for resching maximum sccuracy, we decided o
infer taxomamy of most related strains on a genome-wide scale
wsing complete genomes rather than using only 165 rENA gene
sequences, The anabysis was built by a PhyloPhlAn 0.59 (Segata
eral. 2013 ) comparing »400 selected protein sequences conserved
across a bacterial domain The genes were identified using an inter-
nal PhiyloPhlan database by transtated mapping with USEARCH 8.1
[ Edgar, 2010}, The final trée was reconstructed using FastTree 2.1
{Price etal, 2001070 from protein subsequences of the genes concate-
nating their mast informative amine-acid positions, each aligned
using Muscle 3.8 (Edgar, 2004} The topology was computed using
meighbor-joining algorithm with utilization of Jukes-Cantor evolu-
tion medel, Moreover, CAT model and gamma correction wene used
to-oprimize and rescale the ree. The resulting tree, visualized using
MEGA B.06 [Tamama ef al., 2013), is shown in Fig 1,

Thee results of a PhyloPhlAn analysis show that C pasteeranum
MRRL B-59E 15 dosely related vo O bef}erfﬂﬂ'ﬂ siraing, To deter-
mine whether the strain is ientical to another C befierincki strain.
wie perfermed another genome-wide analysis wrillzing dDDH (dig-
ital DNA=DNA hybridization) (Auch et al, 2010}, This technigque
replaces the wet-lab DOH by i silico comparison using oom-
plete genome sequences, The dDDH was computed using CGDC
[Genome-to-Denome Distance Calculator) (Meier-Kolthoff er al.
201 3% The results, comparing the studied strain with ather C pas-
tewriamrn and C. befjerinckii strains, are summarized in Table 1.

The values indicate that C pasteirrianum MEEL B-598 belongs
to the €, befieninckii species, This is because similarities to other €
Bedferinokil species are sbove the 70X cutoff value fog species delin-
eation, while similarities to C pasteurionum are far below this value,
Thee analysis alsoe suggests that strains O bedlerimoklil NCIMB 5052
angl €, befferincki ATCC 35002 are identical, while C pastewnamom
MERL B-598 represents a standalone C beflerinckil strain, because
none af its similarities to ether C Beijerinckii strains reached the
cutoff value of 79%, Although C belferinckii and £ pastewramm
genomes have similar GC content, C befferinckil genommes are langer
with a higher number of genes, as showm in Table 2.

Another substantial difference bepween C beiferincki and C
pasteurianum genomes can be found in 5ol operon, which forms
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Table 2
Hadfc gemaine sEarttics Tor the theee selected soraine

i pasrarianus NRRL B-558 i bedfevinckn ROEMD 8052 . pafeariamum ATOC 60173
Lergeh (bp) LA B ] SENGEE 4353000
G content [T Peh o] 20
Tocal numbses of graes 53565 5231 3980
Protein conding penes {C5) 000 503 i

an imponant pan of the pathway involved in solventogenesis
In £, pasteurionum, sod operon consists of the adhE gene (alco-
hol/acetaldeyde dehydrogenase), offd [CoA rransferase subuanit A),
cif# {CoA transferase subunit B), and adi {acetoacetate decarbony-
Lase ], Moreaver, the ade gene (s carrled by the oppoesite strand from
the ather genes in operon. Sol operon in C, beijevinckii strains and C,
pasteurianiim MREL B-598 penomes lack a odkE gene and contain a
o [aldehyde dehydrogenase ) gene instead, Moreover, all genes in
operon are carried by the same strand. Besides mentioned differ-
enced, the strain NRRL B-598 aluo exhibits some unique deviation:
from C. bejjerinckdi RCIMB 8052 (and other clostridia), For example,
a speciftc DMA methylation pattern and restricrion system requinss
Dam and Dem methylation free DMA mobecules for its transforma-
thon [ Kalek e al, 2016a ) Furthermore, both stradns exhibie slighely
different behavior in solvent production, sporulation and other cul-
tivation characteristics {Kolek et al., 2016k),

The analyies dermonstrate wndisputable evidence that C, pas-
teriarumt MREEL B-598 is misclassified. Therefore, we suggest its
reclassilication to be C betjerinckil NRRL B-598, This cormection
helps to cxplain why development of the novel transformation
method - tatally different from the method for C postewsrenum
strains = was nesded, It also helps us to better understand the
behavior of the straln and allows us o properly plan for its futere
penetic manipulation, in order b increase its biofuel production.
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Introduction
To date; the Erterofacteriaccar family containg 55 genera
and 248 species {wwwbacterio.net, September 1, 2016).
Most of the enterohacteria live in the vertebrate intestine,
whereas several other enterobacterial gemerafspecies repre-
sent plane pathogens or invertebrate endosymbiones.? Orther
eniterohacteria are belbeved vo live only i the environment,
e, Pragia, Raccharobacter, Obaumbacterium, Shimtellia,
Mangrovibacter,? and Biesfraficola However, it is possible
that their Flmugeninlrl}‘ml:im:i: Pul!-nnl!i.:l will be revealed in
the future, as it was for Burdwicis, 25

Prﬂgiu' _ﬁ:nr:'wrr is a gr:m-nepti.'w:, q'l.emphiﬁl:. rod-
shaped, motile bacteriom. The genus Pragiez contains only 1
species, B fonsivm, which was described in 19885 A toral of
18 strains were Isolated in Crechoslovakia berween 1982
and 1986, All srrains, exeept 1, were iselated from water
wells amd water pipes, whereas 1 strain was obtained from
the stool of a healthy woman. Another set of Pragia straing
was isodated in Ukraine between 1996 amnd 19977 They were
maoatly isolated from water (9 strains) and other environ-
mental material (5 strains), llthnugh 2 ztriins came
from human clinicsl materisl; thelr relaredness o the
Crechoslovakis srraing varied from 84% o 95% (based an
DMA-DNA hybridization). To date, only strains from these
2 bocations have been characrerized, and the exact ecological
niche and pathogenic porential of Pragia reemains unclear.

Prnzﬁrﬁ.ﬂ'ﬁll.ﬂr.undlu Brdedra Spp. and Lemimaredia SPp,
is o closely related atypical enterobacterial species, Their com-
mon feature is hydrogen sulfide production, with Badvicir

diplapadornnr being the only known exception.” These Hy5-
producing  enterobacteria share several metabolic features
including reduced merabolic activity that resules in weilization
of a limited sex of substrates. The opimal growrh temperanure
for Pragir and Budvice is 2570, whereas Leminsrella is capable
of growing af temperanines up 1o 427" Pragir e can be
differentiated Eram Hﬂhidr.l-pp.hnm& ot l.]:uail:ir! | Semmoni)
citrate wtilization test and From .f..rm.l'wumﬁ!wlpp.b}' te] |:ru:|l'rl|.l:|..
tartrate utilization, tyrosine clearing, and inability & grow at
AXCS5 In addition, a whaole-cell protein pattern analysis of
B fentivm, B, aguatica, and Lemimorells spp, was determined
and the data sapported the delineation of these genera.® On
the DA level, Pragie straims were most closely nelabed to
Badincia (based on DMNA-DMNA kbridization, relatedness
20F-37H) but barely related vo other genera, e, relatedness to
Ercherichta oali K12 was about 3%.*

To date, 485 completed entersbacterial genome sequences,
coveringr 21 genera and 47 species, have been deposited in the
Genomes OnLine Dambase (GOLD, hitps://gald jgi.doe.
gow), Artention has been focused mainly on clinically and
agriculturally important bacteria (eg, Eiberiodia, Salmomal,
Kiledeiella, and Yersemia), leaving the remaining peera fela-
ively unexplored.

The whole genome sequence amd the pilor assernbly of P fon-
siem 24613 were Fuhlu]ud. in A5 I thas |I.'1.|d::r.1.n charucter-
of Prugia to ather genera, and compared metabalic pathways with
the results of phenotypic metabolic fingerprinting,

[ec) (L

Croattes Commons Ron Commadcal OO0 B0 Ths arichs & deritied under e o of tha Crosiras Comemons ASriulion-SonCommencial

A L (D Mo S i T £t oty o I T (Tl - ai El Lalah, POl %l T s oo e el il
larther pesemiadion provicen P onignal sors = afributea o9 s fiad on he SAGE and Opsen Acooss psges (hitpe-tus sagepub comierrusinamiopon-accoss-ol-sage ).
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Materials and Methods
Bacterial ptvaing amd caltfvation condifion

The strains used in this study came from the collection of the
Department of Biology, Masaryk University, Brno, Crech
Republic (P fentim 24613, originally stored ar the National
Instinute of Public Health, Prague, Crech Republic); from the
Crech Mational Collection of Type Cultures, Prague, Crech
Republic {Budwica aquatica CNCTC 62857); and from the
Crech Collection of Microorganicms, Broo, Czech Republic
(Lemingretia grimontii CCM 40037}, Pragia fontinm 24613
came from the same set of strains as P fortinm DEM 55637,
Strains were cultivated in TY medium (8 g casein, 5 g yeast
extract, 5 g sodium chloride, pH 7.5; HiMedia, Mumbai, India)
at 30°C for 24 hours,

Pragia fontinm 24613 gename sequencing and

annotafion

In our previous study, protocols for DNA extraction, wheole
genome sequencing, and annotation of P fontium 24613 were
deseribed in derail. " For additional gene mining and genome
comparisons, annotation was manually curated based on
results of a RAST (Rapid Annomtion using Subsystem
Technology) pipeline’ and DOE-]JGI (US Department of
Energy-Joint Genome lnstinute)  Microbial Genome
Annotation Pipeline. Detected proteing were assigned to
Clusters of Orthologous Group (COG) categories based on
DOE-JGI results. Methylome was characterized using
PacBio single-molecule real-time sequencing (1= SMRT
cell) of kinetic data collected during the genome sequencing
process.” SMRT analysis version 2.3, using the “RS_
Moedification_and_Morif_Analysis.1” protocol, was used for
genome-wide base modification and detection of the affected
motifs. Regarding sequencing coverage, a default quality score
value of 30 {corresponding to a Pvalue of 001) was used for
mrotif determination. The derected motifs were uploaded and
further analyzed using the REBASE database.™ The com-
plete genome was also scanned for homologues of restriction-
modification svstem genes (using a Basic Local Alignment
Search Tool [BLAST] search, with the BLASTX algorithm)
against the REBASE and GenBank darabases,

Phylogenetic position of F fortium

The genome sequence of B fersivm 24613 was compared with
other enterchacterial genera on a genome-wide level. Whale
genome sequences were downleaded from the GOLD (hrtpesd?
gold.jgi.doe.gow’); their accession numbers are listed in Table
51, Each penus was represented by 1 sequence (except for Pragia
where bath the type strain DSEM 55637 and strain 24613 were
wsed), IF available, the sequence of the tvpe strain was used, For
genera  Biosraricols, Cosenzaes, Gibbsiella, Mangrovibacter,
Chberumbacterium, Saccharobacer, and Samsswiz, no sequences

were available, A whole penome phvlopenetic analysis was buile
wsing PhyloPhlAn 0099 which compared more than 400
selected protein sequences conserved across bacterial domaine,
The genes were identified osing an internal PhyloPhlAn data-
base by translated mapping with USEARCH £.1.% The topol-
ogy was computed wsing the neighbor-joining algorithm in
conjunction with the Jukes-Cantor evolution model, Maoreover,
the CAT model, wath gamma correction, was wsed to optimize
and rescale the tree, The final tree was reconstricted, using
FustTree 2.1, from protein sulsequences of the genes concarte-
nating their most informative amino acid positions, and each
wis aligned using MUSCLE 3.8 The tree was visualized in
MEGA £.06." Dot plot dizgrams between genomes wene con-
structed using the Integrated Microbial Genome platform. '
The core genome of B foreivm, B aquatics, and L. primeni was
determined based on orthologous clusters procbuced by
l:'?:l'l|'|.-|'|"i|"'1:|.'|r|.7':I u:ii.ng i mﬂiiﬁnﬂ ﬂrl']'.l-n.[‘d':]'.. hewrisene :.]!l]'.!mil:l\.
Drefault parameters (E-value 1e-5 and inflation value 1.5) were
used. Metabolic pathway amabyss of P fomfiem 24613,
Wigglerworthin glossinidia (sce. no. CPO03315), and Bredwera
apbidiceds GO02 (ace. no, CPO02T01) was performed using the
KEGG PATHWAY database,” which is pant of KEGG Web

services (hitps’www genome. jivkegg’).

Ana g.lm E,I" metagensmics it

Dhata from the Human Microbiome Project database (b
hmpdace.ong) and EBI Metagenomics database (hitps/famww,
ebi.acuk/metagenomics’] were searched with BLASTN
2.2.22% using a condensus sequence of 7 165 ribosomal RNA
(rRNA) genes of P feuffum 24613, The first database contained
a complete set of human microbiome data (associating data
from several human sives), and the latter database covered data
from different environmental sources.

Substrate diversity studies

The Biclog GN2 MicroPlate analysis platform {Biolog, Inc.,
Hayward, CA, USA) was used for determination of the bio-
chemical profiles of P fGnttum 24613, B aguasica CNCTC
62857, and L. grimestii CCM 40037 cultivared on Biolog
Universal Growth (BUG) agar ar 30°C for 24 howrs, Utilization
of 95 carbon sources was tested® [Table 52). Media and afl
reagents were supplied by Biolog and used according 1o the
manufacturer’s protocol. Flaves were incubated in parallel under
aerobic and anaerobic conditions and tests were read after 24
howrs of incubation.

Resulis

Gengmie analyses of P fontivm 24613

Complete genome seguence of B fontum 24613, A complete
genome sequence for B ferrinm 24613 represents a single cir-

cular chromosome with a length of 4 0%4 629 bp® The
P fontinm 24613 genome was compared wath 3 drafe genomes
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Table L Genome features of Pragia fentivm 24613 in eomparison with (he dral genams of ihe type sirain and the drall genames of cleasly related

hydrogan sulfide producers.
Genomse statis Complete Draht Draft Draft
Gignoma size 4 04 E28 bp 3950 845 bp 5 B0 930 bp 4 322 128 bp
GC cantan 48 34% 45 23% 45 68 E3.85%
No. of CDS 3579 3464 5130 3878
Mo, of FANA genes 22 (8-7-7) 10 (2-5-3) 7 (5-2-0) 16 (8-6-2)
Mo, of tANA gones 72 58 57 &7
Na. of pssudogenes 146 (4.1%) MA 144 {2 8%) B2 (1.8%)
Mo, of genes with predicted function 2809 (7B.49%) 2862 (B2.62%) 3696 (75.95%) 3063 (79.50%)
o, of genes assignad 1o COG 2607 {T2.67%) 2613 (F5.43%) 2601 (F2.67% 2804 (72.31%)
Mo, of genes assigned 1o KEGG 1160 {32.41%) 1972 (33.83%) 1419 (27.66%) 1217 (31.38%)

pathways

Abbrowintions COS, coding seguences; 006G, Chslon of Crthologous Group; KEGG, Kyolo Encyclopsedia of Gones and Gonomes; rANAL rbosomal ANAC TANA,

eareElir ANA,

Apcession numibers: of The wiholn genoma sequances of the type stmirs: amn isted i Table 51. Order of the rAlA genes in parenfheses: 55-165-238. NA—data not

availasia in the GonBank sl Gioraomas OnLing (dalaiisds.

— Buchwera aphvabonts [H0TN
Wiyl i gkl s
Anmophons nasonler (ITCE £37517)

fhmmmm: LL T ) . ;

I Proderfuchiiin Swrainewr e uenn. fembweem [T 100 WEh reemal ooy
= dHowipredia wistomsersh (ATCE 13097

| Prieichericka stsaar [ | 136TT) P —
1o Pritess mbabill [HOTE 119387 —

w o ia pol judep. Sorgendl (KT)

i shigeilaises (30075
Embaceeifa grimontii |5 WIPE")
r Busshiia mgunt i | [ 5OTA") Hal prosucers

-uu|_|-"r='|'lr.l'ml'l-1 84010
10| gy fontium jSs $361"

[X)

Figura 1. Phylogenatic pesition ol tha gorus Pragia based on & whals genoms sequencs ree. Oy th relivant pan ol ke Enarobacioiacess ros s
ahsomn {1 wistlo troo is depscted in Figure 52). All branchos are supparied with high bootstrap values. The tree was drawn 1o scaled tho scaln bar
repniaents the estimabed number of aming acid changss por &t per unil of braneh length.

of related bacteria, including the draft genome of P fostium
DSM 55637 (Table 1). Both the B aguatica DSM 50757
genome and the L. grimentii DSM 5078 genome were larger
in size and gene count compared with the complete genome
sequence of P fontinm 24613, Moreover, the proportion of
peeudogenes was larger in P fomtinm (4.1%) than in the draft
genomes of other H,5-producing enterobacteria (ie, 2.8%
and 1.6% for B. aguarice and L. grimentii, respectively), sug-
gesting genome decay in P forsinm. In addition, a clearly
higher GC content was found in the L. grimerrii DSM 50787
(L. grimonrii) genome. The draft status was likely responsible
for the lower number of predicted rBNA and eransfer
RNA genes in the P fonrium DSM 55637, B. aguatica, and
L. grimontii genomes.

Phylogenetic position of B fontium, A whole geneme phyloge-

netic approach was used to compare the genome sequence of

P fontinm 24613 with genome sequences of ather enterobac-
terial genera. The relevant part of the Enterobacteriaceas tree
is shown in Figure 1. Strong support was found for a close
relationship among Pragia and other atypical H,S producers,
inclhuding Budvicia and Lemimerelfa, The high similarity
among genomes was also supported by a dot plot analysis of
H,5 producer genomes (Figure 51). Another related penus
wias Plesivmonar, an oxidase-positive genus recently reclassi-
fied into the Erferodacferigeedr family™® A sister clade
contains a closter of penera oocurring frequently in the
(1) environment (Providercis, Meellerella, Presews, and Mer-
ganella), (2) genera associated with nematodes (Xenorbabous,
Photorbabdur), and (3) endosymbionts (Areenspbonur, Buck-
nera, and Wigplerworthia), Except for the delinestion of
Proteus vi Morganella and endosymbionts Brebrene v Wig-
plerworehia, all other branches were supported by bootstrap
values higher than 99%,
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Budvicia aguatica

Sla)

Leminorella grimontii DSM 50787

Figura 2. The Vern dingram represents tha caons gencma and
pangenoms of Pragis and the closoly relxlod atypical HS producers.
The numbens represen] the gond chusiens shansd by comssponding group
of gomena. The diagram shows tho close rolationships among thaso
Inside the groun of atypical H5 produoers.

Pragia fontium
24613

The core genome of enterobacterial fydrogen sulfide producers. The
core genomes of P fontiue, B. aguatics, and L. grimensii con-
txin 2327 gene clusters (be, ar least 1 gene from each cluster was
found in each genome; Figure 2). The number of gene clusters
exchusively shared by 2 genomes was higher for the P fGontism
and B. aguatica genomes (325) compared with the P fotium
and L. primoniii genomes (109), whereas there were 494 clus-
ters shared by the L. grimeansii and B aquatica genomes. These
data indicate a higher degree of relatedness berween P feantium
and B. aguatica compared with P fortive and L primentii. A
set of 30 gene clusters was unique for the P fentfum genome;
these chusters encoded homalogues 1o fimbrial genes found in
Serratta spp.and Profewr spp. and also homologues to pyocin 53
and its immunity protein-encoding genes, In wozal, 10 clusters
encoded genes for hypothetical proteins,

Cremome-fased metabolic and virndence analyses

dAnalysis of meeadolic patbways in the B fontium genome, Based
on the genomic dara anabysis from KEGG PATHWAY and
DOE-]GI, acrobic and faculrative anaerobic metabolism of
P fonrium 24613 was predicted. Onddized nitrogen and sulfur
compounds were capable of serving as alternative terminal
electron acceptors under anaerbic conditions, Identification of
thicsulfate reductase, responsible for H,S production, corre-
sponded to previously detected enzyme activicy® The genes
invelved in glycolysis, citrate cycle, and pentose phosphate
pathway could also be found in the # fonrivm genome in addi-
tion to genes responsible for amine acid, fatty acid synthesis,
lipid, and nucleotide metabolism. Pragia was found to be auxo-
trophic for L-tryptophan, L-histidine, and L-lewcine and defi-
cient in biotin synthesis. Compared with Bwdvicie and
Lemingredla, Pragia was able to synthetize L-arginine but lacked
the genes for fatty acid degradation. In addition, the P fontium
genome contzined fewer genes invelved in carbohydrate

metabolism compared with the L. grimonsii and B, aguatica
genomes { Table 530,

Genome methylation pareern. Analysis of PacBio sequencing
data revealed 24 B14 methylated positions of the méA tvpe, but
only a single sequence motif (GATC) was found in all these
modifications, More than B (21 735 of 26 606) of the
GATC positions in the genome were methylated. Methylation
fype mebC was not found. Kinetic signatures of m5C were sub-
tler than signatures of méA and maC and harder to detect
using PacBio SMET saquencing®™; therefore, they were not
assessed. The results of P fontivm genome methylation were
depesited in the REBASE PacBio database (httpy/frebase. neb,
comfeg-bin'pachsolist), ' In total, 8 different putative restriction-
modification systems, all of them type 11, were predicted in the
Eq:mmht I:T:]:l.: 54} $-|hrm n[t]':l:m -amlﬁ:l!:ﬂ qfuql}r m-:l!h].'l—
transferases, whereas the kit one nu':diﬁ.-ing mAL consisted of
methyltransferase, mismatch repair endonuclease, and restric-
tion endomucbease,

Firulence and antimicrobial genes in the P! fontium genome. In
silicn amalyiis of virulence determinants of the P fowtivm
genome revealed genes involved in iron acquisition {encoding
Fe?* and Fe** transport systems), adhesion (encoding P pili and
type 1 pili), seeretion systems (T155 and T655), and antibloaic
resistance (encoding AmpC P-lactamase and several efflux
pump) (see Table 55).

Production of tailocins, ie, R-type and F-type bacteriocin
resembling phage tails, was previously detected in several
Pragia straine ®™ Gene chasters similar to the phage genes were
deseribed as being responsible for production of these antimi-
crobial compounds.®™ A potal of 6 clusters homologous w
phage genes were predicted in the P feortivm genome, and one
of them was likely responsible for tailocin production {see
Table 55). The genome seasch also derected a gene encoding a
colicin-like bacteriocin, a homologue of pyocin 53,

Metabalic prafiling of B fentium 24613

The carbohydrave utilization pattern resulting from the testing
of various saccharides, carbosylic acids, alcohols, amine acids,
aromatic compounds, and their derivatives was determined for
P fontium 24613, B. aquatica CNCTC 62857, and L. grimeniii
CCM 40037, In general, the data obtained from the Biolog
assay revealed low levels of membolic activiny in all tested straing,
Substrare urtilization differed for the 3 tested H,5 pro-
ducers in 17 substrates (Table 52). Pragia fontium 24613 was
able 1o wtilize 15 substrates (out of 95; 16%) under acrobic con-
ditions and 22 (out of 95; 23%) under anacrobic conditions.
Pragia utilized monosaccharides and their derivatives (w-p-
glucose, a-p-glucose-1-phosphate, D-ghacose-6-phosphate,
N-aceryl-p-glucosamine, and P-methyl-o-glocoside), mono-
carboooylic acids {po-lactic acid, and p-gluconic acid), dicarbo-
ylic acids (a-keto-glutaric acid, and L-ghitamic acid), alcohols
and their derivatives {gheerol, o,L--glhyeerol phosphate, myo-
inogitol, and xditol), amine acids (p-serine), and aromatic com-

pounds {uridine and thymidine). In addifion to substrates
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utilized wnder acrobic conditions, anacrobically cultivared
Pragiz utilized L-arabinose, pyruvic acid methyl ester, p-glucu-
ronic acid, bromosuccinic acid, L-aspartic acid, glyeyl-L-aspartic
acid, and L-serine. Although Budvicia utilized 16 substrates
{17%} acrobically and 24 (25%) anacrobically, Lesrimerclfa uti-
lized only 13 substraces (14%) acrobically and 13 {19%%) anacro-
bically. Budvicia and Leminoreffa were able to metabolize several
amirno acids and their derivatives (L-asparagine, L-aspartic acid,
and glycyl-1-aspartic acid) as well as derivatives of organic acids
from Krebs cycle (pynmvic acid methyl ester, bromosuccinic
acid), which were not utilized by Pragis. The complete results of
this assay are shown in Table 52. In most of the substrate teses,
which differed among H,5 producers, the genes encoding cor-
responding catabolic enzymes or enzymes possibly invelved in
metabolism of thess compounds were found (Table 56). The
only exception was the B aguatica genome, where some of the
genes responsible for catabolism of wridine were not found,

Discussion

Prayia belongs to a relatively small group of Hy5-producing
enterobacteria containing P jfensinm, Budvida spp., and
Leminorella spp, Although all members of this small group are
closely related and have a relatively similar biochemical profile,
they ocoupy quite different ecological niches, Although
Budpivia was originally isolated from freshwater,”™ several
other isolates have been described from the intestinal micro-
flora of insects,® Diplopada,® and salmonids,™ A possible
clinical relevance for B, aquarica was reported by Corbin et al*
when this bacterium was isolated from a human clinical sam-
ple. Lemimorelfa spp. have been exclusively isolated from
human <linical specimens and no environmental sources have
been reported, Although its clinical significance is unclear,!
Leminerella spp. appear to be associated with wrinary tract
infections and other human nosocomial infections,® In con-
trast to Budvicis and Lemimorells, Pragia has been isolated
almost exclusively from environmental sources. Oinly 3 isolates
originated from human clinical samples; there is no informa-
tion on the role of these strains in infection or disease,®”
Because the prevalent habitat of other Pragia strains is drink-
ing water, these cases likely reflect accidental isolations,
Inspection of metagenomics data revealed the absence of
Pragia 165 ribosomal DNA (fDNA) in both envirenmental
and host-associated data sets (data not shown). From all the
available data, Pragia appears to be the only H,5 producer
oocupying environmental niches with no association with
humans or other hosts.

A possible interaction between Pragie and a host species
was examined by identification and analysiz of genes encading
virnlence factors, Several common virulence factors shared by
meoet enterobacterial species {even saprophytic ones) were
detected, Genes for adhesion, antibiotic resistance, iron uptake,
and 2 secretion systems were found. Adhesion and the ability
to gcquire iron are key factors required for colonization and

survival in a host (animal or plant).*** These findings indi-
rectly support an association between Prapia and an as-yet-
unknown host. We can speculate thar if a host organism exists,
it will likely be similar to those of the closely related genus
Budvicia, ie, nonvertebrate hosts such as insects or nematodes,
Although the presence of Pragie has been detected in the
intestines of freshwater salmon,™ the much more frequent
isolation from deepwater wells® tends to support a free-living
lifestyle of Pragia. Both detected secretion systems, T155 and
Te85, are widely distributed in gram-negative bacteria®-7
and could mediate interaction with a host or with another
bacterium,™ Although the contribution of T655 to pathogen-
esis has been described for several bacteria, e, Preudomonas™
and E coff,® TH3S has also been found in saprophytic bacteria,
where it was involved in interactions across the microhial
community.™ Several bacteriocin types have been suppested as
putative virulence factors, whereas the importance of others
was demonstrated in interactions across microbial commu-
nity. 14 Although the function of B fensinm bacteriocins
remains unknown, both tailocing and colicin-like homologues
were found in the Pragia genome. The GATC methylation
motif was found in the ® formtivm genome, and because the
corresponding gene for the restriction enzyme recognizing
thiz motif was not found, methylation appears to be more con-
nected to gene expression regulation® and not to degradation
of foreign nucleic acid molecules,

Metabalic profiling revealed a metabolic pattern for Pragis,
Brdvicia, and Lesinorella, which was quite distince from other
enterohacteria, ™ supporting the distinctnes of enterobacterial
H,5 producers and also the closs relationship of these hacteria
within this group, Despite their overall similarity, H,5-
producing enterobacteria revealed several differences in cheir
ability to utilize substrates, Analyses of penomic data sup-
ported the metabolic findings, with only 1 case in which some
of the genes encoding expected enzymatic activity were nat
found. This is likely o result of an incomplete penomic
sequence in Budvicia, Surprisingly, all species were able o
degrade multiple substrates under anacrobic conditions sug-
gesting that alternative electron acceptors (nitrate, reduced
subfur compounds) could be used under anazrobic conditions,
Nitrogen ooidation could be carried out wsing the “nitrite
reduction to ammonivm pathway™ for which the cormespond-
ing genes were found in the B Sntiom genome, This pathway
is preferred for respiration under anasrobic conditions, and it
is comman acrass Emterobacteriacear and in other facultatively
anaerobic bacteria,

A comparative genomics approach revealed that almose
8074 of the gene clusters wers shared by H;5-producing enter-
obacteria, whereas only 4%% were shared when E coff K12 was
added to the analysis. Analysis of the complete genome
sequence of Pragia revealed that the genome containe penes
invelved in essential metabolic pathways, in nutrient metaba-
lism, and also in the synthesis of most of the amino acids,
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However, the *farty acid degradation pathway” is missing from
the B fensinm 24613 genome, This pathway is present in most
entercbacterial genomes but not in invertebrate endosymbi-
onts with a reduced genome, such as Wigglerworshia and
Buchnera, Nevertheless, when compared with these endosym-
bionts, the F fonsism genome is relatively large and also con-
tains an additional set of genes, eg, those responsble for
degradation of more complex polysaccharides, However,
E fentinm 24613 has a relatively small genome in comparisen
with other entercbacteria, even in comparison with the genus
Budvicie, In addition, the proportion of pseudogenes was
larger in Pragia compared with other clasely related bacteria
(despite their draft status, which is prone to assembly errors).
Larger proportions of psesdogenes have also been observed in
bacteria that were associated with or dependent on eukaryoric
hosts.® Mevertheless, this analysis comes from a limited nuem-
ber of genome sequences per species and it is known that the
prevalence of pseudogenes 1s quite variable even among closely
related strains ¥ A reduction in genome size and an increased
aumber of pseudogenes are commeon sgns of bacterial adapta-
pon to a eukaryotic hose. In addition, the P fontinm genome
contains fewer genes involved in carbohydrate wrilization
compared with other H,5 producers; a large battery of degra-
dation enzymes i important mainly for free-living bacteria.

The traces nfgtnnmt decay {ie, small genome, absence of fary
acid degradation pathways, the small number of genes associ-

ated with carbohydrare wtilizarion, and a lasger proportion of
peendogenes) suggest an ongoing process of adapration o a
particular host organism. Although no such host has been
identified for P fomtium, the recent progress in metagenome
studies could help o answer this question in the near funure.

Conclusions

Analysis of the complete genome sequence of P fontivm 24613
and metabolic profiling confirmed the close relatedness of this
bacterium o other HyS-producing enterobacteria, Budvicia
spp. and Lemfmoredls spp., although for each genus a different
enwironmental niche has been described. Virulence gene min-
ing and the absence of Pragia 165 rDNA sequences in the
human metagenomics data suggest limited pathogenic poten-
tial for Pragia, condstent with the previously described free-
Living lifestyle of this bacterium. On the contrary, reduced
genome size, limited number of encoded enzymes for carbohy-
drate and fanty acid degradation, and frequent presence of
pseudogenes suggest a process of adapration to an as-yer-
unknown host
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ARTICLE INFOQ ABSTRACT

Kpaords a6, was the 1080 years anniversary rom lsunching of the Gt sdusrial acetone-butano]-cthanol (ABE) md-
fmirifiory crobinl predisction process. Despite this long period mnd also revival of sclentific interess in this femenrarive
AEE HmERGTHN process over the last 20 years, sohventogenic destridia, mainly Closiridium avetobutdicus, Clestridium befjeriacki,
Butancl tolarance lostriciiom and Closridise patrusianus, Al have s of thels et One sech
!.umﬂp“udunmu poorty undensood mechanism i butanal tolerance, which ssems to Be ome of the most sgnificant bottlenacks
i i ubmtructing inchuirial exploitation of the prosrsa Bremuse 1 masimss ackéevable butanol conomizalios i anly
aibeent 21 1. This review describes all the known celiular responses eficived by batanod, msch as modifications of
well memtwane and ol wall, formation of steesa. proteins, extrusion of butanal by efflux pompd, reposde of
regulniory pathveays, and alko maps both randomn and mrgered sanmices resuliisg in high bnanol production
phenotypes. As progress in the feld & iseparahbly associated with emerging methods, srabling a deeper un-
desstandisg of butasel tolerance and preduction, progeess in these methods, incloding genome misdng, ENA
sequencing and constructing of penome scale models are also reviewed. In conclusion, a comparative analysis of
tth phesmena @ predenied and o iBeoretical relstionship s deseribed Between Intanal toleranenhigh pro-
duction and common features including eflux pump formationactvity, stress protein production, membrame
madiffcations and bisfilm growih
1. Introsd wetion Crechoslovalla {(Pacakova et al., 2009) until it was replaced by cheaper

chemical production From oil. In China. several plants produced butanc]

Acetone-botancl-ethancd (ABE) fermentation b & pecaliar but in-
teresting metabolic pathway in some non-pathogenic and non-toaine-
genic clostridia thnt probably relieves metabolic stress caused by the
secemulation of acids beak inside and outside of cells. ABE fermenta-
tion is usually a bi-phasic process., at least for Clostridium ocetobadylicum,
Clouridieen belierinckii and Cleatridinm soccharoperbunoceronicum ipe-
cies, in which mainly butyric and acetic acid formation is superseded by
thie fermaiion of solvens, n-huianol, scetone 2-propanal aed ethanal in
laver phases af the cell cyebe, Salvent formation is uasally sccampanied
by sporalacicn bat carvently it seems that regulazion of both processes is
ned Hghtly linked in all strains, Past indusrial fermentative acetane and
bwinnol production processes worldwide used this process (Jfones and
Woeds, 1986; Chiso amd Sun, 2007} inchiding the farmier

from firss generation (food) feedstocks till 2009 bt in 2003 oaly cne
plamt processing mixed frst/second generation feedstocks staved open
(dlang et al, 2015) bicbutanal production in China is now unknown.
Nowsdays, the process hes experienced a renowal of intenesy coapled
with Auctuating prices of il and the largess o] reserves beirg located in
politically usstable couniries, In Decembses 2016, the Green Biolegics
company announced the st commercial shipments of bio-based bu-
tanal and scetoms from (s plant locared [n Linbe Falls, Minnesois,
LLEA. (Green Bologics web, 2016).

The main ssues that obstroct indusirial butnpol proeduction ane lack
af cheap and abuandant feedstocks and bow valies of significant process
parameciers such as bumnol preductvity, yield amd comcentration.
Farﬂtl.hl.l.r{ﬁr, & law maximuen achievable BuitanG) concentration {abnil
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20 /L) represents a critical bobtbeneck that is apparenily associated
with the poor ability of clostridin to toberste high butanal concentra-
tions. Simce some bacteria are able to tolerate much higher butamol
comcentmiions, sech & Peeudomonas punda [up fo 60 g/L - Ruhl e al,
20050 or Lociobacillus arqpbmvorue (40 gL = Lin et al., 20120 i does nat
seem unreasonable to also strive for improvensent in solvemdogenic
clostridia. However, a general understanding of butane] tolerance in
clostridia is still limited and it seems that butanol tolerance may eob be
i tetal accerd with the busanal siress respense andser high levels of
production of botanol. On the ome hand, the butanod stress response
sudied n Clogridiam acmaburdficum ATCC 824 (pGROELD, & mutamt
with over-expressed groESL operon genes (coding for heat shock pro-
tegnz) amd its comtral plasmid seealn, eliehed differential expresston of
about D00 geres (Tomas of al . 2004) but on the other hamd, a butanol
tolernnt mumnt 5A-1 derived froen parents] Closoridium Bedjerincki
NOIME 8052, differed from the original strain im enly a few genes
{Sandoval-Hspdnosa et al., 2012} It might seem that butanol tolermpce
and hisasol production ate two distine issues that are pol tighily &s-
socinted and some studies (Phae er al., 2003; Lio et al., 2003, In which
viry teberant but poor butanal producers were obeadned, suppon this
iden. However, from mndom mulagenesis studies, including gene
shufiting, butanal soderance represents a simple, irrepleceahle selection
criterion and many high butanol prodscing stratme (Xoe et al | 2002; Li
et onl, 2006c) were ohtnined based on butanal tolermmce,

Althomgh, some reviews have been published (Lia er al, 2007,
Peabady and Kao, 2016) dealing with a similar copic, we believe cur
review brings & new, intriguing intight e the problem. Most studies
dealing with solventogenic clostridia were performeed using the madal
sirain O acstaburylicum ATCC 824, slthoaigh this situation is changing
now amd other struins are being shadied (Pochilein e al., 2007). In this
comparative work, madnly specits O ccetoburyficum, © beflerimekil,
Closiridiern pasteuriomrn and £ ssccharoperbirtploceiomicum are refer
enced & exnmples of solvemogenke clostridia. The main goals of the
reviews are o put together currently fragmented knowledge, o stress
the significance of bicinformatics 1ools for desper undersianding of the
tapic, and 1o revive forgotien altainments and to link them with new
infoemation. The review s intended o search for commos features of
bistanod tolecant amd bigh peoduecing chostridial plenctypes which
might suggest a way to obiain o “win-win® solution i.e. a highly pro-
dwetive, highly wderant clossridial sorain,

Z Mechanisms increasing butanol tolerancs in clostridin

Througheut the years of ABE fermentation susdies, many mechan-
fsms were observed, described or hypothesized about how salvento-
genkc clostridia cope with butanod stress elicited elther by formation or
by deliberate adddition of butanal. The complex response Enclodes
modification of the cell membmane and cell wall, changes in transport
and cell motlitychemotaxis, nduction of effiax, formation of stress
prodeins, accumulation of protective compounss in cells, formation of
cagmilis and peeference of growth in the form of & Blofilm, and prob-
ably others. These phepomena (for their overview see Fig 1], which
were studied at different kevels and to differens depehs, are discussed in
this section. Results of tolerance assays may reflect a culture history and
ithe design of the particular assny and, therefore, they are often com-
parabile only when this ks taken imo account (Jingarm o al, 2003). In
fact, they may be planned as survival or growth studies, but even within
these two cabegories, different results can be oblained depending on
culture density, age, previous adapeation or shocks, stage of life cycle,
ele, Comparizon of the tesulin sel teating different types of salvem
olernnce pmays was provided for E coll (Zingaro end Papoutsakis,
201 Zh,

2.1, Cell wall and cell membrane modficanione

The cell membmpe represents a primary target especially for

Bies hvsdagy Advinoes 36 (T118) 721 -738

external butanol action. In subslethal concentrations (usually from 5 to
15200, batanod Indtates a complex stress response that includes
membrane modifications with the aim of stabilizing the cell membrane
and o prevent i damnage. This siress response may include an increase
in membrane fuidity, a change in the ratio of saborabed unsaturaied
farty ncids in membrane lipéds, the Incorporation of cyclopropene ring
containing fatty acids and an [ncrease in plasmalogen content in
membrane lipids. Lethal, sirain specific, butanol concenirations (in
general above 15 g0 result in impsirment of membrase ranspoe
functions, inability to generate ATF at the membrane bevel and dis-
solution of membrane lipids, which rogether, caize cell death. Mesi of
the=e mechamisms were obterved in solventogemic clostridia. An in-
erease im the rato of satarated sunsaturated famy soids was detecned
during bistamel prodiction or after butanc] challenge in Clostridium
acetpbunythoum (Vollherbst-Schneck et al, 1984; Lepage et al, 19871 In
conlrast, no sigaificant nerease in the ratio oocurned i Clostridium
bedjerinckil NREL B-598 (formerly C. pasteurionism NRRAL B-558 = see
sedlar et al.. 2017, 2015) under skmilar production or addition ex-
periments {Holek ef al, 2005) and surprisingly, produoction of one
satarated farty acils was complesely stopped by . bedlerimckii ATCC
51743 {which should be identical with C. befferinckil MCIMB BO52 based
on ATOC information) under condithons of butanol siress (Huffer et al.,
200 1) Cyclopropanation of unsaturated membrane Estty acids, which
ey be another mechanism to decrease unsatarabed fatty aclds in the
cell membrane, was found n both C. oacefobmfyliceen (Lepage of ol
a7 and C. betferimckll NRRL B-598 (Kolek et al., 200 5% An increase in
membiane luidity during butanel produciion ar after butanol chal-
lenge wns detected in & acambutylicnm (Boer et al, 19870 Complex
homeoviscous response of the cell membrane was deseribed during
butancl formation by € pesesanum ATCOC G003 (Venkataramanan
eg al., 2004) which inclsded an imerease in Hpdd 1af lemgth and A de-
crease im unsaturabed faty acids in the membrane. & probable probec-
tive effecs of membrane plasmabogens agains bumnmol toxicioy was
shown for the first time in C Befjeniockdl NARL B-598 (Eodek of al,
205}, despite the foct that plasmalogens, dincyl phosphaolipids cop-
taining an alk-1%enyl ether linked hydrocarbon chain in position sn-1 of
ghyceral, or glyceral glycaliplds with the same ether bond, were foand
in strictly anserobic bacteria, iscluding clostridia, tens of years ago
(eg Eamio et al, 19%6% Johnsom and Goddfine, 1983). Cardiolipin
eynthests in the cell membrane was also found 10 be Ipvolved in butancd
resistance in Exchericida coli (Eeyes et ol , 20111 In folventogenic, bu-
ennal-preslucing bacteria, i B nectsaary o disinguish berween the ef-
fect of infernal butanod oocurring during the production phase and
extermnal bumnod §e. exiracellular butanal contnined in the culitvation
medium. 1t seems that butanod added 1o the cultivation mediom, e
originally extrcellular batancd, induces o much faster response com-
pared o imernal butansl e butanal produced by a eell (Eoiek < al,
2H5)

Altbough in seems that the lipidic part of tee cell membrame is the
most sensitive component due to its solubdlity in batancl, there are
ciber stadies (Bowles snd Ellefson, 1985 Wang et al., 2005) that &m-
phasize the effect of botanol on membrane proteins involved in the
malntenange of Imternal pH; these are important for hutanol tederance
in C. acetobutylicem and C. beflerimckil. Butarsol caused an inhibition of
H*-ATPase in C acefoburylicem (Bowles and Ellefsan, 1985) while the
Ma®/H* antiporter was prabably affected by butanal in C befferinckii
(Wang et al., 2005]). Moreover, the basis of high butanol tolerance ex-
hibrived by a mutant of C. bejjerinckdl BRS54 consisted of a higher level of
glycation occurring in membrane proteins of the mutant compared with
[{E] pumul grain O befferinekil NCIMB 8052 (Wang of al, 2005], K-
ferential analysis of membrane proteins performed for C acefodutylioum
58 1731 and iis bumsol-wlermar mamnt revealed the maln changes
in transporier proteins including jon tramsporters, ATP-ases and stnec-
rural proteins invelved in coas and Aagells formation (Mao e al, 201700,
Similarly, in other microorganisms, altered astiporer profeins were
found to be involved in bumnod resisiance such as the K*/H°
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Fig- 1. Overview of butaro] responss i solveatogenic closirdia

Bioeeyhealagy Advwises 26 (T018) 721738

[0mverall cedl respons: is Righlighred in blee, cell envelope response in yellow snd oroplasmic repee n gresn ) (For inempreanon of the peferencs 1o ook i this fpare kegend, the

reader i refemed oo che web version of this anticke. )

antiparter in Methplobacteriom extorguens (Hu e al, 2016),

Some of the above described mechanizms of cell membmne mod-
ifbcatbon were used 1o obtain a butapol wleram clostridial phenocype. A
gmple experiment in which elaidic and cleic acids were added to the
special calthvatbon mediam and ineorporated inge the o&ll membrane of
. ocetobutyficum ATCC 824 (Daer et al, 1987) did not result in in-
crepsed butanol tolerance, However, Insembon of COEL-5C (n five-
ringed oligo-pulyphienylene-vinylene conjugation oliguelectrodyte} into
the cell membrane of E coli K12 prevented membmne flzidization and
depolarization, resulting in increased butanol olerance (Hinks o2 ol
H ) Over-expression of cyclopropane fatty nold synthase gene (gal
in . acetoduaylicum ATOC 824 resilied in 8 wery wlerant bar almosq
butanal non-productive, mutant phenotype {(Zhao et ol | 2003} Pur-
thermore, butanal wolermnce wis mudied and engineered by dilferen
methods in other, better understood bacteria. In E coli, different genes
of the farty acld operon were overexpresaed ard fabd overexpression
wazs fouand 1o be best ftved for the purpose {Bul et al, 2015).

In many bacieria, the cell wall is not a rgld struchore bat an ever
changing elensent that andergoes consam tarmover and recycling. This
phemomencn |5 beiter described amd wnderstood in Gram-negative
bacteria, especially E coli, bul probably exiss als in O acerobaupylicumn
(Redth and Mayer, 200 1a) Enzymes, involved in the cell wall recycling
aetivily in C . sl a3 N-scetylmuramle acfd/N-acet-
yiglncosamine kinase (Feith =t al, 2011) or glucossmineglucosami-
alde N-scetybransferase (Reich and Mayer, 2011h) were orkglaally re-
ferred to as autolysins. Autolysis of part of the C ecetoburylicum ATCC
824 papualation, which has frequently been described dusing stationary
phase in bioreactor batch cultivation, might actually be a controlbed
process focused on geperation of higher spore nambers (Lin =1 al,
2005} If part of the population i sacrificed and anolysed in & con-
tredled way, the chance of the remadning cells, which may profit from
mutrients released during the sutolyais, o Anish sperulsion is higher
compared toa non-autolytic popalation (Liv et al, 2005). Mevertheless,
activities of engymes imviteed i cell wall recyeling andfor astolysis o
clostridia were also associated with butanol ioleramce (Webister of ol
1981; Van Der Westhulzen er al,, 1982; Croux et al, 1992), During
industrial fermentations carried out using molasses as o substrate, C.
acetoburficum P262 (later reclassified as Closridlem sp,, see Johnson
et al., 1997} cells having & typical swalben clostridial shape were found
to b susceptible to degenerntion (loss of solvent forming ability) and
amlolyzis urder higher butanol concentraticns [in the range 7-16 /1),
On the contrary, the byt-] matant of the same strain (aatolysis deficient
mistamt) pever exhibited degenerstion and autolyss uhdes the zame
conditions (Van Der Westhoizen ef al., 1982) Moreover it se=ms that a
thinning peptidoglycan loyer of C, betferinckll MRRL B-598 (Formerly
pasteuricaum) might be asociated with increased butanol tolerance

[LEnBowa et ad., 20100,

Z1.). Mrethods for sidying the effect of butnrcl om the call envrlope

A poveerful tood for imaging/analysis of n whole mege of functional
membrane properties s the application of specific Muorescent prodbes,
which, in connection with flow cptometry (FC) or flucrescenoe micro-
seopy, enabiles studies of trans-membrane ranspont, membeane poten-
tial ar permeability changes at the single cell level (Maller and Mebe
vem-Caron, 2000 Trecy ef al, 2010), The abilicy of cells 10 actively
pump various substances from the intma: to the extracellular envinons
ment coald be measured by ethidiam bromide (EB) (Aricll e al,, 2014;
Crechowskn and van der Meer, 20012), a flaorescent probe carrying only
a single delocalized posivive charge that enables EB to partly penstrace
the imtact cell membrane. Once inside the cells, @l is immedistely
pumped out {Shaplmo, 20055 A decrease or loss in unspecific pamp
activity leads 1o accumulation of EB within the cells (Jermaes and Sieen,
194a), intercalation imto neckslc acid and an intense increase o s
Asorescence emission. Mote highly charged propidiven ledide (PI)
should not penetrate imact cell membrares and scoamulate within the
cells. Ondy where there B an oversll los of membrane integrity and
furctionality;, Pl can cross the el membrane, resalting in increased red
flsorescence. Recause oells with such compromised membranes are
corsidered dead, Pl is utilized moch more frequently in viability stodies
[Gallazel et al, 20015 Gonedlez-Pefias o al, X015 Paakova ef ol
2014) than specific imvestigations of membrane damage. Energetic
changes in a membrane caused by butanol or other membrane altering
ageniz can be devected using cmionde and anfonde sbow responie po-
tenticmetric probes. Catbonic rhodamine 123 or carbocyanine dyes and
apdonic dyes represemied by oxonols are wsed for the desection of
membrane hyperpolarization or depolarization respectively (Shapim,
2000}, Applicaticn of beth types of poentiometrdc dyes in analysis of
bacteria from the geons Closnidbem was introdoced by Linhova e al.
(30127, where anloanic bis-cxonal was found o be the mast comvenlent.

Despite the wide variety of options for floorescence analysis, there
are o very limited number of shedies dealing with solventogendc clos-
eridia, The fira amempts 10 spply fuorescent probes were published by
Jomes ot al, (2008} and Tracy et al. (3HE] buot the flworescence staining
pattern of differen: physiobogieal staves did nat eorrespand 1o theode-
tical expectations. Om the other hand, it was found 1o be o vatuable ool
for the recogrition of different morphodogical ststes. FC-bused mctho-
dalogy for the functional analysis of cell viability and particular cell
fewtures in cultores of solventogenie clostridin was presemted very re-
cently (Linkova et al, 201E Kalek et ol, 2016a) A combination of
enzymatic and Auorescence sxsnys was used for stadying the effec of
butanc] o inner and outer membranes af E colf and, in both cases, a
conceniration specific membrane leakiness was found (Fleticher eq ol
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Aheratbons im cell walls ander batancd stress have been smdied
much bets compared 1o the cytoplasmic membrane. [Hrect changes in
cell shape were observed microscoplenlly e.g, by Fletcher et al. (20065)
wha described elomgation and flamentous growth of B ooli under bo-
tmnd stress. A specific fluorescent alternative oo Gram stnining sug:
gested the posiibility of peptidoglycan thinning caring solvent pro-
duction [Linhova et al., 20010). Electron microscopy offers a greater
insight lmta the synthesis amd composithon of the peptidoglyean com-
plex and a detaibed analysis of the peptidoglycan scculus. Similarly o
studies of the butanal effect on coll membrands, genetic approsches can
be atlized e.g. overexpression of genes related to peptidoglycan bio-
symhesls (Yuas et al., 2014) o cranseripeomle analysls (Tracy ot al,
20010 Winkler and Eno, 20011% A complex description of the en-
glmeering of cell membranes and cell walls in n selection of bacterin in
onder to obtain solvent tolerant sraing was presenbed by Sandoval and
Paportsals (2016)

22 Soress prodeins prodection

Stress penerated by butanc] challenge or even butanc] production is
similar in many ways o that caused by heat shock, and thus it may b=
alsn amecisted with the production of various heat shock proteins
(H5F} dnvalved in differemt housekeeping functions such s peotein
folding. membrane transpord, synthesis and degradstion. Increasing
expression of heat-ghock proceins during butancl challenge experiments
has been shown previcasly inan B cofi imadel {Rutkerfond 1 al., 20000
&t well as over-expression of several H5Ps varants directly leading to
avernll higher butancd lerance. A sraln over-expressing the GroBSL
system of chapercones showed Exster growih in the presence of 0.75%
{v/v) bamane] and nearly & 4-fold Encrease i ihe number of surviving
colonies when culfured in the presence of 1% {v/v]) butanal (Zingaro
and Papoutsakiy, 2013), Heerologous expression of the © ace-
obupylicum GroESL system in E coli also bed 1o significantly higher ba-
tamed oderance {Abdelaal ef al, 2015),

Fich et al. (1990} found that the ransithon from acidogenesiz o
solventogenesls in O scenbundicoum 58 792 (ATOC 824) was -
companied by the production of specific HSP: (hep 73, kip 72 [Dnak],
hsp 67 [GroBSL], hsp 17 and hsp 14). Upeegulation of groES, dnakl,
hap 18 amd hsp 90 was observed in C acerebuyficum ATOC 824 (Tomas
et al, 2004} after butanc] challenge. Overexpression of the autologic
groBSL aperon i O aectpbunicurm resulted in both higher butarnl
tolerance and production (Tomas et al., 2003) but also revealed the
complexity of the cell's response both in the overexpression of the op-
eron and in plasmid insertion. This complexity complicased finding an
umambigugs answer as to which chaperon(sh played the most im-
pontant role in butanal tlersnce. The major change in gene expression
inchuded wpregulagion of motility and chemotands genes and  down.
regulation of major stress pesponse penes while bost-plasmid inserac-
tions, in this case, resulbed in different growth and sporulation patiemns.
Riseently, i has been found [Fones er ol., 2006) that cverexpression of
the GroESL chaperon system, resalting in higher butanod toderance and
production, and can b triggensd by overczpression of regulntory 65
RNA In C. gorodutylicum ATCC 824, Over-expression of H5Ps, GrpE and
Hiph also led o significanily higher botmnod tolerance in & oo
obulylicum ATCC 824 (Mann 21 al., 2012

GroESL and Dnek, orginating from an extremophilic bacteriem
Deinococcns wultmmagienst, were also successhully over-expressed in C
aceibirylicere; these manipulations led 1o higher butanol olerance and
up 1o a8 2-fold increase in beasel production, with nearly no scd
production (Liso 1 al.. 20017

2.3 Efftur pumps

Butamel excretion by efflux pumps is a topic that has received at-
temiion recently. Small uncharged meolecules, such as aleohols, were
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assumed to be excreted from microbial cells through o diffosion pro-
cess, However, recent imanseriptome-based methods revealed that ihis ks
probably not the case and surprisingly mamy genes, probably invalved
in both nflux and efflux from.te microblal cells, were foand (Kell 10l
Z005) It is kkely that engineering of membrane transporters could
increase yields and productivity of desired small malecubes and thas
bivengineers should mot be focused only on optimization of biosynthetic
routes but should also be interested in the problem of how o tramspore
a prodluct from inside the eell to e exracellular space (Boyorskiy aned
Tullman:-Ercek, 201 5). Currently, several families of efflux systems have
been recognized based on their different molecular archivecruses, en-
ergy sources as well as target molecules: ABD (ATP-binding-cassette],
MFS (renjor-fncilimtor- saperfamily ), SMR Genall-malddrug-restsiance],
MATE (multidmg snd toxic compound extrusion) and RND [resistance.
pixdulation-division). BAND membrane pumps seem o be of special
importande for solvent effiux andl rolerance (Mukhopadhyay, 20150

Significanily increased expression of severad efflux related gemes
were idestified in E coll daring butanal challenge, confinming that they
likely participate in butanol resistance. Formate transporter focd was
ewen able 1o dircedy increase butanel resisance when over-expressed
(Feyes ef al, 2001), ndicating that it could recogmize butanol as a
sabatrate, In contrast, when 43 efffux pumps wich described capabilitices
for salvenl extrission were heteralogousty expressed n E coli, they were
found 1o be Imefficient with shoe chain alcohols, including butamiol
(Cunlop et al., 200 1) More recently, Fisher ef al. (2004) prowed that
the multidrug efflux pamp AcrB, belonging to the AND family, was able
b exerete butanal efficiently when a single aming acid was changed in
this protein. Furthermore, Feyes o1 ol [(3013) showed that there was
probuhly an antagonlstic relationship berween butancl resistance sys-
tems and resisiance fo sthanol or isobutanal. This could be caussd
malnly by & limived maximem nuembser of different efffux pusps thas
can be incorporated into the membrane, because the more efflux pumps
the poorer the growth. To overcome siress genermied by overexpression
af the AcrB efffux pump (a varant Acrbvd secreting butanal was de-
veloped by Fisher e al, 2014}, a negatively responsive promoter was
ased in E coli 10 oreste a controlling mechanism useful for balancing
grawth, producticn and batanod eflux {Royarskdy e al., 2006) In slico,
a mwndel of efflax pump expression was consnscted, coatrolled by a
feedback loop with o biosensor sensing the bevel of compound to be
exereed (Harrison and Dunlop, 2002) This medel showed that feed-
back regulstion is mare favourasble for growth and prodwction than
eonstant expression of efflax pumps under any cosditbon,

Onver the bast few years, it has been shown that multidnog resistance
efftux systems, belonging oo all knewn familles including RND, are nksa
widespread in Gram-positive bacteria including clestridia (Schindler
amd Kaatz, 200 &), Homaologues of AcrB transparter, which probabdy has
a slightly different compasition because of dissimilar architectans of
the cell wall and membrane, could be found im clostridin and oiber
Gram-positive bacteria (Deboux o1 al, 2006 Murakamd et al., 2002),
Thus it is possible that these profeins play a role in butanol resistance
amd production

24, (rwher mechaniems iveltved in butanod relerance

Alibough this is certabnly not o desirmble feanere in solventogende,
butanal producing clostridia, in Cloeridivm [fumpfablil, two Butanal
dehydrogenases werne described that could enable butanaol consumption
by this bacterium through its oxidstion 1o butyric acid (Tan = al,
2014). Regarding the close relatedness betwesn butanol dehydrogenase
froen C. Bunpdahli and aleahol debydrogenscs fram O acetobinlylicus,
coded by the adhl gene (Youngleson et ol , 1989), and maltiple aboshal
dehydrogenases with incompletely undersiond fumctions described In
solvemtogenic clostridia {Dai et al, 2016; Chen, 1995), it cannot be
excloded chat in specific cases solventogenle clastridin may consume
butanal a8 a sabsirate. [n addition, the ability to grow on butanol as a
gole carbonm subsirate was found in Baoflus emanofieorons  and
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Enterobacter sp. (Kuisiene et al., 2008; Veemnagoudn & al., 2006}

€ acetoburyficum ATOC 824 cells tended to accumulate glycerol nmd
certain amino acids inside their cells daring butanol production, which
coirelnted with middle exponential and early statbonery growth phases
during baich cultivation [Wang e al. 20060 Glycersd secumulation
might be explained by the need to malntain osmotic and redox balances
in the cells wiile an increase in the content of amino acids (namely
threanine, glycine, alanine, phenylalamime, tyrosine, tryptophan, as-
partane and ghitamate) might be caused by fe-direction of metabalie
flux from glycolysis to the TCA cycle Inhibition of certain ghycalytic
genes by butnpol has been described previowsly (Alsaker o1 al, 2004
Tomas ef al, 2004) and increased activity of the TCA cycle migha
cofrespond 10 a greater meed for NADH for gheoerol formation when
glyeolyzis was partly inhibited. Moreover, Lisnage et al. (20001 ob-
served that & decrense In glycerol dehydrogenase activity (which may
be reversely correlated with glycerol formation) caused by down-
regulation of the gdd gene by antisense BMA in a mutant of & beifjer-
trckii pesulved |n & butanol tolerami phenotype.

3, Begulatery pathways invalved in butanol stresstolerancs
production and methods of their analysis

Bolventogenic closiridia use the Embden-Mayerhol-Pamas glyco-
bytic pathway for processing gluccse tn pyruvate, which ks the starting
compaurd for both acids and sobvents formeed duricg acidopenesis and
solvemtogenesis. From the point of wiew of energy gain, acidogenesis is
more profitable because it resulis in a galn of 4 ATP per male of glucose
in comparison with X ATP per maole of glucose if solvents are farmed
froen glucose B solveniogenests, Since part of solvenis are genembed
from acids and the related pathways do not generate ATP, the achaal
eprgy peofit of solventogenesis s even lower,

The scheme showing ATP and NAD{PM¥ generation by ABE fer-
menntion was published by Ventura e ol (2003) and & deesiled de-
seription of all enzymes in C. acetoburyticum invalved in ABE fermen-
tntion was described by Gheslaghi et al. (20099). Changes in inracefhalar
concentrations of ATP/ADP and/or NADMPIH/MAIP) during whale
ABE fermentation were determidned by several research groups (Bowles
abd Elleticdi, 1985 Mever &nd Papoitiakis, 1989 Grips ad
Gottschinlk, 1992 Fhao et al, 20063 under different conditions. On ane
hiand, acidogenesis resuliz in generation of susplas ATF; on the other
hand, &n incredsed concentration of acids and the resulting pH drop
require increased sctiviey of H*-ATpase to madninkn consient {nteraal
pH. which may alter the ATP/ADP ratio. However, it seems that the
MAIPIHMADP) ratio s equally imponant as that of ATRSADE for the
shift from acidogenesis 1o solventogenesis, In the past, different models
of the metabalic shift based om these regulators were comstructed
CErupe and Gotwschalk, 1992; Girhal ard Sowcaille, 1994; Girbal ef al,,
19353 omd current siodies (Venturn et al, 30013; Wieteke amd Bahl,
2012} bring pew evidence dor this, Double overcxpression of pfkd anml
prkA genes of C. ooetobubyficum (Ventura et al., 20015) resulted in ele-
vation of both ATF and MADH pools fogether with higher Butanol
production and tolerance. Redox nesponsive repressar [(Rex) seems to be
responsible for the switch o solventogencsiz based on a dependence on
the NADH/MAD ratio (Wieteke and Bahl, 200 2). There is also an in-
creased demand for energy I the form of ATP for many proceses in-
valved in butanoel sieess respanse, such as re-modelation of cell mem-
brane, biosymthesis and functioning of HEPs, or synthesis of efflux
pumps (for a detailed deseription, see MNicolaou & al, 2000k

Complete regulatory and signalling pathways irmvolved in metabo-
bgm, sponalation and stress responses of solventogende clossridia have
not been fully described. By genome mining and studies of individiaal
salvemtagende strains, four global transcription regulntors, Spold,
Cod¥, Copd amd Rex, which are known in many Sther bacterial genera,
were confirmed in 44 solventogenic stralns (Pochlein ez ol 21 7).
SpoilA i2 a master regalator for sporulation and is often associabed with
the trigger for solventogenesis, although this is now in goestion. In
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Bocillis subniis, Spodd is a global regulator (Molle e ol 2005) and is
imvolved nes oaly in sporalation but also in ranscriptional regulaton of
penes for chemotaxis/motility, efflux pamps, ennymes and DNA& re-
plieation machinery (ln total, 103 genes). In solventogenbe closeridia, it
remains 1o be unambiguoudly clarified how SpedA i involved in tran-
scriptional regulation. CodY is a siathonary phase regulator, dentified
in chostridin it studied in other hacteria soch as Bacillie (Pelivsky and
Soneneshein, 2013%]), having mostly a represzor effect on the transcorip-
ten of many gened. In O aenobutdicim ATCC, eatabalite conerel pro-
tein A (CopA) regulbstor plays a role in the ransport and metabsolism of
mechasides and other substraves, sporulation and solvent production
(Fen ot al, 2012). Rex seems to be involved in hydrogen production,
oaygen tolerance, MAD synthesis, fermenmative metabalizsm and cibers
(Zhang et al, 2014} moreover it probably functions a butanal pro-
duction repressor, see Section 42 Recent GU-MS analysls of in-
tracellalar metabolite concemrations during ABE fermentaticn in C
acetobutylicum confinmed tight metabolic regulation and identified key
miiabolives and metabaolie pathways responsible for growth and solvent
production (Liu et al , 301 66L Two novel potential regulsiony proteins,
encedied by genes SMBGI1S518 and SME_G1519, were identified in C
ocefobeaylicum DEM 1791 (Jio et o, 2012} Disraption of these genes
resulted in an increase |n butancd mberance, cell motlity and increased
activity of pyruvate: ferredoxin oxidoreduciase, which may imply po-
tential regulstory functions of these genes In hutanod tolernmce/sensl-
ivily.

Generally, sporulation |5 considered to be a specific type of stress
response, In solvestogenie cossridia, sporulation is probably an answer
to acid stress, which paradaxically rexubts in a different type of stress =
Butanol seress becavese it is often accompanded by a metabalic swinch Le,
solvent production. Although a propartion of the adds formed i cone
sumed during solvest formation, the remalsder contribute 1o the
creation of overall metabolic stress (Al=aker et al., 2000; Wang et ok,
H113), The Clasmidium sporulstion cascade consiss of spomulatban-
specific transeription and sigma factors (A1 Hinat e a1, 2005} bust their
relatbonship to butanol production is in question and i currently ander
investigation. Microarrays still maintain their key rode in the analysis of
sporalation regulators and software are available for microarray daca
analyeis, including identification of differentially expeessed geri,
chaster analysis for finding co-regulated genes and identification of
eeanscription faetor binding sives. Instnactbons for the whole mileroanray
process abong with a list of available software can be found in Olson
(2006) and Selvarn| snd Memrajan (2011) respecrively, Microammay
technology was used for transcriptional amalysis of C. ocetobatylicum
B2 (pMSPON], 0 strain with overexpressed spofA factor (Alsnker et al,
2004), The tramscriplions]l analvsis was performed against a plassid
conirol sirain and agains the spolA knockout straim (SEO1) with mo
solventogenests or sporulacion activity. The resulis showed thar even
though spodld averexpression led to increased butsnol tolerance and to
rather major chamges (7 the ranseriptional program, salvent production
stnyed essentially unchamged. Another more recent stody (Zhang of ol ,
2017} wilizing micrearrays compared the transcriptional profiles of
two C. befjerinckii WOIMB 8052 strains, where one of the strains (T
bedlerime ki 1G-B0O52) was degenerated, Le. without the ability to pro-
dure solvents or sporulate. The results shewed that morphological and
physiclogical changes in the degenerated stradn DG-B052 were related
to aliered expression of sigma factors and I8 seems that they may be
involved not only in sponalation but also in the stress response of the
cells 1o acetate and Buryrate, with a patentially major role of sigh
(ooding for RNA polymernse sigma factor — 700 However, a great
pumber of genes responsible for different functions, such as phosphe-
transferase transport system, sugar metabolism, motility, sporulation,
nnd solventogenesis in the degenerated strain were differentinlly ex-
pressed and thes anambigeous evaluation is difficull. A different ap-
proach, comfirming a crucial rede of regulstory elements n botanc]
production by clestridia, was carried out by Sandoval e ol (2015), who
perfonmed random mutagenesis and directed evolation selection on &
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postenrimaum ATCC 6013, This led to the creation of a mutant (M1 508)
with substantially increased butanal preduction. After further analysis,
it was discoversd that the mutant was spodid deficient, which led o
higher tolerance of crude glyeeral (which was used ns carbon source) E

H o

o
d

and alsa higher solvemt peoduction. This reinforeing influence of oA
deletion on butano] production in £ pasteurismum was further verified
by Schwarz et al. (2007

Cell to cell communication probably also plays a role in butanal
production and tolerance. Quonam sensdng 2 the production of small,
diffusible molecudes that are recognized by cells in colture and at spe-
eifie concentrations, these signalling molecules are able to change gene
expression through tmnscription factors. A piogeer study in solvenio-
genle clostridin deseribed the potential induction of the sof operon and
initEation of sporulation in C. sarchoroperbatviocetonictem M1-4 (Kosaka
et al, 2HT) by a pon-peptide compound, probably involved (s reg-
alation by querum sensing. Purther, it was found that tbe agr quarum
sensing system actively modulates expression of sporulation factors in
., acetcbatylicum (Steiner e al, 200 Z) These age-like quonem sysems E

"Chen ared Blaarbesi,
il Lew, D317
Maliviva er al, 201

170

Taexy ot al., 3013

o

iang piowll, DO0E
i wl, DN]S
Wang ol ol 05T

Nue o1 &l 201

Poimanck o al |
Liet il H016E

d iz high armplae ;
* After acetate mldivion 1o the mediem
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could b fourd across the Armicutes and is probably a widespresd way
af controlling geme cxpression in clastridia (Wasier and Baba, 2008)

The intergenic regions flling the space between coding regions in
the gemons: wese previoasly consldered to be withcut puspose, This
presumplion changed rapidly with the advancement of techmigques like
microarmays (Yin and Fhes, H07) or more recently, RNA-seq
[Scutoarins & al, 20013), which enable RNome stsdies. Ik has become
evident that the intergenic regions actually play critcal rodes in cedl
regulation through small non-coding RNA (sENA), Apart fromn experi-
mendal stodies, it is also possible to predict sEMA in silico uxing algo-
rithms such as sANAscanner (Sridhar e1 6l 20000, sTarPicker (Ying 1
et al, 2001} or SIPHT (Livny, 3012). Both approaches bave their i
drawbacks; ideally a comsbinaton of the pwo shoubd be used in sREA
prediction studies. A large research study on sHEMA in clostridia kas
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been carried out by Chen et al. (2011), who predicted sEMNA in 21 E :

elastridial genomes including C. acetobutylicum and ©. befierfmekii. This .{

shisdy has brought new insights into regulatory mechanizms in clos-

eridlia, including the role af sRNA in ci-regulmion of efflux pumps in C. E g
acetoburylicum and £ befferinckli. Another study, focused strictly on } gE E

sANA regulation (n O sestobutylicum ATCC 824 under metaballe st
induced by butanal and butyrate, was carried out by Venkatarnmanan
ef al (2013), Here they bdentifbed sRNAs that were expressed or dil-
ferentially expressed in relation 1o metabolic siresses, and affect eran-
scriptional (65, 5-box, sodRE) amd cranslacionnl (MmMARNA, SRP-RNA) peo-
cesses, The role of 65 and mBMA in butanol tolerance was confrmsed in
the follow-up shady by Jones et ol (2016), where regulatory sHMAS
were overexpressed in O aceabufyifcum ATCC B24. This resalted in
incrensed butnmal tolerance, as well as butancd production in the case of
65 overexpression, however, 8 sight decresse in buanol production
nccompanied tmBENA overexpression.

Teltpiabok
MBEL GLY2

1™}

Mutanr
BA& 1
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& baryente kirsse nactvaed sutent of O orerobutplicsss ATCC 324 (Grees PACABE [pfa-

| Presisae, 054-3

4. High butanol production by clostridial strains

o G

In general there are two proven approaches io increase butancl
production by clostridia; strain improvensent asing random o targeted
mutagenesis, or & change in culcivation conditions, A shont overview of
thve bt clostridial producers obined by mulagenesis is presented in
Table |- From Tahble 1, it is clear that the maxinmum achievable butano]
conoeniration (sbeait 20 £/1) is mone of bess the same lor sl ABE fer-
mentation-performing Clostridiem strains and mndom mutagenesis was
equally as peceessful s targeted muthgenesis. The latter phesomenca
probably reflects the low level of understanding of ABE fermentation
ard it regulation. For cosmparison, the best heterologous butenod peo-
ducers, E ¢off (Shen et al, 20013 and Chttridium probutyricum (u
et al, 2011}, can form wp to 15 and 16 271, respectively, which are
considered to be impeessive resulis,

B4 (ATOC 135440

arerodnrplivers NCIMB 8057 bar later re-ldenmifisd)

i al, FW

C pareasoniss ATCC 8100
=+ Panera peooemned srain. cunrently deposioed in ATOC colleoton a8 © Sajferisciol ATCC B50ES.

Tonstridism beiforined NCIME 8052 {orignally comidered o e C
Axporegenic sirats derfeed from © acetbustplicers ATOC 42599

Arporegesic pirals derieed from O acetobusplicurs ATOC 42599

Closridism acembutpionn ATCT S50E5 {Jain o al, 159531~
Closeridism acesmbutpionss NTCC 5505 (Jain o al, 15537
Cloridinn acesbutplioes 001,

£ acebuiplicum FICARE

[

The hilghes bunmeed dores achbeved by mamn of solvenmegealc closridia

Table i
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4.1, Romiom mutogenesis for ohinining high butomal producers

agents ncting direcely because repnle mechanlsms for damnged DNA are
lacking in clostridia (Bowring and Sarriz, 1985 The most oommaon
case b the use of Numethyl-N-nitro-N-nitroso-guanidine {(NTG), an al-
kylating agent, causing mostly unidirectional modom transition mats-
tions between GC and AT base pairs im DNA, see Table 1. Another ex-
ample of & mutagenk spent acting ln a similas way as BTG, is the ethyl
esier of methanesulfonic acld (EMS) (Bowring and Morrds, 1985;
Lemmel, 1985 Jakn e al, 1993), EMS use for modom mutagenssis
achieved a high batanol producing stable asporogenic matant, ©0 bei-
Jerinekdl ATCC 55005, formerdy C scaobunylieum ATCC 55025 {Jain
et nl, F9913), which was used as & starting strain for forther targeted
muisgenesis (Yang and Thao, 2013; Xu et al, 2005 After madom
mutagenesia, the @ring with desired phenotypes may be sedected by a
readily recognizable property such as growth on a specific substrate or
bitamol wolerance, bal can also be direcily pesued for high butasal
prociucticn.

Transeription of sebocted genes of the aldest manal high-producing
mutant, £ befjerinckii BATG, was compared with its parental strain, C.
befjerincktl NCIMB 8052 (5hi and Blaschek, 2005) and differences were
abserved mainly in transcription of genes from the sporulation cassette,
genes for PTS transport systems (downregulatton in both cases) and
penes for motility /chemotaxis (upregulation). All changes in genes
trmscription were in sccordance with described phenotypes.

Chembeal mistagenesis can be tsed 10 generate & Hbrary of mutants
to be uzed for genome shuffling strain improvement {14 et al., 2006
Gae et ol, 200120 Genome shuffling is 8 whole gencene enginecring
method inspired by natural evolution, which includes construction of a
parenal Hbrary, protoplasing, cell fusion, regensration of fusams asd
selection of mutants with desired phenotypes (Zhang « al., 200Z; Gong
et al, 2009), These meps can be repeated severnl times provided tha
the mutants. oiiained after the Gri round of genome shuffling are in-
chuded in the parental libmry before Inftiation of & second round and so
an. The success of the method depends on careful sebection of strains
that will be incladed in the paremtal libery. These strains can be ob-
tained by random mistagenesis, targeted malagenesis, sebiction uskng
different criteria etc. The parental library usoally also includes the
ariginal wild-rype srain and is members feataring different, desirable
properties such as high butanol tolermance (for butamal production],
rapied growth om a selected subsitrate of high selectiswity for butaral
production. Genome shuffling together with random mutagenesis is
comparnble with ciher strain-lmproving methods, (see Table 1) and
resulled in a high butanal eoncentration 30 g/L after cublivation of a
mutant siradn (L et al., Bl6c),

The arasn . acedutplicnm JBE200 (Yang and Thae, 200130, which
was obtadned as o modom mumant during cultivation in o Gbrous bed
bioresctor after butancl shock, was further analysed and compared
with a parental strain, an asporogenic mutant Clestridinom acetobutyiioum
ATCC 55025, A single-hase deletion ln the cacI2T9 gone, emcoding
histidine kinase, was found {Xu et ol, 2005k The product of the
cacdF19 gene, an orphan histdine kinnse, was already proven 1o be
able o phosphorylate SpolA profein during in vitro studies (Steiner
et al, 201 1), boweser Xu et al. (2015) hypothesized that ibe increase in
both bitamol telerance and production observed in the HEED nvutant
[see Table 13, might be coused by an unicnown regulatory mechanism
with an Emportan rale for this histidine kinase because sporalation and
salventogenesis did mot seem to be tghtly connected in the mutan

FrKin.
It was qoestionable whether all previcos “mutants™ ohiained during
contimcus culture ander phosphave Hmitaton (Mcinecke &1 al., 1984)

ar during ABE fermentation (Jones ef al, 158Z) are tnee mutanls o
cells exhibliing different phenotypes based on iraescriptional o
tranilational rather than penomic changes. A potential proof that e of
traditlonal evolutionary culture methods may resudt in true mucangs

B ooty Ackvac i 3% (T01ED 720 -738

was provided recemtly (Sandoval-Espinosa et al,, 20013} Comparative
gennme analysls wos performed for 5A-1, & butnnal olemnt aed high-
production mutant {(Lin and Klaschelk, 1983) derived from £ befferinokii
MCIMBE BO52 by serlal enrichment in calture medium contalelng in-
creasing concentrations of butanol. The SA-]1 strain was re-sequenoed
nred {15 genome, togetbher with phemotypéc parameters, wene companed
with the parental strain € beierimckii NOIMB 8052 (Sandoval-Eipinasa
eb al, 2013} Bight single nucleotide changes were found, one small
deletion and one large insertion, however with apparently Bo dEpec
influsence oo butanal production and tolerance. Surprisingly, the FTS
rransport system for (mectose was deregulated inm the SA-1 mutant,
which agreed with a similar downregulation of PTS genes observed for
anothes mutang, BA1D], derived from the same straln by NTG munm-
penitie (Shi and Blaschel, 2008} Therefore Sandoval-Espincsa et al.
(2083] hypotheslped & potential comnection beiween the FTS sysiem
amd other regulatory mechanizms for sporulstion and solvent prodic-
tom.

4.2 Torgeted mutagenedk for feproved butomed prodissfon

Tools for targeted mutagenesis and metabalic engineering of clos-
tridia hawve been developed during ihe last decade and recent and
progressive methods, Enchsding CRIEPR-Cas penome editing, were
soccessfally applied to clostridial research (Pyne e al, 2006a; Wang
et al, 2015, 2007; Li =1 al,, 2016b). Currently, methylome stdies (we
Section 5.1.1) may improve mansformation protocols significantly.
acetabulylicur strafn improvement has been cecently peviewed by ue
et al. (2017

The first class of engineered wiraing with improvied batanol pro-
duction are strains with a directly reinforced butamol biosynthetic
pathway. This could be done by over-expression of genes disectly in-
walved in butanol synthesss, knock-out of genes invalved in synthesis of
by-products, or by & combination of these approsches, Unformanately, i1
B not easy fo completely disrapt formation of by-products by single
gene down-regulation as reporied previowsly for acetone (Tummaln
ef al, 2003a; Fiang et al, 2009 Wang et al, 2017} or buatyric acid
(Green et al, 1996; Harrds et al., 2000; Wang = ol., 2017). Similarly,
increased expression of adhF or alid, which are directly invalved in the
Last steps of butanal formation n C. ecefobutyticum, C pasteuriomem and
., belfertmckii respectively, does not automatically lead vo significantdy
higher butanal produiction (Harris et al., 2000; Tummala e al., 20035).
All staidies Bave alresdy shown thar regulation of butasol predwsetion is
wery tight and that the concentration of precarsors, by-produocis, ar
walues af redox potentials Inside cells must be tumed precisely, Cooksley
et al (20121 comrilnated 1o an undersanding of the ARE biosymthetic
pathway in £ acetobufylicum by constructing different defetion matants
En this pathway. Even thoagh ne high-producing steain was obiakned, in
was shown that it was possible to decrease acetons production sigs
mificanly by cpfd, egB and ade knock-curs; they also clarifed dee role of
eszenbinl genes (thi, hydA) in which knock-omat was lethal. Jang et al.
(20021 vested the nfluemce of several simghe keock-outs of genes in-
walved in by=product symthesis (pin, ock, buk, peb) and their combination
in C. acetoduaylicem ATCC 824, A combination of buk and pre knock-
outs Jed to the best production of butanol, areand 16 g/l Together
with over-cxpression of adhE, the straln was able to produce nearly
19 /L of butamal. Singhe amd combined pao and buk mulsnts wene also
prepared for & soccforoperbupiocetonioum Ni-4 (Wang <t al., 2017}
Production of 19 g/L of butanal was obtained in the case of a double
mutant, bat production from a single mutant was nearly same 2= the
parental serakn,

The second approach s metabolic engineering of solventogenic
regulators, Harrds et ol (2001 performeed knock-out of the solR gene,
putative negative regulator of the solventogenic pathway in C ocet-
olidyliceen ATUC B24. Inactivation of soff bed to the production of
14.6 g/L of butanol compared 1o 11.7 g/L observed for the parental
strain. When this manipulnation was accompanied by additional adhE
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oversegpression, botanol production of 17.6 g/L was achieved. Factor
Rex also represses expression of butanal symthetic genes hased on the
intracellular NADH/NAD™ ratio, and by its defetion, it was possible to
increase batanod production in O eceobundicum ATCC 824 (Wierzke
#nd Rahl, 2012) as well a2 C pasteuriomum DEM 525 (Schware of al.,
20171 Solventogenesis is most lkely also under direct regulation of
soime sporalation factors and quorum sensing mechanisms (see Section
4] and targeted mutagenesis of these mechanisms could also comtribate
1o finding everprodiscing phenolvpes. An example may be the buanel
over-egpressing C. postarienum matant with spod. deletion (Sandoval
o1 al, 3015k Apather example & the emamant stealn HEED (54 e al.,
2015} derived from C acefoduatylicam ATCC 55025 with deletion of
histddine-kinase caeF319, which s probably inwolved in SpolA sctiva-
tion: the mutam strain produced nearly 45% mare atansd with 909
higher productivizy.

Chver-expression of some factors involved in hutaned (aleramce can
also direcily lead 1o kigher production, 2 reported in the case of over-
expressing the geme encoding heat-shock provein groESL in C ace-
obubyficum ATCC 824 {Tomas et al, 2003), Maximal butanal cons
ceniration schicved with this sirain was 17.8 £/1, compared 1o 125 ¢/L
in the comtrol strain. An overall incresse in ATP and NADP bevels in
cells |5 the next possible way to improve butancd production. YVenmurs
ot al (2017} performed over-expression of §-phosphofructokinase and
pyravate kinase. Omly p small incresse in batanod production ocoarred
in the case of a single over-expressing mutant, however a 29% inorease
was observed In a double over-expressicn mwutani,

4.3, Cufeire methonds for improvement of bunamol produsrion

Meny reviews (Jones and Womds, 1988; Tashlro and Scoomosn,
2010 Lee et al, 20084 Pacakova et al., 2013) show that 1be nfience
of culture corditbons on butnmol prodection is highly sigeificant and
that paramelers aich as medium pH, sipplementation with acids,
overnll composition of calture medium and cultivation methods ane
probably the meost impontant Bactors affecting concentratbon, yvield, se-
lectivity and productivity of butanol. In this connection, it is necessary
10 siress that s change in cultare medivm may resull noAD increass in
butanol production comparable with both targeted and random mutas
genests, An example s caltivaton of C, ssccharoperburyloceionicum M1-4
in which betanol concentration was usaally o mazimum of 16 g/L
{Tashiro et sl 2004) bai after 0 change of cultivation medium and
conditicns (Wang =t al,, 2017), 18 21 of butanol was resched withoat
any straln engineering. A similar example maybe acld supplementation
of the cultivation medium, which ussally abse improves the banol
concentration {eg. Chen and Blaschek, 1999, Wang et al, 2003a), Cur
poor anderstanding of bow different exernal factors can influence
butanol prodecian can be demonstrated by recent studies dealing with
the effect of calctum and zine on solvent prodaction (Wang o1 al,, 2008
Wu et al, 2015, 20016b; Han ef al,, 20130 in both €. ocetobubylicum and
., belferineiil, Cabefum in the form of calclum carbonate ot only bas &
buffering effect buf improves glicoss transparl, intreases bistanod 1ol
erance and has & positive effect on solventogenesis [(Han et sl
2001 30 These effects are symergistic with those chserved for sole addition
of zinc (Wang et al., 2004) In addition, genome-wide transcripticnal
analysis for C MHfﬂHl.‘l'f NCIMB 8052 (Wang et al,, 20132) revealed
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that addition of sedium butyrate (4 mM Le. 4.4 g/L) to the ultivation
medium resulted in an earbler onset of tmnscriptéon of solvemtogenks
and prolorged eranscriptbon of motiliny genes. All trmnscriptional events
were in accord with observed phenatypic traile. Wang o al. (2003}
speculated about the potential role of butyryl phosphate in phosphors
ylatien of SpolA, which might be responsible for improvements in
fermentation characteristics after batyrate addition.

Currently, differest process optimization methods such a8 respanae
surface methodology are being nsed o identify optimal conditions for
butapal production using & specific clesiridial strain apd sebected
feedsiock. This approach may resalt in process improvement, eg. 17 ¢
L of bwmnol was achéeved from commeob hydrolyssie asing © aoel-

cduatylicam RCIM 2877 (Bamar et al, 2014) or 18 g/l using synthelic
medism and & mixed Closoridiom culoere (Cheng er al, 2012,

421, Amached growd and biofilm formaion

There are many reports describing positive effects of “attsched
growih®™ or even biofilm formadion by solventogenic clostridia on ba-
tapal production parameters and butanol tolerance, for a review, see
Quareshd et al, (2005), Capsube formation by extracellular poly-
ssicharides was described during indusirial butanc]l production in
South Africe im the 19805 (Long e al, 1954) snd was sporadically
stodied Bater (Junelles et al., 1980), but becuoes chis femtune i not -
pical for cerrently stodied solvemtogenic strains, the topic has not de-
veloped much farther. Recently, extracellular polymer substance (EPS)
and hiofilm formation have been described in £ ocerodiplicen COMOC
52334 during growil on cotlon tewels and the phesomenon increased
tolerance of the strain to acklic conditions and the presence of Butanal,
a5 wiell as production chamoiesistles (Zhanng of al., 3016), The awibons
(Zhuang et al., 2016) hypothesized that in sabmersed liquid caltivation
af planktonic cells, acld formation during ARE fermentntion isdisces
sporulation while growih in a bioflm associated with EPS formation
resulis in a different type of stress response with limited sponalaticn.
Transcriptional analysis of planktonic and biofilm cells of the =ame
strain (. aceobuiyficum CGMOC 5234) revealed different levels of ex-
pression for 16% of genes {Liu <1 al. 20064 and provided Endirect
proof for the hypothesis of Zhuang e al. (2016, Le. that up-regalation
of sporulstion genes in biofilm cells was delayed compared o plank-
tonic cells and occarred in late slationary phase.

improsements in butansal production were deseribed severnl times
using packed-bed, biofilm or similar types of bicreactors compared to
submersed Hoald cultivadon. Howewver, both types of culiivation, i.e.
using sisbmersed liguid cultivation with plankrosic cells and surface
{blofilm) immobilizstion cultivaton, wsing the same straim and the
same/ginsilar cultivatbon conditions wese anly rarely compared (pes
lable 2} Lipovsiy et ol. (3018) compared production of butanol by .
befferinchil MRRL B-55%8 (formerly C pastesrianum NRRL B-5%3) in
batch, fed-batch and comtinuoes cultivations with susface immobilized
and planksonle cells, From this comparison (Lipovsky e al, 2016), ftis
clear that it is not possible to optimize all fermentation parsmeters,
such as butsnod concentration, yield and productivity, 6t once.

Tahlz 2

Immesbiliaation as o levor npeovisg bulinol prodection by cosridia.
£ aqarobotplicum COMOG 530 Cision toweely 3% L ex gl 30fa
i aorobaiyplicun COMOC 5354 Cofton. bk Fag Chen ot al, 33
g paeunanees K88 535 Ciem apowey pibsnes Tt Gallarnl = L, 2915
Tontridirs Berjlrringkd NCIMB 8053 Porcus polyrinyl aleokal 45 L it all, 20006c
Coopmadinm beiperinoll’ opained Reshiz ceranls risgi e Fung = al.. Hil6
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5. Methods to obtain batanol tolerant and high-producing
phenotypes

Thormegh anderstanding of molecular processes n organisms ased
for biorefinery, including their formal description, i required o en-
gimeer butanal tolerant and high-producing phenotypes. Thus, inter-
disciplinary cooperation, wiillizaton of malecular biological methods,
and sdvanced bloinformatics strategies seems to be imreplaceabde in
carrent biciechaologieal research. Current deep sequencing techaole-
gles provide as with far mare information than only genome ssquence
composition. Technologles smach as RMNA-Seq {(Wang o al, 2009) oF
ChIP-Seq (Park, 2004) are replacing clder, less sophisticated techned-
ok of midcroarrays and ChiP-chip, respectively, Their main advantage
is the pomsihility of performing an experiment without prior knowledge
of the genome sequence. Therefore, new genes or INA-binding sites can
be discovered, Mareover, third generation sequencing technalogies,
specifically Pacific Biosclences BS long-read sequencing (FacBio) wii-
lizing the sngle molecube real-timse techmalogy (SMRTY (Roberts e al,
201 3), also sequence methylations on o gepome-wide scale, providing
eplpenome along with whede genome information.

An analysis of cellular responses usually requires a comparative
sudy between clasely related stralns or species with different levels of
prodisction and tolerance. AMA-Seq pene expression profiles of mwo
siraing con be easily quantified by reference-free methods such ns
Kallispo (Bray et al, 2016} or Salmon (Fatro of al., 20317). However,
even moge disiant stralns can exhibit highly simdlar expression patterns
when placed ander the same conditions, where tbe extenmal stimubus
boasts transcription of simdlar genes and leaves the rest snexpressed.
lisentification of the slightest, yet possibly teporeant, differences s
therefore essential for the correct phylogenetic recognition of the
siralns,

The advantageous bioinformatics strategy to study batanod toler-
anee and prodsction o clostridin i shown in Fig. 2 and contalns thres
main blocks. The whale strategy starts with genome sequencing and
data mining which provide basic information about the studied strain.
This is folbowed by BNA wsquending and data quantification 1o reveal
relaticn between varlous genes and to Aed impostant regulatory ele-
ments, This alse belps o clasify the basic behavious of the strain.
Combining knowledge from both of these blodks then finally beads 1o
gencme scabe model inference. Such o model allows o identify fune-
tional elements and their relations, which can be further wied in strain
engineering and prediciion of the straln's behavicur,

5.1. CGenome meining & closridia

Mowadays, movel phenotypic discoveries are always compared and
relaved 1o genotype. Accursle penome minkng B preferably performed
using high quality compleie geromse assemblies. For bacteria, gaps in
drafi genome asseenblies caused by the nability of next generation
sequencing (NGS) to produce long sequencing reads can be relatively
easlly covered by bong reads using the PacBlo sequenciag platform
{English et al, 2012} While some genome assemblies of butanal pro-
ducing clostridinl strains remaln as drafis, such as C ecetoburyiioum
GEAS]E-1 (Mo et al., 2015), C. diolis DS 15410 (Wang et al., 201 3b),
there Is also o range of complete genomies based on NGS platforms data,
such as for ©. befferiackii SA-1 (Nair of al, 2014) and C. padvusanim
D55 525 [Pochlein et al., 200 51 Most recently, o collection of complete
genomes: was assembled utilizing NGS together with the PacBio plat-
form on . carbaidbeorans FFT (11 e al, 2015), € beijerinckd MREL B
508 (Sedlsr e al., 2005), and C beayriom JEY6D1 (L et al,, 2016a),

51,1, Gemome aredaanion

After a genome is assembled, complete annotation is reguired o
predict genes that can be lager ientificd as invelved in batanod pro-
duction and tolerance. One of the first annotations among bitanol
proeducing clostridin was performed wsing the Clossridium acesoburyiioum

Bistec Pl Adviices 36 (P0UE) T2)-T38
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Fig. L. Bioinforssiss asalvils scherme.

ATOC 824 gemome (Nalling et al., 2001). Although at that time this was
a chalbenging nask requiring utiliestion of cusom-made Perl seripts and
enuch manes] effor, many penes invalved in salvent production were
kentified In the genome, malnly on a megaplasnid. This gradual en-
Largement of databaces of known genes bas led 1o an expangion of novel
autamaiic toods for annotadton thai are essential for current research in
which hacterial genoemes afe foutinely seqoenced. Movel genomes of
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butanol producers are therefore prooessed by a considerable varety of
teals for anmotating differens elements An cxample can be the anpo-
tation of C. pastenrionues DSM 525 which reguired the use of genomic
tools sech as Prodigal (Hysim et al, 2000} for geme prediction,
RMAmmer (Lagsten et al, 2007 and (RMAscn-SE {Lowe and Eddy,
15497 for rRNA and tRMA prediction. Preferably, sutomabed pipelines
associating particular tosls are used for complete annotations of pro-
karyotic genomes. Among newly published clostridial genomes, MCEI
prokaryotie penome annotation pipeline (PGAP) (Tamsovs o al., 2006)
and RAST (Aziz et al, 2005) are the most popular and were wsed for
anpotation of the lavest drafi as well as the complete gencme ascemblies
described above, Unfortunately, systematic emrors can be introduced
i nowel homology-based annoations, Possibly, plpelines eilizing
transcriptomic data, e.g. BRAEER (Hoff et ol 2006), can be wmed 1o
correct these |ssaes.

£.1.2. Phylogenens identificotion

Another step in thoroagh research of solventogende clostridia is
confirmation of their phylogenetic origins, or its sdjustment, respacs
tively. Verklbed taxcnceny helps io plan iramsfornsatioss leading 1o win-
win phemotypes while searching for already described experiments
using relaced surmins o speches. Unfomenarely, many genomes in the
GenBank dstabaie are misidentified {Federben et al., 2006), theredore
great cantion must be taken during phylogenstic annlyses. Moreover,
clostridia itsell represenis an extremely belerogenecus genus com-
prising species that are phylogenetically intermixed with other spor-
eforming and pon-sporeforming genera (Colling et al, 1994), Albousgh
the division of the genus based on 165 rAENA gene = given
(Smekebeandt £y al, 1999), the methed hag it pitfalks and meeds 1o be
supplemented with other, more detadled amalyses (Jands and Abbat,
2007 Rather than caly 165 tANA genes, whole genomes can be used
mxanomy workshop (Fedeshen e al,, 2006), sverage nucleotide iden-
ity (AN} (Richier and Rotsello-MMorn, 2000} was oelected as & simple
statistical method for correot tavonomic identification. It can be easily
camputed by various oaline and @and-alone (ools as ANI caboulator
(hetp:/fenve-omics ce gatechedu/anisindex) and JSpecies (hitpcs/
wiww imedes, ulboesSepeeies] respadtively. However, this dnetheid also
has its caveats. Firsly, a cat-off valoe for species delineation is species-
specific amd capnot be gersralized and secomdly, gaps in draft gencmes
are not penalized when compariog complete and draft gesomes. [iring
re-idenification of C befferinckil NERL B-598, formerly misidentified as
[ NHRL B-598 {Sedlar ex al, 2017), ANI was supple-
menied with digital DNA-DNA bybridizston (dDBH) (Aach 21 al,
20100, & techaigue that replaces the original wet-lab DDH by in silico
comparizons. The salue was compuied using Genome-to-Genonee Dis-
tance Cabeulator (GODC) [Melec-EolibolT et al, 2003} thar albows
comparizon of complete as well a5 draft genomes while considering the
satistiesl significance of the ourpait. Additionally, PhyloPhlAs (Scgam
et al, 20135) was used (o construct a phylogenomic tree based om 400
selected protein sequences conserved acress the bacteris] domain. The
final result differed from auwtomatic AN amalysis by BCBI that proposed
re-ldentification as . disds. Other misidentifications among butanol
procucing clostridial Mraing can be expected as they are common across
the whale bacterial domain. On the other hand, solventogenic species
are usually identified correctly based on their phenotypic taits, Yet,
some genomic analyses have led to partidoning of the whole species
and re-classification of strains inte movel species such a2 C bufyricum
{Lawerm and Hainey, 3016). Recently, two diades covering most sol-
ventogenle siraina were proposed by Pochlein o al, {20070 These
cisdes differed madnly in their ability to synihesize the Bof complex
necessary for ferredoxin reduction and formaticn of pyruvae dec-
arbonylase. hembers of clade [ included C acetobutedicum, O pasteur-
danurm and other related species. Clade I s formeed by O bellerinckil, ©

saccharopertratylocetomicum and relaved species. Tt is peculiar thar the
diviston of species and strains based on genome mindng follows ofd,

i
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infuitive division based mainly on substrate utization ie. clade [ -
clestridia utilize smrch-comtaining substrates while clade B - clostridia
utilize saccharose containing feedstock.

Compasative studies focused on searching specific genes/operonss
promotors/DNA binding sites of interest can be performed by genome
mining and the results moy revea] surprsing simdlanides, differences,
rare occurrences or absences in specilic traits, which may explain
stardlard or uncommon bebaviours of particular strains. Por solvento.
genle cloanridia, such comparative sudies were performed Lo compace
CHRISPE systems (Brown et al, 20014}, to envisage the formation of
secondary metabolites by crvptic biosynchetic pathwmys (Behncken and
Herweck, 2012), to compare overal features of known, sequenced
salvertogenic clostridia [Pochlein eg 0, 2007) and 10 compare spore
permination in clostridia and bacilli [Xiao et al, 20018

5.1.3. Methylation anafysis

kiethylation paiterns in prokaryotic genomes are important factors
for keeping their imegrity and  are dmvolved in reguladios,
Methyleransfernses (MTases) recognizing these pattermns are often con-
mected with restricton-modification (RM) systems probecting the
gemome. Their detailed amalysis helps to design suitable plasmids,
which are not destroyed by the host. There are three diffesent ypes of
methylations observable in bacterial and archaesl genomes: G-methy-
Indenasine (méA), d-meshylcytosine (mdC), and S-methylcytosine
(mSCh all of which are products of DNA MTase sctivity (Korloch and
Tamer, 200123 DNA methylation represents one optien for epdgenstic
gene regulation. The influence of methylation on gene expression has
been described extensively for Bukarpobes {Slegiried and Simon, 3010),
where methy lutkons are interconsected, especially with chromatin ste
and repressed gene expression. In bacteria, DNA methylation could be
inwalved in the regulation of many cellielar processes including reg-
ulaticn of the cell cycle and initixtion of replication, bacterial wirulence,
DMA repalr mechantsms or regulation of gene expression {Cesndeais
and Low, 20046],

MTases connected with restriction-modification (RM) systems pro-
tect host genome from destroction. The drawhack of RM systems is that
they make engineering of mew stradns much more difficult, as they re-
cognize plagmidy and forelgn DNA as & thread and Enitiste i de-
gradation almost immediately {(Murmy et al., 2002). Knowing the me-
thyleme of the studled organism Is therefore essential for developlng
new techniques for genomic engimeering in clostridia, leading to in-
dusrially profimble strales, Historically, only m5C methylatdons were
detectable by bisulfite sequencing, and tools were lacking for mA and
m4C methylatlons, which are dominant in prokaryotic DA, This
changed with the advent of SMRT sequencing, which is able to direcily
detect all three methylations, although with lower sensitvity 10 mSC
(Clark eq al, 20130 Inon relstivaly recent study by Blow et al. (2016) 8
catalogue of methylations in 230 diverse bacterial and archseal species
was constracied by use of SMAT sequencing, making a rich resource for
further research. In relation o Clestriditen species, SMAT sequoencing
was used En . pasteurioniem ATCG 6003 for detection of methylaton
patterns to overcome the EM system and allow plasmid tramsformation
to make more tolerant and solvent producing stralns (e et al,
20 16b). Similarly, Kolek e al. (201601 developed a new protodcs] for
genetic transformation of © beljerinckil NREL B-598, formerly mis-
Edemified as C. pasieurionien NARL B-558, based on the kemtified me-

thylation patterns.
5.2, Tromecriptowaics

After genome mining tasks are done, assumptions for the following
genomle analyses can be set up, These usunlly alm to funber explore
genes, espedially their tramscription, under different conditions, ey,
under stress coused by high butanod concemtration in cultivation
medium. Such an analysis may help to identify genes involved in bu-
tamal tolerance.
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52 1. Tromscription of genes

The ikrst high throughpet iechnodogy uriblesbde in batancd tolemnce
research was a technodogy greatly excesding the capadity of northern
blots - micronrraye (Schulee and Dowmward, 20601 This technology
allowed a further description of C. acaobutplicom tolerance to butanol
by analysls of trenscription under butanaol stress (Tomos et al, 2004)
The main advantage was relatively easy data processing by simple
statizstical clastering and visualization esing tools such as Clusier and
TreeView (Eisen o1 al,, 1998), However, i compare peni expression in
samples under different conditions, differential expression analysis, a
normalizaticn of dats prior e comparison, (8 needed, One such method
way proposed using €. ecetobutylicum sraing (Vanog ©f ol 2003 Over
the vears, many specialized cools for microarmay date processing were
presenied, some of them associated ander the T4 micrmaarray software
subte (Sased ef al, 2004) that was wsed for trasoriptional analysis aof
bistanol producing £ bejieriocki strains (Shi and Blaschek, 2008), This
nod anly helped to highlight the differences between & beljerincka
NCIME 8062 amd butknel hyper prodiscing sirain C. beflertmekii BATO1
in the expression of primary metabalic as well as chemotnxis genes, bat
also revealed differences in spomlation between C befferinekdl amd
acetobutylicton through an increased rate of tmnscription of the sigh-
mnd sigi-regulated genes in the © belferiacki gesome. Although mi-
croarrays were recenlly used in E ¢off butano] tolerance research to
idenitify membrans-related protedns (50 & al, 2016), the foture of this
technigque in bulanol reslance research i questonable for several
rezsons, The main ope i the ot that a microamay has to be designed
for & specified set of genes, This is not an [sue for the well described E
cofi genome, but many gemomes of solvent producing clostridia are
deseribed poorly or are nod knewn complecely, Microasrays for them
are therefore designed using orthologues that were idestified to be
important n che C aooabundicum genoma (5hl and Blaschek, 2008),
Thiz makes ly undescribed refationships between gemes im-
possible 1o he detected. Also the dynamic mnge of the method (s lim-
itedd, therefore the ability to caplure a proper level of expression for
highly transcribed genes is Hmited

The famre research of butanod oderance lies in complete tran-
scriptome sequencing, AMNA-Seq (Wang et al, 20050 However, the
abiliny 1o sudy ranseription of all gemd st onee over an infinie dy-
namic range is computationally mech more demanding for datn pre-
processing. Steps typical for sequencing dats processing., such s qualiny
trimming and demultiplexing, are needed. Custom made Python or
Shell scrips using regular expressions can be easily used as well as
specialized tools such ax Trimmomatic [Balger et al,, 2014). The main
step of datn pre-processing lles in mapplag reads. STAR (Dxobdn et al,
20130 or sepemmeh] (Holfmann o al, 2014) show satisfactory results for
non-mosdel organizms. Files with aligned reads are usoally large and
have 1o be processed by specislized tools ssch as samioals (00 o sl
20050 Also, after each step, quality sssessment should be done. Fastge
can gemerate quality reports thar can be summarized scross sll samples
by mualkige (Evweels et al., 2016). Although these tools are relatively easy
io use, they require o basic knowledge of the command line interfpee.
Poasibly, software with a wser-friendly environment such as open soarce
Rockhopper (MoClure &t al, 2003) or commercial CLC Genomics
Workbench cam be used instead of standslone tools. Onoe the oo
ordinates of aligeed reads are compared to coordinabes of genes, a
cotnl table smmarizing the expresson of panicular genes can be
constrscied. Other steps inclhude statistical evaluations similar to those
used for microarraye As a by-proddect, mprovement of previoas im -
lico annodations i= possibbe. Such an example for butanal producing
chostridia was presentid during transeription profiling of C befferiacks
HNOIMB 8052 (Wanyg e al, 2011}

522 Ouanbfication of transcription
While RMA-Seq have been already wsed o identify mrgets for in-
creasing tolerance of E oolf {Fao et ol 2006) 1o butancd or to describe

complex stress responses of C ecetoburficum (Venkntnramanan et al,

T
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201 %), @ question of cormect data normalization has arsen. Although the
dymamic range of RNA-Seq is thearetcally infinke, the higher the se-
quencing depth, the higher the noise, which beads to false positives
{Tarazonn ef al, 2001}, Therefore, (ncreasing the mumber of sample
replicated is advised to improve detection (Rapaport et al, 2003k
Special attention should be pald o datn normalization for differenidnl
expression analysis (Bullard €1 al., 20101, During transcription profiling
of € beljeriackn KCIMB 2052 on a genome-wide scale, a gene encoding
peptidase T (Chel J4268) was selected as & househesping pene (Wing
et al, B012) Soch genes have a constant leved of expression over time
and can be used for data normalizatien, Alhough the ranscriptional
level af the gene was verified by gRT-PCR, this kind of normalization is
beleg questonsd and use of a spike-in control ks adwised (Chen e al.,
2016). In terms of computational wols, there are a vasiety of packages
and applications for RMA-Seq data pormalization and qualificasion,
such & DESeqE (Love et al,, 2004) o edpeR (Robinson o al,, 2000k
While ap o date, RNA-Seq helped to identify genes and pathways in-
volved in buasol productbon and volerance, such s in adding butvrane
to the cultivation medium of £ befjerinckll during fermentation (Wang
el al, 2003a), famre experiments and novel compaatbonad tools will
allow refinenent of these findings, inference of complete or at beast
partial gene regulatory netwosks snd the creatlon of povel genome-
scale modeli

523 Tranicripion waity and renscription ficmors

Transcription umits (TUs), as the name implies, are units consisting
al & promoder, & wasscription start sive, a coding region and 8 wan-
scription terminator. Pinding TUs in a cell under different conditions
ean elucidate the regulavory mechasisen of the coganism. But becauss
Tus are condition-dependent, it is a challenging task to predict thess
computaticnally, For this purpose a novel computaticnal method -
SeqTU has been developed, based on the availability of RNA-seq data
{Chia et all, 2015, Chen et al, 2007) and iis pse could advance research
an regulatory elensents. The wtility of computational methads for
finding regulatory regions hes been proven e.g. by Yang ef ol (20077,
wha studied an important master regubator, calabolite control protein &
{CcpA) and its binding sites in several €. ocetobuiyficum and E cold
mraing and in plasmide Identfication of the binding fites wog per-
formed by use of RegPredict web server (Movichhow e al. 20000 The
relevance of Cop ln C, acembutylices in regands to solvent peoductbon
had been previously proven by Ren et al (20012}, where cpA in-
activation affecied the three Imporient genes and gene clusiers (sod
operon, bukll, amd abrfl) related to sclvent production. Pirding the
matif of CopA-binding sites and lts varlability (¥Yang =t a1, 20017) re-
veealed that the imporance of CepA cold be far greater than previously
expecied. Yet another study fooasing on the imponiance of transoription
factars (TFs) and their binding sites has been published by Wang «f al
(2002}, where a large microarray experiment was conducted on 96
sxmples 1o ascertabn the rode af TFs and their binding sives in €. aon-
clmabylicum ATCC 824 under different levels of butyrate and butnnol
siress, The ldentfication of differentially expressed TFs under meta-
bolite stre<s then allowed reconstruction of a Siress response netwaork
misdil differentiating between general and metabolic response stresses,
These navel findings can be utilized not only to elucidare the bebaviour
of transcription umits umder different condidons, bat also 1o symthesize
nEw, More resistant sraing by incorporating regulatory-network data in
the framework of genome-scale models.

5.3 Genome scale models

Preferably, bicinformatic stisdies of butanal toderance and resistance
should be conducted with metabodic medels based on genome anno-
taticn that address the problem of systems complexity and provide us
with the formual description of mechanizms standing behind o win-win

phenotype. The models, known also a3 genome-scale metabolic (GSM)
maddels or stoichdometric metabolic network (SMN) models, provide a
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glohal picture of gene-prodein relaticnships and allow investigations of
an coganism of inveress g the robust systems-level by integrating dif-
ferent cenics data (Peist ef ol, 2008; Perez-Garcia et al,, 2016). Al
though there are some limdeations to this appeoach {Cardoso, 215,
Blameck and Alper, 20000, there are many examples of sucoessiul ap-
plications of G5M models in research. For instance, they have been used
1o examine the consequences of deletions, predict the different phe-
notypes of genetic variants, analyse biological networks and inber-
species nteractions, and swdy evelitbonary processe (Oberludn oo al,
20 Lo et al, 2010; Kim et al, 30017). With implemsentation of this
silvanced wechaology, I8 & also possibde to design pew metabollc en-
gineering strategies for microorganisms (Jang of al, 2002k However,
the main disadvammge of G5M models 5 that ihey [gooee dynamic
behaviours and provide information only about the sleady siate of ba-
Innced metsbolites (Santos ot al, 2001} In contrast with GSM models,
Hnﬁkm“ﬁlempmdm.mtu{aﬂwuhmw
course. Hevertheless, kinetic models belong to bottom-up approaches of
systems biology [(Bruggeman and Westerbolf, 20073 and explicitly focus
anly on a specific isolatsd metnbaolic pathway. Simce the biomas
composition of a meabolic system changes signiflcantly usder varying
conditions, GSM models incorporating the genome-scale information
compuse only simplified predictions {Dikiciogle e al, 20151, Mosi
enzymes are nod sufficiently explored yet and the required kinetic data
an @ Inrge scale are not avallshle, Gaining this information can be costly
and challengiog (Cardeso, 20151 In addition, specific GEM models are
ondy suitable for analysis of a specific coganism and canmot be gen-
eralized.

Integrating experimental datn within o G5M model is a challenging
task thar isvolves the compilacion of genomse-seale nepwork and s
transformation o a genome-scale model (Thicle and Palson, Z000)
Genome-scale network reconstmiction (GENRE) requlres susnmarizing
all known bdochemical reactions, represented a= a flow of balanced
metabalites in o sodchiomesric matrix (Fels et al, 20080 The bridge
betivien FME-HMHH'I data am the sociated resction Nuxes can
be compiled using a variety of reaction netwaork databases, e.g. KEGG
{Kanehiz et al, 2016), GENRE, computstionally transferred in a
mathematical format, can then be torned into a GEM model (Pelst et al.,
20080, Dealft model building must be followed by manual euraticn,
validation, and other additional steps (Fondi and Lid, 20105). Various
G5M molel bulldieg arad analysiz methods and tools bave been alresdy
proposad for metabolic engineering and oreation of in slico mutants
{Zimeonidis snd Price, 200 5), Software mols and nsethods for bacterial
metabalic model reconstroctions have been reviewed by Thicle and
Palesos (20000 or Fondl and LG (20105),

GSM meodels can be nsed in a variety of bictechrology applications,
including improvement of biofoel production by microorgami=ms
[Milae & al,, 2009 Lee et al,, 2008h), Seweral well-cursted G5M mocdels
focnsing on dostridia have been recorstructed in the last decnde Most
af the clesmidial genome-scale medels have boen bl for © send-
obutylicien ATCC 824 (Lee et al, 2HEa; Senger and Papoutsakis,
2Bty McAnulty e al., 2092, Dash €1 al, 3014; Yoo ot al., 2015;
Balimi et al., J010 Wallenlos et al., 3013), bid there have dalio been
puhlished models for O bedjerincil (Milne =t ol 20010 and in the case
of C. pasteurionum, a bagic step for formation of a GSM model, a me-
tabolic reconstroction, bas recensly beem perfommed (Pyvne e1 al.
20160,

The first genome-scale model reconstructed for clostridia resalted in
the fosmation of as in silico steain with stopped prodisction of acetone
ar buitanal and reduced produection of ethanol (Senger and Papoutsakds,
200840, The maodel was then coupled with the concept of speciiic
protom flux staves to predict medium pH during acidogenesis (Senyger
Enid Papouizakls, 2008Eh), Genome-scale models serve a8 n frameseark
allowing the incorporstion of various information from  differem
sources = imnscriptional regulatory data, associntons of genes, proteins
and reactions, metabolic fux analysis dma, thermodynamic informa-
tion, and others. Such upgraded models with multd-omics datasets have
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moge promising predictive power. G5M simulations involving the ap-
plication of flux balance analysis (FBA) can be used fo increase un-
derstanding of clostridial metabolism and predict the formation of
particular meteboldives during ABE fermentation. For instance, FEA was
used 1o Pnvestigate the relstionship between hydrogen and solvent
production in the in silioo moded of C acembutylicesm (Lee o0 al, 200840,
The smulations showed poventially enbanced butanol production
caused by decreased fux through hydrogenase. The model has also
Bt s For bn slben gene deletion analviis to study essemiial genes
that could possibly be imporiant as knockout targets. Likewise, the
relutiorship hetween hydrogen and butanc] in production meechanisms
was observed through the GEM model of C. bejlerinckii, where lEmived
bydrogen formation mie conflrmed les rode in enhancing huianod pro-
duction (Milse et al, 2001} Evalusting fermentation experiments of
this model suggested selective pressares oiber than optimal groswih tha
effect the resulting phenotype. In slico genome-wcabe metabolic fux
modelling is often employed to investigate if a particolar gene over-
expression o knockeat will lesd 10 a desired feamure before mutan
sirain engineering is attempted in & wet labomtory. Application of FEA
blimked with ffux rate constralis sllewesd the design of A simudaed
kmockdown of acetoacetyl-Cod trmrsferase, forcing a greater production
of batsnol (MeAnualoy oo al, 2002) These resubls were achicved by
implementation of a newly developed flux balance analysis with a flus
ratics mlgorithm that considers a nonlinear relationship between the
metsbolite at a critical nodde and the phenotypic expreston. It was
furiber applied in metabolic engineering studies of [sopropamol, bu-
eanal, and ethanol production in C. ecetobupylieum (Yen e al, 2013),
Moreaver, G58M models can also help o understand responses o en-
wirommental siressors. Core sets for butanol snd butyrate stress rese-
tions were revealed through GSM, associated with imformation e
garding changes In the melabolism of C sesoburylicum under differen
butanaol stresz conditions (Dash et al, 2004). The reactions were pre-
dicted by n CoreReg method inegrating transeriptomic datn into the
model, Similar findings may lesd b the development of specific mutant
sirains. En anoiber model, metnbolic fux analysis was condacted for
functional characterization of mumerous key enzymes invedved in bu-
tnnal production of C. acerobutelicesm (Voo et al, 2006} Thedr role was
furtber explosed in (e experimental sudy of in-frame debetion mutant
strains (Yoo et al., 2016). However, there are phenomena that are very
diffbeule 1o Include in a GEM model, for example if a specifie metbolic
reaction may be catalysed by multiple emzymes, coded by multiple
genes, which, for example, b5 the case for buarol formation in
acetobutylicum DEM 1731 (Dai et 2l, 2016) mediated by up to =ix dif-
ferent aldehyde/aleobol dehydrogenases. In such & cnse, modeling re-
s multiple resuls, & recent effort in GEM mesdel development for
clostridin was mapped by Dash et al. (2016) and Millar and Winzer
(20T

Altbough currently, predictions on the ability of clostridia 1o tol-
erate of produce butanc! based on (15 meabelle behaviour on a genome
scale are still limited, the systems biology based GEM models may serve
as o valuable ool for further studies and optimization of this peocess.
Integration of kinetic parameters to GSM models would certainly im-
prove thelr predictive power and facibitate studies of the organism inoa
broader context. The idea to coostruct such gencme-scale kinetic
models has been considered previowsly (eg. Jamuhidl and Palsson,
2008; Stanford et l, 2003), Efforts o imegrate kinetic models with
GSM models have already been conducted for E colf (e.g. Chokrabarti
ef al, 2013; Mannan of al, 2015 Ehelayan and Maranas, 2006L In
Eight af these efforts to make GSM models dynamic, we expect that such
a sapplemsent will expasd the development of mew enginecring strate-
wies. However, lack of knowiedge about biclogical systems at all levels
ks the main stumbling block in the proper we of systems approaches to
analyte genome-scale dals and compube sccwrate predictions abeu
microbial behaviour. Both bottom-up and top-down approaches stll
face serious limdtstioes in metabolic engineering - their combination is
s far the best way o improve the predictive powers of models (8lazeck
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WIN-WIN

BUTANOL
HIGH-PRODUCTIVITY

anid Mlper, 20100, This goes hand in hand with increasing amoungs of
information that we can gain abowt microbes and progress in the de-

velopmetat of computational technbques thar remaing o challenging
issue fior further studies,

6. Concluslon and futare perspectives

Bumnnal woderant amd butanol high producing phenotypes of sol-
ventogenic chostridia share common features that include Farmation of
stress (especially beat shock) proseins, inducion of efffux pamp for-
mation activity, modification of cell membraneswalls amd probably
also the preference (o create hiofilms or to grow on the surfnce of a salid
carrier (sée Fig 3) The growth in Molilm seems oo be advancageocas
regarding lower specific betanod toodcity (e utanod toodcity expressed
per a single cell), which & penarally achieved in biedllm popularions
having higher cell density compared to plankionic population. Thus it
seeans that use of butnnol dernnce ns a slmpbe criterion for selection of
random mutants has a rational core. As our understarding of signal
pathways and ciher regulatory mechanizms in solventogende elostridin
is limdved, ramdom mutagenesis, directed evolution and gene shuffling
are eqgually successful as targeted interventions that confirm the im-
penance of hutanol twlerance as a selection pressare factor,

Widespread availability and accelerated development of molecular
bialogical metheds such & ment generation sequencing. REA sequen-
cing and protesmics, together with new technology for generating
taggeted mutants, such as CRISPR-Cas, gemerate complex data that may
be processed by advanced hisinformatics tools into models improving
our keowiedge of functioning sclveniogenle chostridia. Fature progress
can b envisaged in neglected research fields such a8 construction of
new expression regulatoss using prophages (Feiner et al, 201 5), There
is i solid background for this in solventopenie clostridia, B which many
different phages and prophages have been identified [(Jones =t al, 2000,
Heown e al, 2014; Pyoe o al, 2006ab), Aliermatively, synthetls
feedback loops or circuits controlling transcr ption/trarslation. of se-
lecied gemes might be designed (Bradley et al, 2006}k the first sach
study regulating efflux pump expression for butanc] extrusion in £ coli
(Hoyarskiy et ol 2016) has already been wested. Microbial buianol-
prodiscing clostridia profiting from different favoarable propeies of
two or moe members can alsa be desigeed (Misogiang et al., 2074} and
such butanol preducing consorta bave been developed (Wu e al,
201 Gal

Conilict of inberest
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Abstract

Background: Thinning supplies of natural resournces intrease amention o sustainable microbial production of
bio-based fuels, The strain Clostridium befernoki MRRL B-598 is a relatively well-described butanal producer
regarding its genotype and phenctype under vanious conditions. However, 4 link between these two bevels, lving in
the description of the gene regulation mechanisms, & missing for this strain, due to the lack of ranscriptomic data,

Results: In this paper, we present a transcription profile of the strain over the whole fermentation using an
AMNA-Seq dataset covening six time-points with the curent highest dynamic range among solventogenic dostidia
We investigated the accuracy of the genome sequence and pamicular genome ekements, including pieudogenes
and prophages. While some pseudogenes wene highly expressed, all theee idemified prophages remained silent
Furthermore, we identified major chamges in the ranscriptional activity of genes using diffeential expression
anabyss Between adiacent time-points, We identified functional groups of these sgnificantly regulated geénes and
together with fermentation and cultivation kinetics captured using ligusd chromatography and flow cytometny, we
identified basic changes in the metabolism of the strain during fermentation. Intérestingdy, C bejerincki NRRL B-593
demanstrated different behaniar in comparison with the closely refated strain O beferineki NMCIMEB BI52 in the latter
phases of cultivation.

Conclusbons: We provided a complex analysis of the C Befernckd MRRL B-588 fermentation profile using several
technologies, including BNA-Seq. We described the changes in the global metabalism of the strain and confirmed
the unigqueness of its behavior, The whole expedment demonstrated 3 good reproducibility. Therefore, we will be
able 1o repeat the experiment under sebected conditians in order 1o investigate particular metabolic changes and
sigraling pathways suitable for folowing targeted engineering.

Keywords: Clostrdium begennoki MRRL B-598, ANA-5eq transcriptome, ABE fermentation

Background
‘While 3 less costly petroleum refinery still represents the

main source of fuels and chemicals, lmited natural pe-
sources and nature protection have incressed attention
to sustainable production of bio-based products. These
trends make blorefinery the future lucrative producer of
renewable fuels and chemicals. Especially, the mibceoblal
prosducton of solvents such as acetone, butanol, and

* Conmpordence: sl vulfv iz

' Despartrnent of Biomedical Ervgineening, Brno Univenisy of Technoiogy,
Technicks 12, 676 00 B, Crechia

Full It of suthar information i swsilsble ai the end of the arbcle

N BMC

ethanal (ABE) Is currently of great interest [1]. Solvento-
genic Closiricdia are widely studied for their ability to
produce biofuels from biomass in ABE fermentation [2].
Unfortunately, different genera or even strains of these
rod-shaped, gram-positive anaerobes show  substantial
differences in phenotypic tralts, Le, the ability to utilize
different substrates and to produce different substances.
Thus, the findings acquired using model organisms such
as O acetobutylicums ATCC 824 [3], C. pasfenriantin
DSM 525 [4], or C. beljerinckil MCIMB 8052 [5] cannot
be applied in general. Fortunately, thanks to a massive
reduction in sequencing costs, a wide range of complete
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of at least draft genomes of solventogenic Clostridia are
now available. These inclede various strains of C acelo-
Butylicum, C awrawiibutyricom, O belferinckii, C. dioliz,
O felsineum, C. pastenrianm, O pumiceuns, O roseum,
C saecharobuiylican, and O saceharopertutylaceton-
el [B]. O bedferinekii siraing, utilizing s wider range of
substrates for solvent production seem to be the most
robust, Le, able to endure a wide range of environmental
conditions, among these [7].

However, the knowledge of the genomic sequence itseli
does not provide any information regarding the gene regu-
lation, which iz eructal to mprovements of the strains fos
industrial application. The study of gene expression Is
therefore breplaceable in genome engineering. Current
whole transcriptome sequencing technology, referred to
an RNA-Seq, allows the study of transcription on a
genome-wide scale with an unlimited dynamic range,
compared to the older microarravs, which only emabled

researchers to track preselected genes [8]. In this paper,
wie present ranscriptorme dynamics during the cultivation
of the promising butanol produces, C begerinckll NRRL
B-598 |9 (formerdy misidentified as O pasfenriannem
MNREL B-5%8 [10]} as a result of RNA-Seq profiling. Until
now, only the transcriptbon of six selected genes involved
in sporulation and solvent production was studied for this
strain using RT-qCR, yet the study supported the theory
that solventogenesis is not regulated in the same way in
all sobventogenic clostridia [11). Here, we further investi-
gate the specifics of the strain C. beiferincki MREL B-598,
The obtained transcriptome data includes the whole life
cycle of the strain and therefore covers changes in metab-
olism, Le. acddogenesis, solventogenesis and their transi-
tlon state. Together with the sporulation cycle and other
significant events such as changing motility and adapta-
tion to acid/solvent stress, the whole fermentation process
is reflected in this dataset. Fiow cytometry, combined with
fluorescent staining |12], has enabled insights into popula-
tion heterogeneity and HPLC analysis of metabolites/sub-
strabe; plus, growth curve data has allowed us to better
interpret the biological meaning. Moreover, the RNA-Seq
technology has allowed ws to study not only the temporal
transcription of any gene but also to explore the scouracy
of the current genomie annotation. Compared to the tran-
scription profiling of the strain C beiferinckii NCIMB
8052, we reached a dynamic range that was approximatety
10 timees higher. To increase the robustness and validity of
the experiment, each of the time-points was represented
by three biokogical replicates rather, than verification using
qPCR [13].

Results

Cultivation and fermentation kinetics

The fermentation profile of C beijerinckii NERL
B-598 showed a typical ftwo-stage course of
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metabolites formation with acid production in the first
period followed by solvents formation (see Fig. la). Six
time-paints (T1-Té) were selected for RNA-Seq analysis
o cover all metabolic stages within a period of 23 h. The
latter stages were not analyzed due to a high percentage of
dead and lysing cells (Fig. 1b) causing an insufficient qual-
ity of EMA samples for BNA-Seq. Individual sampling
points were selected based on the fermentation pattern,
which was monblored on-line a5 changes in a pH course
(Fig. 1c). The first sample was collected after an approx-
mate five-fold increase in optical cell density (Fig. 1d)
while a sharp decrease in pH occurred, so only acidogenic,
non-sporulating and mostly motile cells were expected to
be present in the sample. The second tme-poknt was pro-
posed to cover a transient physbological state between
acidogenesis and solventogenesis, which was indicated by
a pH breakpobnt and corresponded to the highest concen-
tration of scids in medis along with the onset of solvent
formation. Mo cell-thickening or pre-spore formation was
observed at this stage The third sample set was with-
drawn during the period of the most progressive rise in
pH, suggesting a high rate of reutilization of the acids, to-
gether with solvent formation. Granubose sccurnubation
and early phazes of sporulation were observed at this stage
(see Additional fle 1) The second pH breakpolnt was
covered by the fourth sample, where the rise in pH ceased
and pH again started to decline, indicating a change in
metabolism. However, there was no apparent increase in
the production of acids In the fermentation data The
remaining two samples were taken at the regular
tirne-intervals, in order to cover all stages of ABE fermen-
tation as well as the spomalation cycle. Owverall culture fit-
ness and spore formeation was monitored by fow
cytometry (FC) and the combined staining of cetl culture
by membrane disruption and enzyme activity indicators:
propidium iodide (PI) and carboxyfiuorescein diacetate
(CFDA), respectively. A relatively high amount of
double-stained cells was present in the culture at all
stages. A previous study by Kobek et al. [12] considered
these double-stained cells as an active population consist-
ing of cell doublets and sporulating cells: therefore, only
Pl-positive cefls were counted as dead cells. The staining
pattern of the Clostridium culture at different time-points
revealed dymamic changes in proportion of active cells
within the first 13 h, with a detectable drop at the period
with the lowest pH (the sixth hour), thus supporting the
presumption that cells are highly-stressed by the presence
of organic acids together with a low pH (when valwes
slightly below pH 5 were reached). After the 13th hour
viahility gradually decreased and during the 23rd hour the
first mature spores, released from mother cells, were ob-
served, The FC data provided a better insight into viability
changes compared to sole OD measurements, according
to which the culture kept on growing steadily antil the
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18th hour. The only noticeable changes in the O
masurements are the two slowdowns during the
acldogenesis/solventogenesis transient states. The FC
data clearly shows that culture viability had already
started to decline at around the 13th howr, which cor-
respondds to the apparent decrease in the number of
regulated genes from that time.

A proportion of wiable cells determined by FC was
used to caloulate the specific glueose consumption rate
relating only to the active portion of clestridium culture
{see Table 1). The amount of ghucose consumed per time
and biomass unit could help to elucidate the differences in
expressions of ghvcolvsis-related genes. The highest num-
ber of 5.16 g of utilized glucose per gram of active biomass

Table 1 Specihic rate of glucsse utilization between time-poins
chosen for RMA-e anabysi

Sampies Tiree iriervadl (hl l?‘u:ﬂit- CONSUMHIoN
e g T hT

TI-I2 354 EA L

1213 G085 0

T3T4 H5130 g |

T4-15 130-180 250

T5-Th 180-130 155

“values were caltulied for the concenirstion of visble celh

and hour was reached at the very beginning. Surprisingly,
after a decrease In the acldfsolvent switch, the glu-

cose consumption increased again and accompanbed
the T3-T4 transition state with the highest number
of regulated gemes.

Mapping statistics
The whole dataset covered three series of six samples

{six time-points), in which each series represented an in-
dependent blological replicate (A, B, and C). Although
series A consisted of reads that were 50 bp long and
series B and C consisted of reads that were 75 bp long,
the whole series could be processed in the same way.
The quality assessment after the fiest preprocessing steps
(demultiplexing, quality trimming, and sdapter trim-
ming} confirmed an overall high-quality of sequences
{average Phred score )= 35) and ne adapter content.
The only following sequence-filtering step was the re-
moval of the remaining residual rRNA contamination,
even after the rRMA depletion. The rEMA depletion was
performed prior o the library construction and the
non-captured rRMAs were apparent from the high GC
content in some reads. The amount of non-rRNA reads
ranged from 7.3 to 20.5 million (see Fig. 2a). Subsequently,
we mapped the deansed reads to the O beiferinckii NEEL
B-5%8 genome. Most reads mapped to the genome
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unambiguously, regardless of thelr different length in rep-
licates A and B, C (s=¢ Fig. Xb). Mevertheless, In order to
cover the expression of duplicated genes that were present
in the C befferinckii NERL B-5398 genorme, the reads map-
ping to maultiple loc were also included in the gene ex-
pressbon amalysis (see Table 2). However, the contribution
af such reads was down-weighted In the expression ana-
Iysis depending on the number of times they mapped to
the genome, so the sum of the total number of reads
stayed intact.

The reads mapping to more genomic objects were also
weighted. Such a phenomenon is caused by overlapping
genes. In the current RefSeq genome (NZ_CPOL1966.2),
285 out of the 5230 genes predicted by MCBI PGAP [14]
overlapped by at least one codon and another 66 neigh-
boring genes had no space between them. Although none
of the 198 pseudogenes overlapped with another pseudo-
gene, 18 pseudogenes overlapped with genes directly and
another 73 pseudogenes were at a distance from pgenes
that could be covered by a single read. These reasons
caused single read mapping onto two genomic objects. At
the same time, the transcriptome assembly contained
fewer transcripts compared to the number of genomic
elements with detectable transcription (precisely 4837
transcripts vs. 5418 genomic elements) because the over-
lapping and nearby genes, eg. those in the same operon,
were covered by a single transcript. Daie to this fact, tran-
scripts could not have boen wsed to resolve overlapping
genes, On the other hand, their mapping to the genome
helped to confirm or disprove transcriptional activity of
pseudogenes and prophages.

Table 2 Trarscriptional actiity of genes and peudogene

Pseudogemnes

Due to the high number of pseudogenes with detect-
able expression, we declded o further investigale
their coverage by RNA-Seq reads. Only a single
preudogens remained completely silent when ambigu-
ously mapping reads were used, while 184 psewdo-
genes fiad RPEM > 1 (Reads Per Kilobase per Milion
mapped reads) in all six tme-points. LUsing only
unbquely mapped reads, elght pseudogenes remained
completely sillent and 178 sere transcribed In every
tirme-point. Although the number of transcribed pseudo-
genes  remained  almost  the same across  the six
time-points, levels of their expression seemed to rise over
time. While pseudogenes formed approxdmately 2.8% of
C bedjerinckil MREL B-5%8 genome, only 047% of all
reads in T1 mapped to pseudogenss, However, this num-
ber continuously rose over the time according to the
linear model %rapped = 01115 - tiere - 00629 (with the
regression valwe 0.9575), resulting in 2.83% of reads to be
mapped onto pseudogenes in T6.

To further analyze the activity of pseudogenes, we de-
cided to evaluate the coverage of pseundogenes through
the use of transcripts assembled from all the reads in
our dataset. The accuracy of mapping transcripts to the
genome is higher thanks to their length (1057 bp on
average), The results are summarized in Table 3.

There are 24 pseudogenes that were not covered by any
transcript. These were probably completely silent (see
Additional file 2). The second group consisted of 78 pseu-
dogenes that were not covered in their whole length. In
muost cases, there were onlby short overlaps with transcripts

Sampie Ti (35 by T2 (6 bl T3 {85 hI T4 (13 hi TS (18 Rl Té (23 hy Tonal
M. of genes with RPEM 1* G55 (49A1) 5100 G02) 516251000 19751300 SI0B(S133)  SI9BSIZE  S2M9(515H)
Mo, of peeudogenes with RFKM>1" 188 (179 186 (179) 190 (184 196 (190} 195 (188) 194 (187) 197 (1504
Mgz, gpression (FREM) 4010 340" 4 34107 340" apg 4010

ahies bn beackety apply S0 eniquely mapped s only
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of active genes neighboring these pseudogenes. In some
cases, only part of a transcript was mapped to a paewdo-
gene sequence, suggesting that these are silenced duphica-
tions of an active gene. Although genes in the third group
were fully coversd, this coverage consisted of two or more
overlapping transcripts. Therefore, the transcription in
both groups (partly covered and fully covered by overap-
ping transcripts) was highly questionable. On the contrary,
peeudogenes within the fourth group were Rully covered
by unique transcripts. This group consisted of pseudo-
genes that were transcribed and active genes that were
possibly misidentified as psewdogenes due to erross in the
genome assembly. In comparison with thelr transcripts,
23 put of B0 pseudogenes (see Additional file 3] in this
group were missing one nucleotide in homopolymers.
This could have been caused by previous sequencing er-
rors, a5 Roche 451 in combination with PacBlo were used
for the genome assembly. Mevertheless, insertion of these
nuclestides was not detected in all reads mapping to these
positbons; the fipere ranged from 60% to almaost D00,

Transcription profiles and reprodudibility
Omly 11 genes were not transcribed at any of the six sam-
pling points. Moreover, seven out of those 11 genes were
related to 165 rRMA and these reads were filtered before
msapping. Therefore, only four genes (X276 _R515615,
X276 _R524570, XITe_RS24585, X276 _R526445) demon-
strated no transcripts. Omn the other hand, 5024 genes out
af all 5219 transcribed penes (RPFEM= 1) had detectable
transcription at all time-points. Nevertheless, i is difficult
to decide whether the expression of genes with low RPEM
values has biclogical meaning, due to a high bio-
logical nolse. Analysis using assembled transcripts is
complicated, because most transcripts cover more
than one gene and transcripts overlap. Transcription
on a genome-wide scale (see Additional file 4) shows
a novel pattern. While the transcriptional profiles
from the first three time-points (T1, T2, and T3) cor-
respond to the transcription of the C. beiferinckii
NCIMB 8052 genome [5)], the latter profiles do not.
Reproducibility of the experiment was verified using
three biological replicates and by checking the expres-
sion of six selected genes whose transcription profiles
were observed during a previous study by Kaolek et al
[11] (see Fig. 3a). The samples were visualized using the

t-Distributed Stochastic Meighbor Embedding (-S5ME)
[15] dimensbonality reduction method on the normalized
expression data. This fnal 2D representation showed
that replicates (A, B, and C) were similar to each other
at particular sampling times (T1-To), while replicates
sequenced using Mlumina HiSeq (A} were slightly more
distant to samples from [lumina NextSeq (B and C), see
Fig. 3b. Owverall, samples were divided into two clusters.
While one cluster contained samples corresponding to
the inmitial phase of lermentation (up o 8.5th hour), the
other cluster consisted of samples from the later fermen-
tatbon phasze (from 13th up to 23ed hour).

Differential expression

We explored differential expression of all genes and
pieudogenes with detectable transcription among adja-
cent tme-podnts, in order to analyze changes in the
transcription of particular genes over the whole fermen-
tatbon process (see Fig. 4). In total, transcription of 2260
annotated genomibc objects, forming more than 41.5% of
all proteln-coding elements, was regulated during the
fermentation  process when the criterbon of adjusted
p-value < 0,05 (Benpamini-Hochberg correction] was ap-
plied. While 474 gemes were regulated more than once,
anly 31 of them were regulated more than three times.
The single gene X276 _R514155 (PTS maltose trans-
porter subunit IBC) was regulated four times. The ma-
jority of differentially expressed genes were covered by
at least 100 reads after the normalization of expression
data (see Additional file 5). In total 3168 genes had no
statistically significant regulations among adjacent
time-points and formed potential housekeeping genes.
The complete results of the differential expression ana-
Iysis, including log2fold changes and adjusted p-values,
are available in Additional file &.

A major change was detected between the third and the
fourth time-point when 1582 genes were regulated. While
835 out of these genes were up-regulated, 714 were
up-regulated only between these tweo time-points (see
Fig. 4b). Similarly, 666 out of the 747 down-regulated
genes were down-regulated uniquely between T3 and
T4 (see Fig. 4c). However, some of the uniquely
up-regulated genes were down-regulated between another
couple of time points and some of the uniquely
down-regulated genes were up-regulated during another
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transition. Therefore, the total number of unigquely
regulated genes between the T3 and T4 tme-points was
1174, Every pair of adjacent time-points had unigquely reg-
ulated genes excepd for the last T5-Th transition, when
regulation of only six already regulated genes was de-
tected. Mevertheless, previously up-regulated penes
X276_RS05345 (hypothetical protein] and X276_RS24350
(butyrate kinase) were down-regulated between these later
time-points. Both up-regulated genes during this transi-
tion, X276_RS0BE0S (tryplophan synthase subunit beta)
and X376 _RS1B60S [DUFHITY domain-containing pro-
tein), also had detectable growth in transcription between
previous Heme-points and were covered by more than
1000 and 2000 peads, respectively.

Transeription of phage DMA

We searched the O befferinckii NEEL B-598 genome for
phage sequences and found three prophages (see
Table 4). While two of these regions were relatively short
and phages were incomplete, the other phage was intact
and consisted of 35 genes coding known phage proteins
and six hypothetical protein-coding reglons.

The expression within the first phage region corre-
sponding to an incomplete phage was low [averaging
EPEM = 47) with only two genes differentially expressed
during T3-T4 change. Six genes were carried by a posi-
tive and four by a negative strand. Only four genes were
fully covered by transcripts mapping to the region. The
transcription within the third phage region covering the

T1=eT2
a (722)

TS5==TH

- T—HE.
I 3=+T4 {100}

Fig. #& [HSerenlial expression snabysis. Yern dagrama thaweng the rumbes of Gal al-negulated, (b up-requlated. and (€l down-regulited genes
Ftwinien BeljBoenl Hme-painl
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other incomplete phage was maore active with average
REPEM =86, but none of the genes were differentially
expressed during the fermentation. All genes were car-
rled by a negative strand and 14 out of the 17 genes
were coversd by a single transcript, Including one pseudo-
gene (X276 _RSITEAD] with a missing stop codon. The
only region containing intact prophage conskted of 33
genes and three pseudogenes with a missing stop codon,
carried by a positive strand. The whole reglon began with
a pseudogene and had low franscription (averaging
EFEM =21} Although six genes had statbstically signifi-
cant differential expressions between T3 and T4, only

short transcripts mapped to the region and only partly
covered the genes. Thus, the phage remained sfent.

Discussion

The fermentation data presented In Fig. 1 comply with
standard results usually achieved by using the same TYA
cultbvaton medium [11, 12]. Deeper Insight intoe the
populaton i enabled by combination of double Auores-
cent stalning and flow cytometry. Valiee of flow ovtome-
try had already been confirmed for O acetoluitylicrom
|16, 17]. Cytometric data enabled the caloulation of a
specific rate of glucose consumption related to metabol-
ically active cells in the population during different time
pericds of the cultivation, together with Information
about the overall culture condition.

The high proportion of reads that mapped to the gen-
ome in particular samples unambiguously, suggested a
goed quality of BMA-Seq data and successful aligmmemnt
even for shorter 50 bp reads in replicates A. Although
we presumed that utilization of longer 75 bp reads in
replicates B and C could reach even higher percentage
of unigque mapping. the proportion remained similar (see
Fig. 2b). Nevertheless, the number of genes with detect-
able transcription slightly differed when reads mapping
to multiple loci were used. Although high sequencing
depth and rRMNA depletion brought a noise to RNA-Seq
[18], in our case, this bias was caused by duplicated
genes rather than being a sequencing issue [19], To pre-
vent omitting transcription of duplicated genes and
pseudogenes, we decided to include multi-mapping
reads into the analysis. The majority of reads mapped to
the genome withowt any mismatches and support an
overall high gquality of the genome assembly, Neverthe-
less, 23 indels were detected in regions of frameshifted

peeudogenes.

Although pseudogenes, in bacteria defined as ‘genes si-
lenced by one or more deleterious mutations’ [20], could
still be transeribed [21], thelr number in O belferdmnekil
MERL B-598 was rather high. For example, the relerence
sequence for the closely related steain O Befferdnekil
NCIME BO52 [13] (NC_009617.1) contained only 112
preudogenes predicted by NCEI PGAP. While the num-
ber of pseudogenes with an incomplete coding reglon or
those containing internal stop was comparable for both
sirains, the number of nes with frameshift was
almaost twice as high in O befferinckll NRRL B-598 gen-
ome. Although the high number of frameshifted genes
could indicate an extraordinary number of frameshifted
duplicates of genes, all 23 Indels were detected in homo-
poelymers. Therefore, such pseudogenes could also be
misannotated genes due to pyrosequencing errors [22]
that were not filtered out using PacBio RS sequencing
used for the complete genome assembly [9]. Meverthe-
fless, 50 bp and 75 bp long reads were too short to
distimguish between a frameshifted duplicate and an as-
sembly error as no Indels were present in 100% of reads
mapping to ambiguous positions. Eventually, the activity
of some pseadogenes was supported in  differential
expression analysis, by high loa2foldchange, excessing a
value of three.

The transcriptome of O beferinckii WERL B-598 had
never been studied before so no correlation to the older
dataset could be carried out. However, the transcription
of the six selected genes under the same cultivation con-
ditions. was monitored using gRET-PCR in study of C
beiferinckii NRRL B-598 and its mutant strain overex-
pressing sporulation initiation factor spodd [11]. In the
mentioned study by Kolek et al [11], an increase in ex-
pression was observed in mid-cultivation for spolIE and
sigls and in the second part of cultivation for speVD:. This
cormesponded to the results of this study (see Fig 3a)
Moreover, the expression profiles of the remaining genes
also showed the same pattern. Butyrate kinase (buk,
XI76_RSI20) transcription was maximal at the begin-
ning of the cultivation, decreased in time, and rose slightly
at the end of cultivation. The expression of ald and speid
increased in the first third of cultivation and for ald also
at the end of cultivation. Moreover, the reproducibility of
the experiment was supported by utilization of three bio-
logical replicates and their high similarity in the sampling
points visualized wsing (SNE in Fig. 3, The ¢SNE coordi-
nates were obtained by comparing distances among
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samples in the original high-dimensional spece, pe
distances from the normalized expression profiles to the
distances of the samples in the reduced space, be. th visu-
alized points. The position of the samples in the 20 space
was then optimized untll the samples with similar expres-
sion profiles were placed dlose 1o each other and samples
with very different expression profiles were at a further
distance from each other. Two main clusters, distinguish-
ing samples from the first and the second hall of the
experiment, were present. While the similarity of the rep-
licates from the first cluster was supported mainly by the
first eoordinate (SMEIL, the similarity in the other cluster
wik supported by the second coordinated tSMEL

Wang et al [13] observed similar clustering of
BMA-Seq samples of C Bbefferinelll NCIMB B052, in
which the first cluster was represented by samples from
exponential and transition phases and the other by sam-
ples from a stationary phase. On the other hand, tran-
scription profiles of O befferinekll NCIMB 8052 [5] and
C Bejjerinckit NRRL B-594 (see Additional fle 4) on the
genome-wide scale were different, especlally in the later
phase of cultivation. This could have been caused by
structural reorganizations in the genomes of both strains
or by differences in gene regulatory mechankems. Due to
the high similarity of both genomes (see Additional file 7},
the latter seemed more relevant The explanation for dif-
ferences in transcriptbon profiles of C bedlerinckil NRREL
B-598 and C belferimckil WNCIMB 8052 in the later
phases could lie in the different phenotypic behavier of
both straims at this stage. Although strain NCIME 8052
ceased growing together with the start of solventogenesis
[5, 13], strain NEEL B-5398 continued growing until ap-
proximately half way through the solventogenic phase
{=ee Fig. 1d). Another apparent difference was an in-
creased number of mature spores formed by the NCIMB
8052 strain under similar cultivation conditions [12].
The genome of O befierinckdi WRERL B-598 contained
two housekeeping regions with stable high level of tran-
scription activity that were not present in O befferincki
MCIME 8052 genome. This high activity was caused by
genes transcribing into cell wall binding proteins, in the
first region by the gene X276_RSM890 with average
RPEM 2.4-10%, while in the second region by the gene
X276_RS25120 with average RPKM L8 10%. The most
noticeable change in the transcription on the genome
wide scabe was captured between T3 and T4 time-points
when the highest number of differentially expressed
genes was detected. Imcreased activity was visible espe-
cially within the region spanning the position from
176,588 to 208,581 containing 45 genes whose average
expression in RPKM rose from 1910" to 3.0-10°
Thirty-seven out of those genes code proteins belonged
to the Clusters of Orthologous Groups of proteins
{COG) functional group | associated with translation,
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Thie massive change in the gene expression, which can
be spotted in Fig. 4, was surprisingly not associated with
the acidogenesis/solventogenesis switch that ocourred
earlier, mainly between the T2 and T3 tme-points, nel-
ther with the sporulation initiation. Regarding the COG
assignment of 45 abovementioned genes to group |
(translation], it might be possible that at least a part of
these genes corresponded with spore coal formation
genes, Clostridial sporulation typically lasts B-12 h and
therefore the T4 tme-point might have colncided with
stage IV or WV of a sporulation cycle in which formation
of spore coat protelns occuwrred [23). In addition to the
coal profeins, a need fof specific protein complexes in-
valved In spore structures aseemiblies could be pespon-
atble for the ncreased protein formation demand.

Further transition between T4 and TS could also show
an entry o the ifreversible phasze of sposulation, in
which two Independent gene regulations were estab-
lished In the mother cell and pre-spore and sporulation
must be completed. Overall culture attenuation after T4
ks apparent from both a decrease of specilic glucose con-
sumptlen (Table 1) and from cytometric data that con-
firmed the gradwal increase in the proportion of inactive
cells, An opposite phenomenon was observed between
T3 and T4 An increase in the specific rate of glucose
consumption, corresponding to highly regulated genes
coding for COG functional group C (energy production
and conversion] (see Additonal file 8), was detected
together with an apparently improved viability.

Even though the massive change between T3 and T4
was obvious, searching within COG  categories (see
Addirional file B) does not provide unambiguous clarifi-
cation for this phenomenon. Mostly the same categories
of regulated penes could be found between adjacent
time-points within the first 13 h of culthation with both
down- and up-regulated representatives. After the 13th
hour COG D and O0G Lorelated to cell cycle control
and replication respectively were not differentially
expressed which was fully consistent with the decrease
in cell growth and declining culture viability supporting
a hypothesis of the switch of a highly proliferating cul-
ture into 3 mew strategy, securing genus preservation via
ensuring a complete sporulation process. Simultaneously
COG F for nucleotide metabolism  transport  are
up-regulated within the first two compared time sets
and down-regulated in the latter two. These findings
were comparable to the transcriptional profile of C acet-
obutyiicurn [24] unlike the category | which was in O
acetobuitylicm down-regulated in the stationary phase.
The same applied to the motility related genes (COG M)
that were in our study more down-regulated even within
the first measured interval and up-regulated in latter
stages between T4 and TS5, This might seem confusing
as sobventogenic clostridia are known to be motile within
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the exponential and acidogenic stage [25] and after the
switch to solventogenesis, motility is generally lost. O
Beljerinckii NERL B-5398 possessed such a change in mo-
tility as well but the first sample point T1 was already
characterized by highly motile cells and therefore a de-
crease in related genes expression copied the phenotypic
profile. On the other hand, an increase in the latter
stages is probably the result of culture phenotype
desynchronization when all the cell types are again
present, including motile cells. The predominant upreg-
ulathon of COG O (post translational modification, pro-
tein turnover, chaperone function] between later stages
might relate to cell stress response to increasing solvent
concentratbong [26].

Furthermore, some cells within the whole populatbon
might have undergone a massive change in energy me-
tabollsm and solvent productbon, which (s associated
with the switch of different genes in the period of transi-
ton between T3 and T4 time-poinis. The solvent forma-
ton and acldogenesis/solventogenesis switch are usually
explained as a stress response induced by accumulathon
of acids in the cultivatbon medium and pH decrease,
Low pH could cause depletion of ATP pool in cells be-
cause of active transport of H' lons across cell mem-
brane. To prevent this event and to ensure populathon
survival, some cells initlated sporulaton, while other
cells began converting acids into solvents. However, the
whole population sieation was noe longer critical at
tme-point T4 and the lower concentration of acids in
the medium might have Induced another metabolic
change, this time associated with the direct formation of
butanol/acetene rom glecose. As this pathway pener-
ated only a half of ATP in comparison with acidogenesis,
its overall rate was probably higher. However, a signifi-
cant advantage of the reduced risk of low pH out-
welghed this discomfort. Moreover, this hypothesis was
supported by metabolites formations, glucose consump-
tiom, and pH profile (see Fig. 1la, cf and by an increase in
specific glucose consumption. More than 30 years ago,
Dvibrre et al. [27] envisaged for O acerobutylicum that
different genes are probably involved in early and late
solventogenesis. Population heterogeneity reflected by
FC and fucrescemt staining (Fig. 1b) supports the
hypothesis that not all cells in the population exhibit the
same phenotype o cope with changing unfavorable
living conditions. The population might rather choose
the bet hedging strategy [28] to enable at least some
cells from the population to survive,

Many bacterial genomes contain prophages or at least
their remnants. Although they may represent large frac-
tion of the strain-specific DNA sequences [29], the strain
. beijerinckii NREL B-598 contained only three pro-
phage regions while only one was complete. This could
be the reason for a high genome sequence similarity
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with the strain O Bejjerinckii NCIME 8052 as the
prophages are responsible for genome rearrangements
and inversions [30]. Even though the complete prophage
contained six differentially expressed genes between T3
and T4, their average transcription was very low suggest-
ing false positive detection. Due to the absence of tran-
scripls mapping to the prophage regions, all these three
regions seemed Lo be silent. During industrial cultivations
in the South Africa [31], there were several events mapped
in which bacteriophages caused total collapse or reduction
of solvents production due to Ivtic or lysogenic cycles,
respectively. Therefore, the detected prophages deserve
further experimental investigation.

Conclusions

Although the strain C belfferinckll NREL B-598 i a
promizing butanol producer, we lack a precise descrip-
mon of mechanisms within s fermentation metabolism,
which prevent us from further modifications of the
straln for ndustrial applications. Moreover, these mech-
anbms seems to be unigue and different from other
clostridia, including a closely related strain C. Belferinckil
MCIME B052. [n this study, we provided a complex ana-
byals of its fermentation profile using HLPC, FC, and
EMA-Seq technologies. Six time-points were selected to
study its transcription profile, while the whole experiment
was repeated in order to get three blological replicates (A,
B, and C) for each time-point. This allowed us to verify
the reproducibility of the experiment and to gather the
EMA-Seq dataset with the ourrently highest dynamic
range avallable among solventogenbc clostridia, We
anahyzed the atest RefSeq annotation of the genome and
confirmed its high accurscy. Mevertheless, through the
analysis of single nucleotide wvariants, several putative
missing nucleotikdes were found within the reglons of
frameshifted pseudogenes. Transcription regulations
identified by differential expression analysis of adjacent
tirmne-points showed the greatest changes between T3 and
T4 time-points, Surprisingly, this change was not directly
connected to the acidogenic/solventogenic change, nor
the sporulation indtiation but rather to a massive change
in the emergy metabolism and solvent production in a part
of cell population as we discuss based on auxiliary HLPC
and FC data.

Furthermore, we discovered three prophage regions
within the genome, which demonstrated low or no
transcription  activity. Nevertheless, these regions are
important for further experimental investigation. The
experimental design and the gathered data proved good
reproducibility, therefore, repeating the  experiment
under different conditions will also allow us to explore
gene regulatory mechanisms and signaling  pathways
within the strain,
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Methods
Bacterial culture and fermentation experiment
The strain O Selferimeki NRERL B-598 was maintained in
a form of spore suspension. TYA broth, prepared ac-
cording to Kolek et al (2017) [11], contsining: 50 g/l
glucose, 6 g/l uryptone (Sigma Abdrich), 2 g/l yeast ex-
tract [Merck}), 3 g/l ammonium acetate, 0L5 g/l KH.MO,,
03 g/l MgS0,-7H:0, and 001 g/ Fe50,, was used for
the fermentathon experiment. Multiforce 1 | boseactors
(Infors HT) with 630 ml TYA broth and aghtation at
200 ppin were used for batch cultivation of the strain at
37 "C. Oxygen was removed from bioreactors by bub-
bling with MN; prior to fermentation. pH was adjusted to
63 by 10% MNaOH and all biofesctors were inoculated
with 70 ml of inoculum that was cultured previously in
an anaerobic chamber overnight (Concept 400; Ruskinn
Technology) under an anserobbc atmosphere (90% N,
1% Hj). The whole experiment was repeated during
different weeks to obtain three biological replicates.
Samples were taken at specific tmes and processed for
cell concentratbon determination, HPLC analysis, md-
crpscopy, fow cytometry, and RMA Isolation. Samples
for BNA lsolatbon were taken at 3.5, 6, 8.5, 13, 18, and
23 h of cultivation.

Cultwre growth and HPLE analysis

Cell concentratbon was determined by the optical density
(OD) meaxsurerment at &00 nm with Spectrophotometer
(Vartan Cary 50 UV-VIS spectrophotometer, Varian)
against TYA broth. For calculations of a specific glucose
consumption rate, dry weight of blomass (CDW) was
used, CDW was determined after drying biomass until
constant welght at 105 “C. The equation was following:

i - T s
P COWi * Xoer * (Ba-t))

where q i5 a specific substrate consumption rate relabed
tuanmrﬂlern{ﬂﬁeﬂa{;g".h ", ¢ is concentration
of glucose (g/L), CDW is cell dry weight (g/L), = is a pro-
portion of viable cells in population and ¢ is time (h). Sym-
bols i and § + ! indicate two adfacent sampling time points.
Concentrations of ghicose and fermentation products
{lactic acid, acetic acid, butyric acid, ethanol, acetone, and
butanol) were measured by HPLC with refractive index
detection {Agilent Series 1200 HPLC; Agilent) in microfil-
tered samples of culture broths. An [EX H+ polymer col-
urnn (Watrex) was used for the separation. Conditions of
analysis were as follows: isocratic elution, 5 m H,50, as
a mobile phase with flow rate of 0.5 ml min~ ', column
termperature 60 °C, injection sample volume 20 pl The
chromatograms were processed by ChemStation for LC
systems software using a set of standard samples with
known concentrations to elaborate calibration curves.
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Micrascapy, fluorescent staining, and flow cytometnry
Phase contrast micooscopy (Olympus BX51; Olympus)
with x 400 and x 1000 magnifications was used to deter-
mine the morphological status of cells. Population viability
and heterogeneity was evaluated using fow cytometry
(BD Accud O} in combination with fluorescent staining.
A combination of propidium iodide PI (Sigma Aldrich)
and carboxyfluorescein diacetate CFDA (Sigma Aldrich)
was employed for the differentiation of sctive and dam-
aged cells and detection of spores sccording 1o Kolek et al.
(2016} [12).

RAMA [salation and sequencing

Cell samples for isolation of total RNA were collected
from 3 ml of culture broth (0D 0.9-1.0) by centrifu-
gation at 10000 rpm for two minutes, washed with
EMage free water and cell pellets were immediately
stored at - 70 "C. RMA from the cell pellet was fsolated
using High Pure RMNA Isolatlon Kit (Reche). lsolated
total RMA was stored frozen at - 70 C. The total RMA
concentration was determined on D&-11 FX+ Spectro-
photometer (DeMNovix), Cuallty and Integrity of the
samples were assessed using the Agilent RNA 6000
Mano Kit [Agllent) with the Agllent 2100 Bioanalyzer
(Aglent). EMNA integrity number was measured wsing
2100 Bioanalyzer Expert software.

Frozen total EMA samples were thawed on ice and an
aliquot of each sample containing 10 pg of RNA was
taken for 165 and 235 ribosomal RMAs removal wsing
The MICROBEspress™ Bacterial mBMNA Enrichment Kic
(Ambion). Effickency of ribosomal BENA depletion and
concentration of EMA samples were checked on the
Agilent 2100 Bioanalyzer (Agilent) with the Agilent
RMA 6000 Mano Kit (Agilent). Library construction and
sequencing of samples from the Hrest replicate on
lMlurmina HiSeq 4000, single-end, 50 bp, was performed
by BGI Europe ASS (Copenhagen, Denmark]). Library
construction and sequencing of samples from two
remalning replicates were performed by CEITEC Gen-
omics core facility {Brmo, Crechia) on lumina NextSeq,
single-end, 75 bp.

Bezinformatics analysis

The quality assessment after steps of the ENA-Seq reads
processing was done using FastCC in combination with
MultiC to summarize the reports across all samples
[32]. Beads representing 165 and 235 rREMNA regions were
filtered out using SortMeRNA [33] with SILVA database
of known bacterial 165 and 235 rRNA genes [34] to
simplify the following mapping of reads. Clean reads
were mapped to the reference genome of C beiferinckil
NRRL B-598 (NZ_CPO11966.2) using STAR [35]. Result-
img SAM (Sequence Read Alignment/Map) files were
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indexed and transformed into more compact BAM [Bin-
ary Read Alignment/Map) format using SAMiools [36].

Transcripls were assembled de nove from a whole data-
set of 1B samples using Trinity v24.0 [37]. Transcripts
were mapped to O beljerinckii MERL B-598 reference
genome (NZ_CPO119662) with BLAST+ v27.1 [38]
Mapped reads and transcripts were visualized as a graph
of sequence resd acroas the genome and further
explored in Integrative Genomics Viewer (IGV) v 243
[39] to capture varfable regions, including ientification of
putative missing nucleotides in pseudogene reglon in the
current  genome  assembly. On the other hand,
genome-wide coverage plots were reconstructed with
SAMtools using sorted reads and wvisualized as circular
representations of genome with DNAplotter [40] inte-
grated in Artemis [41]. Dotplot for visual comparison of
C. beljerinckii NRRL B-598 and C beijerinckii NCIMB
852 genomes was produced in YASS genomic similarity
search tool [42]. Phage regions in the C. befjerinckii NRRL
B-598 genome were prodicted with PHASTER [43] and
PhiSpy [44). In PhiSpy both available clostridial references
(C. perfringens and C fefani) were used

A count table was reconstructed using the RE/Bio-
conductor featureCounts function included in the
Bsubread package [45] and REPEM were computed
using the E/Bicconductor edgeR package [46]. Differ-
ential analysis was performed on a raw count table with
R/Bioconductor DESeq2 package [47]. Data was normal-
ized using a built-in DESeq2 function. This normalization
ferences in library sizes and differences in Iibm:}'mmp:-u-
ition. DESeq2 identified genes that were differentially
cxpressed inoa time-dependent manner. Dimensionality
reduction and visualization of normalized samples was
produced with B Etsne package wsing Barmes-Hut t-5NE
implementation (48] in combination with ggplot? R pack-
age [49]. Venn diagrams and heatmaps representing tran-
scription of sclected genes using £ score were generated
with R packages VennDiagram [50] and gplots, respect-
ively, Time scries and bar plots were generated with
Matlab 2017h,
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A transcriptional response of Clostridium =
beijerinckii NRRL B-598 to a butanol shock
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Maryna Vasylkivska’, Ralf Zimmer?, Petra Patakova® and Ivo Provaznik'

Abstract
Background: One of the main obstacles preventing sohentagenic chastidia fram achieving higher vields in bicfuel
production i the weacity of produced solvents, Unforunately, regulatary mechanisms responsible for the shock
response are poody described an the transcriptomic level, Although the strain Closiridium beerckil MERL B-598, a
promising butanol producer, has been studied wnder different conditions in the past, its ranscrptional response 1o a
shock caused by butanod in the cultivation mediuem remains unknown,

Results: In this paper, we present a transcriptional respanse of the strain during a butanaol challenge, caused by the
addition of butanol 1o the cultivation medium at the very end of the acidogenic phase, using BNA-Seq. We rese-
quenced and reassernibled the genome sequence of the strain and prepared novel genome and gene ontology
ANROLATION 1o provide the most accurate results. When compared (o samples under standard cultivation conditions,
samphes gathered during butanol shock represented a well-distinguished group, Using reference samples gathered
directly before the addition of batanol, we identified genes that were differentially expressed in butanal challenge
samnples, We deterrnined clusters of 293 down-regudated and 301 up-regulated genes whose expression was affected
by the cultivation conditions, Enriched term “BNA binding” among down-regulated genes corresponded 1o the down-
wirn of ranslation and the cluster contained a group of small acid-scluble spore proteins. This explained phenotype of
the culture that had not sporulated. On the othber hand, up-regulated genes wene characterized by the term “protein
bindingwhich comesponded 1o acthvaton of heat-shock proteins that were identified within this duster,

Conclusions: We provided an overall transcriprional response of the stran C bedesnckiy NRRL B-598 1o butanal shock,
supplemented by awdaliany technobogies, includimg high-pressure Bquid chromatographny and fiow oviometny, 1o
capture the comesponding phenotypic response. We identified genes whoss regulation was affected by the addi-
tian of butanal to the oultivation medium and infemed related moleculas fumciions that were significantly influsnced,
Additionally, using high-guakty genome assembly and custam-made gene ontology annatation, we demonsirated
that this settled teminology, widely used for the anatysis of model organisms, could alse be applied 1o non-model
organisms and for research in the feld of biofuels,

| Keywords: ABE fermentation, Butanal shock, Clostridium befierinckil MRAL B-558, FNA-Seq transcriptome
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Background

Solventogenic bacteria from the Clostridinm genus arc
wsed for their ability to produce solvents in acetone-
butanod-ethanol (ABE) fermentation [1]. Although it
has been more than 100 years, since the first indostrial
ABE fermentation process was launched. for a long time,
bacterial production was replaced by cheaper chemical
production from oil [2]. Due to the increasing interest in
nature conservation and the fluctuating price of oil, bac-
terial production of bio-butanol can currently compete
with synthetic production [3]. While clostridia repre-
sent a large group of organisms with various properties,
among the solventogenic representatives three species,
. acetobutylicem, C. beiferinckii, and C. pastenriamum,
are primarily of interest in butanol production [4), This
is coupled with the development of molecultar tools for
manipulation with these species in the last 2 decades, for
example ClosTron technology and the modular shuttle
plasmids system, transposon-based mutagenesis, coun-
ter-selection markers, or CRISPR-Cas-based gene edit-
ing [5]. Unfortunately, particular species or even strains
can be so different that a tool designed for one strain is
not easily applicable to even closely related strains. An
example can be found in the strain C. bedferimekii NRRL
B-598 6], formedy misidentified as C. pastewrignum
[7]; presented in this study. The strain contains specific
restriction=-maodification (R-M) systems, preventing the
use of previously proposed profocols for electrotransfor-
mation, conjugation, and sonoporation [B]. Thus, knowl-
edge gathered using the most widely described strains
C. acetobutylicum ATCC 824 [9], C. befjerinckii NCIMB
BO52 [10], and . pastexrianue DM 525 [11] needs to
be supplemented by studies of other strains to under-
stand the processes at the molecular level, Even a single-
nucleatbde variant (SMY) can be responsatble for varkous
phenotypic trabts [12].

Although various genomes of solventogenic clostridia
are studled and compared [13]; the genomic sequence
itsell provides only the theoretical capabilitles of an
organism and transcriptomlc studies are needed to
reveal the active parts of a genome. Corrently, there are
only a few high-quality transcriptomes, which allow full
analysis of gene expression and possible post-transcrip-
tional regulation in ABE solventogenic clostridia [4].
For the butanol preducing species mentioned above,
these mainly include a comprehensive EMome study of
C. acetobutylicum [14], the transcriptome of C Delfer-
irrckii MCIME 8052 under standard cultivation and with
the addition of butyrate into the cultivation medium [15,
16], and our previous transcriptomic studies of C. bei-
Jerinckii MERL B-598 under standard cultivation con-
ditions [17, 18], Therefore, few studies are insufficient
to deepen an understanding of butanol production, as
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solventogenesis is not regulated in the same way, in all
solventogenic clostridia and even the same strain can
demonstrate different behavior when different cultiva-
tion conditions are established [19]. To enhance the
knowledge base regarding the behavior of solventogenic
clostridia, in this paper, we describe a transcriptional
redponse of O bedferincki NRERL B-598 to butanol shock
cauged by the addition of butanol in a concentration of
4.5 g/L to the cultivation mediom at the very end of the
acidogenic phase. While the transcriptional response to
the butanol shock has been mapped for C. acedobuiyli-
curn [20, 21), it has never been performed for C. beijer-
{mekil. Butanel is conskdered one of the most significant
stressors during ABE fermentation [2]; therefore, the
butanol challenge experiment was evaluated thorooghly
to reveal statistically relevant changes in gene expres-
sion. Additionally, we improved the genome assembly by
sequencing genomic DMNA as our previous study revealed
possible misassemblies [18] and reannotated this novel
assembly. To summarize the stress response, we utilized
gene ontology (GO enrichment analysis, While this kind
of analysis simplifies comparison of responses between
various species or strains and can be of great advantage,
it is not commonly used for non-model organisms due
to lack of comprehensive resources of GO annotation.
We scanned various databases and constructed our own
high-quality GO annotation. This novel approach can be
easily used for other non-model organisms using stand-
ard languages for statistical computing. The popualation
heterogeneity was characterized using flow cytometry
(FC) coupled with fluorescent staining and, simultane-
ously, population dynamics and metabolite formation
were thoroughly monitored.

Results

Cultivation and fermentation kinetics

The goal of the cultivation experiment was to obtain
transcriptomic data describing both immediate and later
responses towards a non-lethal butanol shock, performed
in the phase of transition between the late acidogenic
phase and early start of the solventogenesis. Butanol was
added directly after sample collection at time 6 h (.00,
The selected final concentration of added butanol was
approximately 0.5% wiv, which was verified previously as
unambiguously stressing, but mot a lethal concentration
for ., beiferinckii NRRL B-598 culture [22]. Based on the
high-pressure liquid chromatography (HFLC) analyses,
there was a small, detectable concentration of butanol
produced already before the butanol was added; the
exact final concentration of butanal at time 6.5 h (T,1)
was 4.5 g/l (442 g/l and 4.58 g/L in the two replicates)
[see Fig. 1a), The shock did not stop the butanol produc-
tion and the next increase in butanol concentration was
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evident immediately in the sample collected at tinee 7 h
{Ti2) lis production continwed wntil the cultivation was
stopped. The final butanol titer was approximately 8.3 g/L
(8.0 /L and &6 g/L in the two replicates).

The concentration of all monitored acids (acetic,
butyric, and lactic) started to decrease slightly in the cul-
ture after the addition of butanol and only the titer of
butyric acid started to increase again at time 30 h (see
Fig. la). Acetone production started around time & h and
its concentration increased to an approximate time of
35 h. The measured ethanod concentrations were very low
at all times as it is typical for this strain also during stand-
ard culture conditions [23] (see Fig. la and Additional
file 1}, The butanol shock slowed glucose consumption,
compared to standard ABE fermentation. At the end of
the cultivation, a relatively high amount of substrate (ca,
30 g/L) remained unused,

After the shock, the cell growth was retarded for
approximately the next 4 h, as can be seen in the opti-
cal demsity (0D analysis (see Fig. 1d). This corresponds
well with an increased number of propidium iodide
{Pl} stained, ie, non-active, cells identified by FC (see
Fig. 1b). After time-point 10 h {T,4), restored growth of
the culture was evident. In the case of the pH course, the
culture lacked the traditional rapid increase of pH after
the onset of solventogenesis, the so-called metabolic shift
{see Fig. Lo and Additional file 1).

The culture predoced no spores as determined by a
flow cytometry analysis [see Fig. 1b) as well as by light
microscopy {Additional file 2). The cells were rod shaped
with rather longer chains at the final stages of the experi-
ment. The largest fraction of live cells, carboxyfluorescein
diacetate (CFDA) stained, were observed at the begin-
ning of the cultivation prior to the butanol shock at times
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2 h and & h. Immediately after the addition of butanod,
an inhibiting effect was observed. AR time 6,5 h as well
as 7 h, a number of CFDA stained cells (reflecting those
cells with highly active esterases) dropped dramatically
and a corresponding increase in cells with damaged cell
membrane function, Pl stained, was observed. At time
8 b, cell viability was pactly restored (39,8% of cells) and
the fraction of active cells remained more or bess constant
up to at least time 24 h, Metabolically active cells were
still cleardy detectable at time 35 h, but nearly no living
cells were found in the last sample (49 k),

Genome aisembly improvement and GO snnatation

We used paired-end reads from DNA sequencing fos
refinement of the previous genome assembly. After
adapter and quality trimming, 4 million 150 bp paiced-
end reads of an overall high quality {average Phred
score ()==35) were mapped to the previeus CP011966.2
assembly and used for the construction of the aug-
mented assembly, currently available in GenBank under
accession number CPOLI%6.3. The novel assembly is
114 bp longer than the previous one (6,186,993 bp ve,
6,186,879 bp). The differences were almost exclusively
single-nuclectide changes, except for a single-dinucle-
otide deletion, and can be divided into three groups: (i)
substitutions, (it} insertbons, and (i) deletions (see Addi-
tiomal file 3). (i} Substitutions affect seven positions, of
which four are located in protein-coding reglons and
the remaining three are in psewdogene regions accord-
ing to the novel annotation. (i) Deletions affect seven
positions: a single deletion ks located in protein-coding
region, five in a psewdogene, and the remaining one in an
intergenic region. (i} The largest group 15 formed of 122
insertions: 86 in protein-coding regions, 31 in intergenic
regions, and 5 in pseudogenes. This group is responsible
for the majority of changes in the annotation, as in the
previous assembly: 75 of these positions were localed
in paeudogenes, 35 in intergenic regions, 11 in protein-
coding regions, and the remaining insertion afected a
position where a protein-coding region and a pseudogene
overlapped.

The novel assembly was reannotated and the annota-
tion was compared to the previows one (see Table 1). The
total number of annotated elements in the augmented
assembly is slightly higher, while the number of pseudo-
genes 15 reduwced. This reductbon is caused by a number
of Insertions mentioned above, resulting in a substantial
reduction {100 to 42} of frameshifis detected in pseudo-
genes. Wevertheless, the changes are not simply caused by
the addition of novel lock and the reannotation of pseu-
dogenes as genes [see Additional file 4). In total, 58 loc
of the previous assembly were completely discarded from
the annotation. The main part, 36 loci, was previously
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Table 1 Comparison of genome annctations
PO 19682 CPOTT966.3
Progisin-oodireg genes S0E4 5128
FiAs 148 iR
Proudogenes 199 i
Total reambes of elements LT 542

labeled as protein-coding genes, 21 as psewdogenes, and
a single locus as non-coding BMA. On the contrary, 68
new loch were introduced in the genome, most of them
{44) as pseudogenes and 24 as protein-coding genes. The
remakning %6 modifications In the annotation are due to
changes of blotypes. While 7é pseudogenes were rean-
notated as protefn-coding genes, 20 protein-coding genes
are now kabeled as pseudogenes.

We pald a special attentlon to the Improvement of the
GO annotation of the novel assernbly. We searched for
GO terms assigned to the C. belferinckil WREL B-598
genome and found 22,013 terms assigned to 3917 distinct
genomlc elements. Some of these terms were duplicated,
since there were four different sources of annotation:
UniProt [24], InterPro [25], Gene Ontology Consortium
(GOC) [26], and EMAcentral [27]. After the removal of
duplications, 16,271 uniquely assigned terms remained in
the annotation. The remaining genomic elements, with-
cat any assigned GO term, were subjected to sequence-
based annotation in InterPro and GO databases. To find
refevant homologies, protein BLAST [28] searches against
the whole bacterial domain were used. After hltering out
duplications amd obsolete terms, 1702 distinet GO terms
were assigned to 4455 genomic elements in 18,020 unique
assignments. The resulting annotation was summarized
in a map fle (see Additlonal file 5) that can be used for
GO enrlchment analysis in the B/Bioconductor packapge
topGO [29]. We also added a brief overview of the GO
annotation by assigning levels (their longest distance from
the rood) to assipned terms (see Additional file 6). The
mast commeon term is GO0016021 “integral component
of membrane; from the cellular component (CC) cat-
egory, assigned to 1251 genes. The most abundant terms
from the biological process (BF) and molecular function
(MF) categories are GO:0055114 “oxidation—reduction
process” with 430 genes and GO:0016740 “transferase
activity” with 610 genes, respectively. Nevertheless, these
vilues are extreme and a medlan valoe of the times of a
GO term assignment is two.

RMA-Seq transcriptome

Our RNA-Seq data set of C, beijerimckii NREL B-598
response to a butanol shock covers six time-points (0=
T.5) by two independent biological replicates, labeled as
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F and G {as we continue to label our RNA-Scq samples
of the strain in alphabetical order, A<E were assigned to
standard ABE fermentation in our previous studies [17,
18]}, The whole data set contains almost 450 million 75 bp
single-end reads. Despite the rfRNA depletion performed
prior to the library construction, reads corresponding
to rRMA were detected and removed prior to the map-
ping in silico, The amount of remaining non-rtBMNA reads
ranged from 1.4 o 5.3 million per sample (see Additional
file 7). Although the quality asscssment after the first pre-
processing steps (demultiplexing, quality trimming, and
adapter trimming} confirmed an overall high-guality of
sequences {average Phred score (0= 35), in some sam-
ples, almost 20% of reads could not have been mapped
unambiguously (see Additional file 7). Reads mapping
to the genome more than ten times were discarded and
counted as unmapped, To cover the expression of dupli-
cated genes, the reads mapping to the genome up to ten
times were included in the gene expression analysis (see
Table 2). However, the contribution of such reads was
down-weighted in the expression analysis, depending on
the number of times they mapped to the genome, so the
sum of the number of counted reads remained the same,

Table 2 Transcriptional activity of genes and preudogenss
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Similarly, reads mapping to more than one genomic
object were also down-weighted. In the current assembly,
there are 311 overdapping loci. The majority of them are
formed by 294 pairs of overlapping protein-coding genes,
the additional 16 genes overlap with pseudogenes, and
the remaining single case corresponds to two overlapping
pseudogenes, In total, 33 protein-coding genes and four
pseudogenes demonstrated no transcripts (RPEM < 1) at
any of the six sampling points,

Reproducibility of the experiment was supported by
the utilization of two biclogical replicates and by the
comparison of replicates to the previously gathered
data sets. An overview of the data set produced by the
t-Distributed Stochastic Meighbor Embedding (t-5ME)
[30] dimensionality reduction method applied o the
normalized expression data suggested a partitioning
of the samples into three separate clusters (see Fig. 2a),
The first was formed by samples obtained directly before
butansd addition to the cultivation medium, Samples
from the following three time-points formed the second
cluster and samples from the remaining two time- points
formed the third cluster, Differences between samples
before and after butanol addition are particularly visible

Sample T2 b6 h) Te (85 h) TeZ (7 hi T3 Eh) Ty 12 ki TL52h Totad
i of igenes veith RPEM > 1* 4007 (A1) sl [anaE) 4567 (45T ST (451 8] SO0 ) G003 (4564} 05 | S054)
N:Idpi:‘tldugm‘ﬂhﬂhﬂ?ﬁ!ﬂ?l' 1120140} 147142 (LT TRE ] 147 [ 144} 152 {714 147 (1425 N2 (140
Mlace, papemrsaon (APEMY 45 % 10 B2 =10" 6.3 = 10t 7B =0t i i 20 = £ Bdx il
a8 150 b
-
100 L) 0 Eh] E3D3
1
. Ty
g 5O Gl =71 o bwAaned
L L] ! N
& F1 " Tv’ 5 o 5 s
o = TA 58 wiarand
® T E4 * cultivation
T
-50- * Typd a4z
Fa
&34 =210 -
=1 S
aF 23y
-B0 o 80 100 -2§ o 28 80
ISME1 FBMET
Flg. 2 Owevall comparison of Fdi-%eq sampbes. 70 representation of the normalized copeession data afee dimersonaling seduction by 5MNE a
Comparnson of the samples coflecied at the st time-points [T.0=7.51 coded by different colors. Each poing represents a sample with a teut label
indicating the binlogical mplicane [F. Gl and 1he Sme~point from which it oniginated [T,0-F5) b Comparntson of the sampies collecied diring
tutanal thock cuthation (red) and the saemples from our pemdous studies 17, 18] during standand oultivation fhlun], Again, poirgs mpresent
samphes with a et labels indicating bislogical replicates (B C, D, and E for standard culivaton ard F and G for butancd shock), Samgdet F1 and G1
collecied befone butancd addition at tme-point Tyll= 6 h cormespond to sarphes B2, C1 00, and B2 coflected a8 T3 =8 hduring standaed oulthation
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in comparison to previously gathered samples during
standard cultivation [17, 18] {s¢e Fig. 2b). While sam-
ples before butanol addition cluster to the corresponding
samples from standard cultivation, samples after butanol
addition form a separate cluster. To perform the com-
parisen, we mapped samples from the previous studies to
the novel genome assembly CPO11966.3,

Differential expression

To further analyze particular samples, we performed
differential cxpression analysis of adjacent time-points
and showed the results as respective Venn diagrams
(see Fig. 3 and Additional file 8}, In accordance with the
previous dimensionality reduction, the main regulation
was detected directly after butanol addition (between
Tyl and Tu1), when 1443 loci were regulated {adjusted
Fovalue< 005, Benjamini=Hochberg correction) and
the second highest regulation between T3 and T4,
when 300 loci were differentially expressed, In total,
14%% protein-coding genes were regulated at least once
between adjacent time-points, 303 of these more than
once. The remaining 3629 protein-coding genes had
no statistically significant regulations among adjacent
time-points. Only 14 out of 166 pseudogenes were reg-
ulated, 13 were regulated once, and a single psewdogene
was regulated twice, Only a single non-coding RNA
gene X276_26885 was regulated once, directly after
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butanol addition. The complete results of the differen-
tial expression analysis among adjacent time-points,
including logZFoldChanges and adjusted p values, are
available in Additional file 9.

We explored differentially expressed genes at particu-
lar time-points against the reference time-point T),0,
prior to the butanol addition, to find gene expression
changes elicited by butanal addition. There were 2037
genomic loci with at least one statistically significant
differential expression (adjusted p value <005, Benja-
mini=Hochberg correction), Based on their log2Fold-
Changes in all five comparisons, genes were distributied
into three clusters, Although all selected loci had at
least one significant change in expression, loci within
the first cluster of 1443 clements demonstrated zero
log2FaldChanges on average, Genes within the second
{293 elements) and the third cluster (301 elements) are
significantly down-regulated and up-regulated, respec-
tively (see Fig. 43, While the first cluster also captures
noise and contains loci of various biotypes, including
four tRNA genes, the second cluster of down-regulated
elements is formed exclusively by protein-coding genes,
The third cluster of wp-regulated clements is formed
mainly by protein-coding genes, but it also contains
nine pseudogenes, a single non-coding RNA gene, and
atRNA gene,

dossmtagidal ed genomic slemens betwen adjacent tme-points

- (300)

Fig- 3 Caferenmial pxpeession anabysis of adjacent vime-poines. Vern diagrams shoaing the numiper of & all-regulated. b up-regulated, and ¢
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Gene ontobegy enrlchment

To explore amd describe the functional response to the
butano] shock, we performed MF GO enrichment analy-
sis in all three clusters of genes using all 2037 regulated
genomic lock as the gene unbverse. MF GO terms slgnifi-
cantly enriched (pr value <(L05, Fisher's exact test) in clus-
ter 1 were especially terms related o “iron fon binding’
“methyltransferase’ "nuclease activity’, “hellcase activ-
ity" and others (see Table 3). Among the genes annotated
with the term “iron ion binding™ are genes for ferre-
doxin, scyl-CoA-dehydrogenase, genes involved in Fe-5
proteins  biosynthesis, pyruvateferredoxin (flavodoxing
oxidoreductase, and many more genes which are indis-
pensable or house-keeping (see Additional file 10},

In cluster 2 (down-regulated), we can recognize as main
recurring terms “dsDMA binding? "ENASTENA binding’,
and several terms which are connected to transports like
“ATPase activity', “amine transmembrane transporter
activity’, “organic acid transmembrane transporter’
or “anlonforganic andon transmembrane transpogter
[see Table 4). Under term "ATPase activity’, we can

Table 3 GO enrichment results in duster 1

distinguish many ABC transporters with various fung-
tions, Heflecting growth attenuation, down-regulation
of distinctive group of genes invelved in proteosynthe-
sis like ribosome components (see Fig. 5 and Additional
file 11) can be found in terms referring to "structural con-
stitwent of ribosome’ *structural moelecule activity’, and
"RNASTRNA binding” Aborted preparation for sporula-
tion is connected with down-regulation of group of genes
voding small acid-soluble spore proteins (see Fig. 5 and
Additional file 113 which can be found asseciated with
term “dsDNA binding”

Up-regulated genes in cluster 3 are significantly
enriched in terms like “transcriptional regulation” “pro-
tein binding’, or "ATP binding” [see Table 5). GO term
"secondary active transport” is also significantly enriched.
The third cluster containg genes coding molecular chap-
erones like Dnak], GroESL, HptG. and several other
heat-shock proteins (HSPsg), which can be found associ-
ated with the term "protein/ATP binding” (see Fig. 5 and
Additional file 12). A large group of genes coding pata-
tive TetR/AcrR regulation factors are also part of cluster

518 Buchnarss aCThiny I 4:] 1342 poEg
G305 Hallrase aCThTy 16 17 12N DOG
O 6741 Transferase Tty transheming o 55 a6 3885 pore
ATt groups
GO0 3169 RN Emding 2n 152 14003 RoNe
GOH5RT2 el ion birding Pk 159 14621 ELEE
GO FRM barding 17 16 1201 Gt
G051 Erdorascheae acthity ] I 7 ik
G005 504 fron lon binding 33 i) 1554 (iTuht
GODO0H168 Methyhtransferase activity 43 ET 1.8 o
CHIGA6914 Transition metal lon binding 74 1 a2 a7 prsg
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3 and term “"DXA binding” {see Fig. 5 and Additional Discussion

file 12); cisR, hreA, or putative sigma factors can also be
found in the same groap.
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generation seguencing and third-generation sequenc-
ing, the assembly suffered from the inability of Roche
454 pyrosequencing to adjust low-guality PacBio RS
sequencing, especially in homopolymeric regions of the
genome [31]. This was apparent from our previous tran-
scriptomic study of the strain, where [llumina sequencing
revealed possible indels in coding regions [ 18], Therefore,

wiet decikded to employ additional DA sequencing, since
even an SMY can be responsible for substantial pheno-
typic differences in solventogenic clostridia [12, 32]. A
number of insertions and deletions introduced in the
movel version of the genome CPO11966.3 (see Additional
file 3) confirmed errors in the homopolymeric regions
and led to the substantial reduction of frameshifts in

118



Article VII: A transcriptional response of Clostridium beijerinckii NRRL B-598 to a butanol shock

Sedlar et al Bofechno! Sicfuel (2079 12043 Page 10 of 16
Table 5 GO enrichment resulis In clusber 3

GOUD Term Annaotated Significant Expected classicFisher
GOHI00367 7 D binchireg | 57 3T I FOE-05
GOH00-80T Teansporase sctvity 8 & | 16 JO0E~{M
GOO005515 Protein binding 1 13 5.8 Gy
E00R519 AIMIMOriLEm TTanamemiiang raragorier acthity L] & o iln nki Yl
00051082 Lirfolded protein binding 5 L] ) Tk |
GOHO5056T (utaming!-tANA symionse (Qramine-fyoeohyTirg] acthviny 3 3 AT 00383
OO0 300 DA hinding mansonipoon Bt acthany b 1 183 forn
G400 Temnscriprion regulator athiry ” i1 1200 000 76
GO0005315 Insrganic plospinate TransmsTieane Tanspomer sty 4 3 53 {0h354
G005 Addernd rudlestie birding £33 4§ 3659 GOkE13
GOHIO0 50 Recarmibinme aithily ) rd KT HLEES LT
GOHI001 73 Deonyribose-phoyphate aidolse sctivity | F 1KY G245y
GUHI00BEED Gluouonate isometase acthity i F L1} {02457
U000 5aEE Bindirg BO2 140 13554 ek
GUHDN 5524 ATF binding 112 &7 LR HR R
COHRE2559 fdlenyd nbomuchioiioe binding 32 7 41 e
GOHR0G7159 Lreganis OyThC COMpoand birding L] nz B.05 o678
GLRT 363 Heteraly T Compowund binding 625 nz 215 LLER T
USG5 Progen dimerization aoiity 5 3 e LR
003676 Maazkesc il Dinding B4 L] &1 4951 Q0363
GOH0NGETS Ligase a ity Bodrming Caror—nitiogen bords 3 g 4.7 (03468
ECHY 00T Carshaic acthity, acting on D& 36 a 565 Q=418
GO0 5290 Secondany scthee Bransmembrane transporter activiey k| 7 345 i dag

detected open reading frames and to the overall reduc-
tion in 4 number of genomic elements annotated as
pseudogenes. Moreover, all 12 insertions and three non-
synonymous substitutions in protein-coding sequences
resulted in proteins more similar to other proteins pro-
duced by bacteria from the Clostridium genus, The anno-
tation of the augmented genome sequence introduced
several changes (see Additional file 4). A number of cle-
mients coding hypothetical proteins were reduced as 48 of
these elements were discarded from the genome and only
26 were newly introduced. An additional 14 hypotheti-
cal proteins were identified by changes in pseudopenes.
Twenty-two of the twenty-three pseudogenes that were
selected as putative active genes in our previous study by
Sedlar et al. [18] were automatically reannotated as pro-
tein-coding genes due to the changes in the augmented
assembly. Thus, the current version of the genome con-
firmed our previous findings.

Even though BLAST-based GO annotation tends to
capture all true assignments, its overall precision is ham-
pered by a number of false positive assignments [33], We
reduced possible misannotations by merging BLAST-
based annotation with InterPro annotation, which has
higher precision, vet lower recall, in Blast2GO suite [34].
Crur manually curated annotation shows a distribution

of GO term levels very similar to the annotation recon-
structed from database searches only (see Additional
file &) and the median value of the times of a GO term
assignment is the same. Although purely computation-
ally inferred GO annotations are sufficient for many
analyses [35], we consider our curation steps to be a
quality improvement. While dimensionality reduction
of butanol shock data suggested division of time-points
into three clusters (see Fig. 2a), differences between clus-
ters formed by T 1-T3 and T 4-T.5 time-points are
not so evident when the whole data set is compared to
the RNA-5eq data set from a standard cultivation (see
Fig. 2b}. The wvisible difference between samples from
the first time-point 7,0 to those at the remaining time-
points was supported by differential expression analy-
sis, when the number of regulated genes was the highest
[see Fig. 3a). The second highest number of differentially
expressed genes was recorded between T3 and T4
time-points, and confirmed the difference between Tl1-
T3 and Ty4-T.5 clusters, While the difference between
T.0 and Ty1-T,3 can be accredited to a defense reac-
tien to butanol shock, an increased number of regulated
genes between T3 and T4 are connected to the restored
growth of population. Even though it was reported that
viability of C. beijerinckii NRRL B-598 was not altered
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when 2 butanol challenge of approximately 5 g/l was
added prior to inoculation [36], the addition of butanal
at o late acidogenic stage induced a loss of vital function
in a significantly high number of cells. This, together with
abandoned sporulation, is probably the reasons that T4
and 75 samples did not cluster with the respective stage
from standard cultivation, even though no negative regu-
lation or any visible interference between butanol addi-
tion and production was observed. This correlates with
results obtained for O acetobutylicem [, 21], where
butanas] addition up-regulated its synthesis,

The hnal butanal titer at the end of cultivation was
approximately 83 g/l including added butanal, which
means that the final concentration of produced butanal
was roughly 4 g/L. This indicates that, in butangl chal-
lenge cultivation, butanol probably reached the maxi-
mally telerated titer for metabolic activity of the cells,
such that further butanol production has been inhibited,
A similar maximal concentration was also reached using
. bedferimekii NERL B-398 during the same butandol
shock, but with an initial glucose concentration 20 g/L
[X2].

To summarize the response to a butanod shock, we
used our novel GO annotation (Additional file 5) to per-
form a GO enrichment analysis. Pairwise comparison
of the samples measured before butanol addition with
samples after butanol addition allowed us to focus on the
sithset of genes that were differentially expressed because
of butanol additien. While the total number of diffes-
entially expressed genes was relatively high (2037), log-
2FpldChange-based clustering revealed further division
of these genes into three clusters. The first and the larg-
est cluster of 1443 genes dernonstrated high variance of
values and a lot of outliers, but almost zero median valoe.
Therefore, we consider these genes as non-regulated due
to the butanol shock. Statistically significant differential
expressions in this cluster are like due to nolse, biclogical
as well as technical. First, the cell cycle within the culture
is unsynchronized, and thus, regulations of genes that
were not caused by the butamol shock canm be captured.
Second, there is technical noise remaining in the data,
Although the data were carefully Altered, contamina-
tions always remain. This is apparent, for example, from
four regulated rRMA genes within the first cluster caused
by remaining rRNA reads. While the number of reads
mapping to rRNA locl is very low, similarly low changes
in their abundance between different samples can be
incorrectly identified as differential expression. The truby
down- and up-regulated genes due to the butanol shock
can be found in duster 2 and cluster 3, respectively. Both
clusters contain around 300 genes (293 and 301, respec-
tively), which are only small fracticns of the total num-
ber of genes in the genome of C, beiferimckii NRRL B-593

Article VII: A transcriptional response of Clostridium beijerinckii NRRL B-598 to a butanol shock

Page 11 of 16

suitable for proper GO enrichment analysis during the
butanol shock,

Although cluster 1 contained genes that were likely not
regulated by the butanol shock, we decided to perform
a GO enrichment analysis to summarize these genes.
The cluster was formed by a mixture of genes with vari-
ous functions, which resulted in only ten significantly
enriched GO terms at the significance level a =005
Muoreaver, no g value of Fisher's exact test was bower
than 0.01. Further inspection of genes associated with
enriched GO terms revealed that some of these genes are
probably indispensable, house-keeping (see Additional
file 10}, or coding enzymes necessary for DMNA mainte-
nance (e.g. DNA polymerase, primase, helicase, topoi-
somerase, or methyltransferase).

GO enrichment analysis in clusters of down-regulated
(cluster 2} and up-regulated (cluster 3) genes revealed
similar physiological response as described by Alsaker
et al [21]; where global responee was expressed as rep-
resentation of differentially expressed genes in differ-
ent clusters of orthologous genes (COHF) categories.
Amaong others, GO terms like “structural constituent of
ribosome” (GOLO003735), “structural molecule activity”
(GEO0005198), and "RMASIRNA binding™ (GO0003723/
GORO019843) were enriched I cluster 2, which is In
accordance with the significant down-regulation In
COG category | (translation) for C. acetodutylices [21].
Enrichment of these terms is caused by a group of genes
that are assigned a couple of GO terms, even all of thess
foar GO terms. These terms are close nelghbors in the
GO graph, which hints at the possibility of further slim-
ming the GO annotation for solventogenic clostridia in
the future. The highest percentage of up-regulated genes
after butanol addition to C. acefobutylicion culture was
found in COG cavegory O (post-translational modifica-
tlon, protein turnover, and chaperones) [21]. Simdlarky,
up-regulated H5Ps in our study can be found assoclated
with the GO term “protein/ATP binding™ (GO:0005515/
GOOD05524]) in the GO enrichment analysis of cluster
3. H5Ps are able to help with protein folding to native
conformation, dsDNA stabilization, or can induce next
changes in expression in the role of stress transcription
factors [37]. Expression of HSPs during butanol produc-
tion or butanol shock has been previously described in
many works [2, 38—40] and several H5Ps are the maost
probably involved in butanol stress reaction C. belfer-
imckii NRRL B-598, as well [17]. During standard culti-
vation, it was shown that production of class 1 H5Ps,
including Dnak] and GroESL, were particularly regu-
lated by pH stress and acid production, while genes cod-
ing alternative sigma-factor Sigl, related theoretically
to class Il H5Ps expression, were regulated in accord-
ance with highest butanol titer. Similarly, genes for class
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11 H5Ps and uncategorized HSP HptG were alse highly
expressed when butanaod started to be produced in higher
concentrations [17]. Strong up-regulation of daak, draf,
graEs, groEL, grpE, radA, or hptG was also evident after
butanol addition during butanol challenge cultivation
[see Fig. 5). This fully supports the premise and already
published results obtained for O acefolutylicu [20, 21]
that H5Ps play a fundamental role in overcoming butanaol
siress. Although some GO terms may appear generic,
their connection to butanol tolerance 15 meaningful. For
example, term "DNA-binding transcription” factor activ-
ity (GO-DMOAT00) was also found o be enriched during
i-butanol challenge in Escherichia coli [41].

It s evident from FC analysis and microscopy that
culture did not produce any matured spores, prespores,
or even thick, so-called “clostridial” cells accumuolat-
ing granulose during cultivations with butanal addition
{zee Fig. 1b and Additional file 2). This is, as expected, in
contrast to standard cultivation experiments under the
same cultivation conditions (see Additional file 1) [17]
and also does not correlate with the response of C. ace-
fodrntylicnm to butanol shock [30, 21], where sporulation
remained unaffected. Moreover, sporulation suppression
and, at the same time, Intact solventogenesls can be con-
sidered another evidence for independent regulation of
sporulation and solventogenesis in O befjerinchil MERL
B-598, which fully correlates with already published
results [17, 19, 36]. The fact that sporulation was not
induced could have been caused by relatively small final
density of cells in comparison with standard cultivation
{see Additional fle 1), An Agr-based quorum sensing
system can be responsible for the indtiation of granulese
formation and subsequent sporulation in solventogenic
clostridia, as postulated previously [42], The differences
in butanal elicited stress response in O, befierinckil NERL
B-598, and . acetedutylicen ATCC 824 might resuft in
different organization of Agr quorum sensing genes in
both genomes and no found homologies in the respec-
tive genes in both strains [17, 43]. Thus, quorum sens-
ing could be a reason why sporulation was not started
and, therefore, several genes related to spore formation
were found in cluster 2 Apparent down-regulation was
detected for small, acid-soluble proteins (SASPs), small
proteins coating DNA in matured spores with putative
peroxidase activity, which play a fundamental role in
DMA protection [44, 45]. Observed expression of SASPs
is in contrast with standard expression of SASPs in
perfringens where 5A5Ps are expressed afier the start
of sporulation [48] and are expressed under regulation
of siglz and sigF in C. acetobutylicam [47]. On the other
hand, Welzel et al. [47] asgert that SASP can bind DMA
in vitro which implies that SASPs could potentially pro-
tect DMA against nucleases, not only in matured spores.
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Conclusions

Mechanisms preventing solventogenic clostridia from
producing a higher titer of biofuels are widely studied
yet remain unclarified. There are several reasons for this,
First, solventogenic clostridia are non-model organisms
whose genome sequences started to be explored only
recently. Although gemomes of more and more strains
are being sequenced and assembled, only a few of them
are robustly assembled using various sequencing tech-
niques to fix assembly errors caused by specific biases or
errors. Since even single-mucleotide changes in genomic
sequences are responsible for various phenotypic traits,
comparison of different strains may be difficult. Second,
there is a lack of further exploration of different strains
under various cultivation conditions, Moreover, a uni-
fied annotation summarizing behavior of various strains
or a sedected strain under different conditions is missing.
Here, we overcame these obstacles by resequencing the
genome of C beiferinckil MRRL B-598 to produce the
high-quality assembly with unified GO annotation and
by exploring the transcriptional processes during butano
challenge cultivation using RNA-5eq and ausiliary HPLC
and FC techniques.

The main change in transcriptional regulation was cap-
tured directly after butanol addition, When compared to
the samples from a standard cultivation, samples from a
butanol challenge forms a distinguished group. Sall. they
can be further divided into two groups. The flrst group
is formed by samples obtained within 2 h after butanol
addition and can be assigned to a defense reaction to the
Butanol shock. The second group captures samples where
growth of population was restored; still expression of
getes is different from the standard cultivation samples.
To summarize the transcriptional response connected to
the butanol shock, we selected only genes that are differ-
entially expressed in a majority of palrwise comparisons
of samples gathered during butanol challenge (o sam-
ples gathered before butanol addition. We utilized our
custom-made GO annotation to charscterize the cus-
ters of up- and down-regulated genes. This allowed us
to describe the response to the butanod shock in detall
using a well-defined verminology. Moreover, this analysis
has been compared to a somewhat coarser analysis of the
response of O acefoduetylica to a butanol shock using
clusters of orthologous genes. The butanol response In
both species resulted in up-regulation of heat-shock pro-
tein genes and did not intervene with solventogenesis,
On the other hand, there was a significant difference in
sporulation. While sporulation and also granolose for-
mation were suppressed in O beiferinckii WERL B-598,
these life cycle events remained unaffected in C. scetobu-
gylicurn which may serve as further indirect evidence for
uncoupling sporulation and solventogenesis regulation in
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. beiferimckii NEEL B-598, We believe that the proposed
novel high-quality assembly and annotation will be very
useful for the future exploration of the strain and will
inspire others to start using this well-defined terminology
when describing transcriptional responses of solvento-
genic clostridia,

Methods

Bacterial culture and fermentathon experiment

Culture of the stralm C bedlerinckil NERL B-598 was
obtalned from NERERL (ARS} collection of microorgan-
isms and was maintained as a spore suspension in 4 °C
in distilled water. For all manlpulation, TYA broth [19]
containing 20 g/l or 50 g/l of glucose was used. The
bacterial strain was cultivated in parallel Mulufors 1 L
bloreactors (INFORS HT, Bottmingen, Switerland).
Preparation process of the culture incculum and indeial
cultivation parameters were chosen the same as in Pata-
kova et al. [17]. At the beginning of cultivation, pH of the
culure was adjusted to 6.3 by NaOH solution addition
and pH was monitored, but not controlled during the fol-
lowing cultivation.

Directly after collectlon of samples at thme 6 h of culti-
vation, butanol shock was performed by addition of pure,
HPLC-grade butanol (Sigma-Aldrich, Praha, Czechia)
to final concentration approxmately 0.5% v/v. Control
sampling prior to and after addition were conducted for
specification of precise added butancl concentration.
Butanol was added to the bioreactor under strictly sterile
and anaerohle conditions.

Culture growth and HPLC analysis

Optical density measurement at 600 nm was used for
culture growth monitoring. Samples were processed by
the procedure as published previously by Patakova et al,
[17]. Substrate consumption and metabolite production
were detected and quantified using HPLC with refrac.
tive index detection (Agilent Series 1200 HPLC, Agilent,
Santa Clara, CA, USA) Sample preparation and analysis
were ormed identically to Patakava et al. [17].

Microscopy, fluorescent stalning, and flow optometry

Cell morphology was determined in the native culture
using phase contrast microscopy (BX51, Obmpus, Tokio,
lapan) usimg 400 = and MO0 = magnification. Cell culture
viability and the amount of endospores were determined
using flow cytometry (BD Accur C6, Accuri Cyvtometers
[nc., Ann Arbor M1 USA) combined with PI (Sigma-
Aldrich) and CFDA (Sigma-Aldrich) fluorescent staining
using protocol published in Branska et al. [36].
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DMA extraction and sequending

DMeasy UltraClean Microbdal Kit (Qiagen, Hilden, Ger-
many) was used for genomic DNA extraction. DNA was
extracted from an exponentially growing cultuee; the
quality of solated genomic DNA was controlled using a
nanodrop machine (DelModx, Wilmington, DE, USA)
Library construction and sequencing of the sample was
performed by CEITEC Genomics core facility (Broo,
Crechia) on Mlumina NextSeq, pair-end, 150 bp,

RAMA extraction snd sequending

High Pure BEMA lsolation Kit (Roche, Basel, Switzer-
land) was used for total RNA isolation (rom samples.
The MICROBEzpress™ Bacterial mRNA Enrichment
Kit (Amblon. Austin, TX, USA) was used for tiboso-
mal BENAs" depletion from total BNA samples. All RMNA
samples were stored at —70 "C without next defrosting
to prevent freeze—thaw damage. For control of quality
of extracted total RNA, depleted mBNA, and to prevent
DMA contaminations, an Agilent 2100 bioanalyzer with
the RMNA 6000 MNano Kit (Agilent, Santa Clara, CA, USA)
in combination with routine spectropholometric control
on nanodrop machine (DeMovix, Wilmington, DE, LISA)
was used. Library construction and sequencing of sam-
ples were performed by CEITEC Genomics core facility
{Brno, Crechia) on Muming Mextbeq, single-end, 75 by

Bioinformatics anahyai
The quality assessment of sequencing data (DNA and
RMA) after all processing steps was done using FastQC
in combination with MultbQC o sumenarize the reports
across all samples [48]. Adapter and quality trimening
was performed using Trimmomatic [49]. For the genome
reassembly, reads from DNA sequencing were mapped
to the previous genome sequence CPOLT906.2 with BYWA
[50]. The new assembly was constructed with Pillon [51].
Ouir improved assembly was uzed as a reference for the
second mapping of reads and the second round of assem-
bly polishing with Pilon. The resulting assembly was
uploaded to GenBank as CPO11966.3 version of the O
beiferinckil NRREL B-598 genome. BNA-Seq reads were
cleansed of reads corresponding to 165 and X35 rRNA
using SortMeRNA |52] and the SILVA database [53] of
known bacterial 165 and 235 rRNA genes to simplily the
following mapping task that was performed with STAR
[54]. Resulting SAM (Sequence Read Alignment/Map)
files were indexed and transformed into more compact
BAM (Binary Read Alignment/Map) format using SAM-
boals [55].

The R/Bioconductor featureCounts function included
in the Bsubread package [56] was used to compute
count tables. Differential analysis was performed on
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raw count tables with the R/Bioconductor DESeq2
package [57] using DESeq2 built-in nermalization.
For the analysis of adjacent time-points presented in
Venn diagrams, all samples were normalized at once.
For separate analysis of particular time-points against
the reference time-point, only compared samples were
used for normalization, Yisual comparison of samples
wis performed via &-5NE dimensionality reduction of a
count table after regularized log transformation using
the Rtsne [53] and ggplot? [59] R packages. Venn dia-
grams and heatmaps representing  transcription of
selected genes using £ scores were generated with B
packages VennDiagram [60] and gplots, respectively.
Time series and bar plots were generated with Matlab
2017k and gplots,

The GO annodation map file was compiled from anno-
tations obtained with QuickGO [61] and Blast2G0 [62]
with custom-made R/Bioconductor scripts using func-
tions from the genomelntervals, Biostrings, and topGO
packages [29]. Basic statistics of the GO annotation
were computed vsing the dnet and igraph R packages
[63, 64]. GO enrichment analysis was performed using
the topGO package [29].

Supplementary information

Supplemsentary information acoomparees this paper at himpeF oo
o N0 180 ) 30801 5] B34 7.

Additional file 1. Companison of oulthartkon and fermentation character-
istics of Clomriciorm bajerngil NRAL 8- 598 during standand cultivagion ard
Iartaereli Secech

Additional s 2. Clogrioiom bejierinokd NRAL 8-558 microphotograph.
Additional fils 3. Cstiereroes Deteren masmibles
Additional file 4. Differences Derween QEnHMe aNNATONA

Additional file 5. Clowridrm hegennoky NEFL 8558 Gene Oniology
annotation

Additional file 8. A beef oerraew of the L beferinoi RRFL 8-558 =0
annotation

Additional file 7. Quaity of ANA-Seq reads and mapoing.

Additional file 8. Cifferential expreukon anabyss of adiscent time-poins
using WA picts

Additional file 9. Complete difeismill esprescon anabals of afjaoens
ieme-pointL

Additional fils 10. Genes undey enniched G0 temms in cluster 1,
Addieional file 11. Genes undes enniched G0 temra in duster 2
Additional file 12. Genes undes enriched G0 rerra m cluse 1

Abbrevation

ABE: acefone-bismol -ethanol: iR blologeal prosess: O oellulsr com-
ponent CFDA corbonflunsescein discetate; OO0 dusterns of oithologoun
geres FC Sow optometry; GO gens ontology; MPLE high-presare lguld
ichromatogragiy; MF: molecular fundBon; O0x opbical demsity; Pt propidium
ke B4 resinictior-maod Scation; S45Py imall, sodhackuble proteir S
unghe-nucleotide vkt

Article VII: A transcriptional response of Clostridium beijerinckii NRRL B-598 to a butanol shock

Page 1408 16

Acknowledgements

This artiche s based upon support of the intemational mobilty paogect
hm{mt?ﬂ?lmﬁ_ﬂﬂmrmﬁrﬂdhyhﬂnhwnf
Echacation Youth and Sports, Caoch RBepublic. Computational resouices veere
partially proveced by the CESMET LNOD 5040 and the CERIT Soemifc Cloud
L0 5085, under e program Propects of Lange Rewarch, Development,
thie F enomics of CEMTEC supported ey the BCMIG eseanch infostructune
LM S0 mhhﬂﬂ{mﬂﬂmlmmlhmm
dats perented in this paper.

Aurthors’ conkrilbutions

i5, B8, G, B2, PR and B designed the study. M and BE performed the
eoperiments. K5, MG, and K arabyeed the data, K5, 5, BE, srd PP weoie the
marnncripd wish the imput Som all guthors. A suthors discused the resuls
Al gty read and approved the Bnal marusoript

Fundirg
They weowk s bemen supiported by grant peoiect GACE 17-005515

Arallsbility of data and materals

Thee genaomes pasermiby nefersed in Shis paper s the version (PO 96639 The
e sepUEncing snd FAA-Seg duts haee been depoited in the RO

WMMMM1Mummmm

(AT G000 for Freplicates, SHXGA G007 For G replicates, snd TAXEA157 19 for

PETICTE IevEUEnCing. sepec iy,

Ethvics approval and consent to participate
hot applicable

Consent for publicaticn
Hat apphicable

Compating interests
Thae guthars decline thit thesy hire nd competing inberests,

Aanthor details

! Department of Biormedical Ergineering, Brma Univers iy of Techrologqy
Technicka |2 616 00 B Crech Bepublic. 7 Department of Biotechnology,
Urberiity of Chernistry and Technology Prague, Tedhricks 5, 1668 28 Paagues,
Crech Repubiic * bnstitut S Informatit, Ludhwig-Madmilians-Uinversitst
Wirchisn, Amatierirsle |7, S0303 Mook, Germarsy:

Recebed: 10 July 2019 Accepted: 4 October 2019
Pablished onlime: 13 Oclober 2009

Heferences

1. Fujewka A Kujseaki | Brojsk W, Kijewslc W REE fermentation peoducts
necimety methock—a neview, Renew Sustsin Enengy Res 200 Stifai-41,

2 Pataiooes P Eolek ), Sedlar K. Kostova P Braraka B Kupkows ¥, et 8. Com-
paratihee anatyii of Bigh butandd telerance and production in dostrdia
Becberboncd Ay, BIVE3ETD1-38

5 Greven EM. Fesmestatiee productian of butanol-the indusinal peripectie.
Ly Opin Blstechnal. W1 13231743

A Chatulen K, Bervett BE Pt &G, Papoutisti BT Encineering Cloisidivm
degariems a3 mcrobild cell-Tactones challenges & oppotuniies. Matals
Erag 20085017391,

5 dosaph B S MW, Sendoal MR Recers developmenits of the synthetic
Esbcoapy towodkit $or Clovtradium, Frord Microbiel HME5 054 hepstidal
e 03 Belerwcitn 20 | 0| el .

6 Gl K ek ) Slethona M, Bramiks B, Provammik | Patatova B Comglite
s SengainE O Cloa iy pomleurigriurm MERL B-554, & non-type
irains plodhucing butanal, | Biotechigl 2015:314:91 34,

7. Sedlark dokek ) Peowassik | Pt P Reclassdioation of non-Dypse siradn
CleeliTicbusn fetiPauridngcs NREL B-508 & Clodtnclum begerimicks WRRL
B-590. ) Baobentwcl 200 T2 -3

B ek ), Sedlas B Prireannik | Patikeces P Dl and Diein it lithons
e Sl trafrilien e Clinfrifiem pereunignuem MR §- 5550

123



Article VII: A transcriptional response of Clostridium beijerinckii NRRL B-598 to a butanol shock
Sedlar of ol Bidechnad Biofwely (2019 P2-245

m

1.

12

11

14

T

L3

1"

18

il

A

kL

5

FEA

deveiopment of methods for decromrandormation, conjugaton, and

sonopoiation, Biotechnol Biofisets 20965 14

Haifing |, Breton G, Omedchenko My, Makarcwa 5, feng O, febson B,

ot al Genome sequience and comgunathe analyss of the solent-produc-

i baacterium Closirciin acefobugicum. | Bacteriol. 2007183427338

Wang ¥ LI X, Mo Y, Blyschel HP Single-nucieotice resobution aralys off

the trarsorigrome struchure of Clostridiu bejecnohl MCIWME BOS2 wing

A Sery, BRAC Genomics. 31070 1; 13479,

Poehiein A, Geome-Honetrink A, Fhang ¥, birton NP Danid B Complen

penome sequence of the nitmgen-fodng and soken-producing

Chos el panfensianuem D54 535, Genome Annpunc, 2005301 5591-14,

Candoval-Espanods W, Madreana ST, Ohine BE, Thaorm WS, Androa

Azcirate-Penl M, Brunc-Slcena MWL Companathee anabysis

s genome sequenoe of Clostricium hajerinckd SA-1, an offspring of

HCIVE 806 2. Microbsology 200 3,159 2558~ 50 hitpatdol o 1001099

rrke (00 -0,

Poehlein A, Soleno 108, Fitsch S, Krasben P 'Winoer £, Beid 5,

1 al. Microbial solvent fomration revisted by companatie genome
Eptechrol Sofucis 200 T 10058, ipaciidolosgy 101 180/51 306

B-ON7 0Pz

‘Venkatamsmanan KR Jones 5%, MoCormick K7 Kunjeth 55 Ralston

WY, ey BC, e al The Closdridiar small RHome that meponds

to streess: Bhe paradigm and of 1owic mesaboliRe stresy

ni AT Genomics. 201314849 htfpesifdol

I:Itl'l;"lﬁ.l-‘lﬁ"ll?l-flﬁlr!lm.

Warg ¥, Li X, Blaschek 42 Bfects of supplernentary butyrate on butanod

prociaction and e metabolic switch i Ciostrdum beyerincio MORWE

B 2 genome-wide trarscriptional anabyss with Bs-5eq. Baotechinol

Bacfumy, 200 161 T8, higgec!diol o100 188N T5E-A8 -4 1 X8,

Wang LI K, Moo, Blaschek FP Genome-wide dynarmic ranscrip-

tional peofiling in Clomrdium MCIAD BOSD wning ungle-

nuckectide rezclution PNA-Seq. BT Genomics 20121 X100 htpecdidol

o0 F B A T -F 8- 13- 100

Patarova P, Brarsks B Sedlar K Vasyliraks M, baetioosa K, Kols ) etal

Acidogeneds, wolvenbogeneis, metabolic streis response and e cycie

changes in Clostridium bejerincisl MARL B-598 a2 the ranscriptomic level.

Sl Rep HNSSI AT

Sevilar K. Kosoowa P ¥aylkiveks M, Branska B Kolek ) Kupbova K, et ol

Transcription profling of butandd producer Closfricium Bejerincki

WL B-508 uning AhA-Se. BMC Genommics. 201815415, Fatpadidol

o0 1B b 2R 11 B-1B05-B.

Karek ), Dl W, Warpplliwskcs Y, Brareks B Sedlar i, Ldper-Contreras

Ar, e 8l Comparison of expresson of key spondation, sobmogenic

brd poefiogenic gene in O heyerinabll RERL B-558 and b mutan stin

overEeEsing 3poli. Appl Microbiol Biotechnal. 2077010782 79-01,

T 8, Baarnivh | Papautsais. ET Transtiptional anahyii of

bistanod stes and boletanoe in Clotridium ocetobuliliciem., J Bacherkal

00 B 006 H.

Hlsaboar KV, Paraches C, Papoutaskl BT, Metabolfe strew snd boleance in

the groduchion of bechud. snd chamical: i

Teived byt of Batanod Dbabeabe ared poetabe stresies in the sraeobe

Clotricum doefobutilicum. Bobedhol Baoeng K005 131-47

Kokl ), Patakova P Mednoch K. Sagler K. Reranka T Changes in membrane

plasmabaens of Dol poifecridnies during butssdd Ssmmentation

i, chetermiread by Bpdciomic anakysi. PLOS ONE 207510l 22058,

Lipimaikey I Patacire P Paulcra 1L Pokoarry T, Bipchtera b, belroch K

Bl puiducEion by Clodinctium pasteuianum NARL B-598 in contiou-

o culore compared 8 Batch sl fed - Batch spsteen Fusl Process

Technol 016 44:130-44

Bateman A, Marn W-J Orchand & Megrere M, o £, Beby Boot ol

Lt & vacrrlchaicke sl of protein bnowlisdor Mudhse Bcidd Res.

2O RATOS06-1 5,

Winchall AL Atvesod T, Balbim PO Blurm M, Bork B Bridge & st sl

It Pra i 3015 vopiirinng Oomiiiege, Cliss P Calion and BOOSS B Ercren

e nee annobatiand, Muchas Acick Rest. 200 BATDA5T-60,

Ciarln 5, Depuglass E Doy N Gonded B Harmis B D SE et ol The gevee

by i M) vty il S0 CDRRG st Muckst Al Beq

HNBAT DR

Swiatiiny B8, Peticey &1, Buikars B, Rt B, Baterrah & SPymdngkl M o &l

Ridscantrat & Fob ol indormation lor non-oodeng RN Seguendss, Rk

Ak P WO BATDO2N -0

F-

o

i

13

L LR

3,

Page 15 of 15

Altschadl 5, Madden TL, Schifer A8, Fhang J, 2hang I, Miller W, o1 al
appod BLAST and FH-BLAST: a new generation of protein database
search programs. Muciels Acidy Res. 199705 3389-407, hitne!fdol

oo 10O nan 5.0 7 3380

Alecy A, Rabrenfubres 1 topGOr ereichment anabysls for gene ontology. 7
g version 23000, X016

‘van Dier baxton L, Binton G Vieaizng Deta using +-58E. | Mach Leam
P, PO0E M P,

#Aup iF, Underwood G, Lee L, Worg W impeoving PacBio long read
acruracy by shaoit nead alignmend. PLoS ONE, 20027 o069, hitpaidod
o1 0 AT Lfiourmal pong 008GE75,

. Mo WL Shao L vu L Tang HC Yue C Yang 5T Enginecring Clostridium

acefohedplioumn with a histiding kirase inockout for enhanced n-butanel
inderance and production. Appl Microbiol Bictechnol 20859050 1=22
I'FII:E.'.-'."MI:I‘?"ID.I DOF 0025 3-0014-0249-7.

Huerta-Cepas L Forslund K, Costho LR Sedanceyk O Jensen LL wvon ber-
ing C, et al. Fast genome-wide functioral anmotabon

ansignement by - Wod Biod Bvod, 300 734211520

(oot %, Garck-Gomer i, Tesod J, Willams TD, Magara SH, Hueda M,

o4 al. High-throughgut functional annotation and data mining with

the Blast 20 wsite. Muchel Aoids Res 200896 3420-3% Reipasidol

g O 0 A ra gl

Seunca M. Ahenhof] &, Degsimce { Quality of Inferred
ge=ne ontology annotations. FLoS Comput Bl 701 2 8e 1 000551 tped’
ol o 1008 T oumal pobd 1000513

Beansla & Pechaccra 7 Koliek | Vaspichaika M, Patsioova P Flow cyfiometny
snaysls of Clostricium beyerinckd MERL B-558 populstions exhibiting
diflerent phenotypes induced by changes in caltivation conditbions. Bo-
technol Biofuels. W51 199, hetpaidod ong DO T RE T D060 8- 10580
Wehitley [ Gobdbeg 5P Jordan WL Heat shock protein: a reviesy of the
modstutsr chapemones, | ae Susg. 199930 748-51,

Wanm M5, Dragovic £, Schimmaches (3, Litke-Eversioh T Chver-evpression
of tieess peotein-ercoding gene. heips Oloztrichen acefnbutdoumn ta
repacly adiapt 1o burtanol strew. Biofechmal Lett. 20725818459, hitge!
doloege 10 POOTA M 20-00 2-0581-2.

| Liao 2. Phang Y Luo 5, 500, Zhang 5 Wang 1 Empsiing cellular

robapness gnd bofanol Bber of Cofridivr ATCCEM
by intriaducing heat dhock pecteins: from an ectremophiic bacieriem, §
Bacteshwnol. 301 252 1-00,

Rt L. Albrrusrics AP Kist KT Gersormit Bbrany screeny hw'ru.lndnd
i1 n-butanol Bolecsnde in Bchenchio ool PLOS ORE 301 12 MR

N C, Trasn I, Chen L Wanag 5T, B F Retant schvances and vlste-of-the-
B sAvatege, i Srain e proceds o Bt ngd prodiuc-
thon by Closfridiern coalobuflown, Biotechnol Adv M TAS310-23,
Seeiner £ Scot ), Miston WP Wirer K An sgr graonam sensing syiem
that graraddse formation and sponadaton in Clodtndium aoso-
batwlicnien. Appl Ermvivon bacrabeol. 201 2T8:1113-22

Sarthiry B, Sistlow Bt Binding of srall, stid-scduble sporm proteing ta DA
ks 3 signdfcant nole in e neistance of Becilur sl o o hydo-
et peitaice. Apgd Errtion Microbiol. 1993553418-23.

Santhoy P vl sureiver D4 profisction in bactensl spores. Trends Micng-
Lebod 200071 5:07 280

Raju O Woaterg M, Setlow B Sarloar MIL irsestigating the roke of small, acid-
sl spone petisnd (SASPY) in the redstance of Clestrclium perifinger
s I heal, BRC Wanobil,

Weiened D, Fisc hast B0 Srmall ackd-sohuble spose proteim of Olodncbus aoe-
Tobotpivwm pe gk b protect DR in wiing and B ipecihoally cledeed
S8 100

vt P boligranision 1, Liorchin 5, Kaller ML MuBRIOT: sormemanise ardki
ety et Pt bossly el darples i 3 sindle repo. BRodndormaticy,
O HT-BL Pl angy L 00 R Tgeniormatic w54

Beclpay AW, Lihas M, Liadel B Trmiraoenalics & Nesdhle mmener ol Blu-
i deguence data. Borformatics. 2018300 14-20,

LI, Dapdloirs B2, Fast i 3ocuiate shan'l redd aligremand vith Bui-

1w~ Vehuseler Rraraloim, Bicendormmutics. JO0925:1 T5-60 o ool
i O D ekt L B 104,

124



Article VII: A transcriptional response of Clostridium beijerinckii NRRL B-598 to a butanol shock
Sedlar = ol Bicdechrod Biofvell (2009 P 2245

51.

LT3

L1 8

&L,

5T

‘Wealket Bl Abeed T, Shea T, Priest M, Abouelicl A, Sabifibourmar &, ptal
Pilon: an integrated pool for comprehenuve miceobial varlant detection
ard geEnome asembly Pl OR 20185001 13563 hinpsyy
I!H.ﬂ:gﬂlll-!ﬂfﬂlrdmﬂilm

Koylowa E, bod 1, Towret H. SonmMefMA: fag and acourate filter-

ire iof ribosomal FNAS in metatraracriptomic dats Bioerformatics.

N ZEAN =T

Guaat C, Preese £ Vilmaz P Goroen 1, Scheeeer 7T, Yarza ® et ol The SLYA
ribosomal BRA gene datsbase project: data peooesing and
webrbased books Muchels Acds Re 307 3A1:0850-8,

Daobin &, Dipels O, Scivieumnages F, Drenioe | Zskeid O S S e ol STAR:
ultrafizd uriveral FNA-seg aligrer Bioinformatics. 263900 8=21. ktpaoly
dol g 10 S L hicinformatiou b §E,

LI B, Harchaker B Wsober &, Fennel T, Ruan J, Momae: &, et o, The
SR forrmat ard SAlHood. Bicinformuatics.

200525 209 mipafdolong't 0 1093 biginformaticubip 5.2

Lizo's, Sermeth G, Sh W, FeatueeCourts an efficlent genenl purpose
program fior palgning sequence reads 10 genomic fertures. Bloinformat-
e MM - 10,

L MR, Huber W, Andlens 5. Moderated extimation of fold change and
dperakan for R -seq data with DESeqk Gename Biol. 201415550
ittt ol o 100D 18" 0 BOSG-01 405500,

Van Der bacvten L Accelerating 1-5ME wing tree-based algonthme. |
bach Legen Res. M40 51-21.

Page 16.of 16

Wickharn H. ggplot? elegant geapiics for data anabysis. Cham: Springer;
00,

ml'l;'l.!ﬂim:.":‘dmag.-’l&I'IWI':"I-I'IES-II'J-E.

Enns O, Demmes E, Hordley A Bamel D, Oonowan C, Apsesler B
Quiciea0r a vl baed oo For gene ontology searching, Bloirdomnatics.
JO0 045 -4, hitpsalidol ong 10108 bioinfommatice bipS
Conesa b, Gotr 5, Gacla-Gomes I, Terol J, Tabon M, FBobles M. B8 GO
@ unberal oo for arnotabion, vsuslirathon and analys in func-

thonal genomics rsearch. Bioirfommatics. 0052 136744 hipsiiidol
g 0L 8 e matow A 10

Fang M, Gough L The dnet’ approach promotes. smesging research on
ooty patier® sursteal Genome Mied, 20 4inf, hitos!Ydolong 10T LESF
s 130 73-014-0084-4.

Cadrd G, Mepuiz T, The igraph softwene package fon comples network
reearch. inter fourmal Cormgles Syt 3000 bE0S-1 -9,

Publisher's Note

“Sprinages hrhure serraing neutral with segand o jursdictional dsims in pob-
B g snd instEutional sflistions

Headh: i sehmilt your resparchd Choows I srd bemedl froas

» gt porweney oning b

& Taragph peer revew by epenenged e hen n g Sels

# 1 PUDRCERGN O BEENE

W o AT s, wraiudng Lings acd compled cala fppe

* jgoid Dpen Arpesy shach ehen wider onlabar i ond eTesse Cratng
& g sty o your fresearche peer 1000 welnSe views. par yrar

K BMC

Ar BMC, ressarch b ahways in progress.
Laaerm masng leomadoineral Comisubmasian

125



5.8 Article VIII

VASYLKIVSKA, Maryna, BRANSKA, Barbora, SEDLAR, Karel, JURECKOVA, Katerina,
PROVAZNIK, Ivo and PATAKOVA, Petra. Phenotypic and Genomic Analysis of Clostridium
beijerinckii NRRL B-598 Mutants With Increased Butanol Tolerance. Frontiers in Bioengineering and
Biotechnology. 2020. 8, p. 1307. (2020 IF = 5.890, Q1 in MULTIDISCIPLINARY SCIENCES)

DOI: https://doi.org/10.3389/fbi0e.2020.598392

126


https://doi.org/10.3389/fbioe.2020.598392

Article VIII: Phenotypic and Genomic Analysis of Clostridium beijerinckii NRRL B-598 Mutants

rfrmﬁars ORIGMAL RESEARCH

. r paubEpa O Mol SO0

In Bloengineering and Biotechnology - 110, T30 200 SRRE
Chuma e

OPEN ACCESS

Echied B

AL L

Qirspoiac insreune of Baningy
and Sioproonss Techackgy (CAS]
i

[ Ta—

¥ ang

Aubum Livvormty, Lindng Stalos
Mopoad » Lskmsgs]

Chdgdng My Linvarsty Madandg
Thacideus Chokmwuamoka Sl
T Ovvin Stto Lndersiy

Eriarmiess © r'.-l'h'c'I.J.'hH-'?'hi ot Bl sl | Wy ol oeg) 1

Phenotypic and Genomic Analysis of
Clostridium beijerinckii NRRL B-598
Mutants With Increased Butanol
Tolerance

Maryna Vasylkivska'™, Barbora Branska', Karel Sediar?, Katerina Jureckova?,
Ivo Provaenik? and Petra Patakova'

! Deparimant of Sodechaciogy. Lindorssy of Chemistry sma Technoloqy Progees, Prague, Croo'ss, ¥ Depardmo s
of Bomodical Engneoing, Foculy of Secirca! Engineadng and Communcation, Bro Unversiy of Technology, Bmo,
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N-Butanol, a valuable solvent and potential fuel extender, can be produced via acetone-
butanol-athanol (ABE) fermentation, One of the main drawbacks of ABE fermentation
is the high toxicity of butanol 1o producing cells, leading to cell membrane disruption,
low culturae viability and, conseguently, low produced concentrations of butancl. The
goal of this study was 1o obtain mutant strang of Clostndium Depanncky NRAL B-
588 with improved butanal tolerance using random chemical mutagenesis, describe
changes in thair phenotypes compared 1o the wild-typa strain and reveal changes in
the ganome that explain improved tolerance or ather phanotypic changes. Nine mutant
straing with stable improved features were ocbtained by three different approaches and,
for two of them, athidium bromide [EB), a known substrate of efus pumps, was used
for either selection or a8 a mulagenic agent. It i the rst utization of this approach
for the development of butanol-tolerant mutants of schventogenic clostridia, for which
genarally these s a lack of knowledge about butancl efux or ehux mechantsms and thesr
regulation. Mutant strains exchibited Increase in butancl tolerance from 36% up 10 127%
and the greatest improvement was achieved for the strains for which EB was used as a
mutagenic agent. Additionally, increased tolsrance to other substrates of efux pumps,
EB and ethanol, was cbserved in all mutanis and higher antibiotic tolerance in some of
the siraing, The complete genomeas of mutant strains were sequenced and reveaiad
that improved butanol tolerance can be attributed o mutations in genes encoding
typical stress responses (chamotaeds, auiolysis or changas in call meambrans stnsctura),
but, also, to mutations in genes X276_07T980 and X276_24400, encoding afux pump
regulators. The latter obsenvation conrms the importance of afux in butanol stress
rasponse of the stran and offers new targets for rational strain enginearing.

Kopporda: Butandad iglerance, random chemical mutagenesis, sohoniogers: Clodtnidium apeiss, genoms
sefuance, bAanel ofu
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INTRODUCTION

Butanol can be produced from renewable feedstocks of dierent
kinds, including agricultural waste materials, by acetone-butanol-
ethanol (ABE) fermentation using solventogenic clostridia (Lee
el al, 2008), The most famous species of the group of
salventegenic clostridia are Closierdium  acefobidylicusm  and
Clostridium befjerinckii, both of which share a common process
battleneck low tolerance to butanal.

Butanol iz a toxic metabalite that tends to incorporate into
the cell membrane, increases membrane uidity and may disrape
membrane fonadiont [Bowles and Ellefwon, 1985; Lepage et al,,
1987 Patakova et al, 2018; Visylkiveka and Patakova, 20020,
In C. acatoburylicum, at inhibitory levels, eects of butanol on
cell membrane results in lower ATF generation by the cell,
a malfunction in nutrlent uptake and an inability of the cefl
to maintain its internal pH (Bowles and Ellefson, 1935), In
Gram-negative bacteria, butanol damages the inper and outer
membranes and can also result in o change in cell shape (Fletcher
el al, 2006k Such damage, 2t the cellular level, resulis in low
culture viability and decreased p‘nw‘lh rate and, au A CONsequence,
low nal butanol concentrations achieved after fermentation
{Ingram, 1986),

Dicrent methods have been wsed to obtain  butanol-
teberant strabng of solventogenic clostridia, including targeted
modications, ¢.g. overexpression of genes encoding heat-
shock prodeins or msdication of fatty ackds synthesis [Tomas
el al, 2005 Fhao e al, 2008 Mann et al, 2012 Liso et al,
2017), serial transfer and adapdation (Lin and Blaschek, 1985
Baer et al.. 1987 Soucuille et al, 1987 Xwe et al, 2012 Lia
et al, 201% Yang and Zhao, 20013 or random mutagenests
{Hermann et al,, 1985%; Matta-el-Ammoueri et al,, 1986; Annous
and Blaschek, 1991; Jain et al, 1994 Mao et al, 2010 Kong
el al, 2006 Tenaka et al, 2017k Use of these methods
resulted in improved survival in the presence of butanol at
a concentration of 1012 g/L for the wild-type strain (W'TS)
to 1616 gl for mutant strains {1|-'.I'..'|.'|ki'l.'ikq and Patakova,
20200, sometines up to 23 g/l as in the case of mutant strain
[ bﬂ:rtmwk.ll BA10O1 l_'ullln.-::hi and Rlazchek, 20K ], Surpu'i-:i'ngl':r.
random and targeted mutsgenesis have apparently produced
very similar improvements in butana] tolerance, :.'ll'hnuﬂh this
probably reects our incomplete understanding of butanol
telerance mechanisms and their regulation (Patakova et al,
2018) In most cases, obiained nutant strains in addition 1o
higher toferance exhibited higher butaned production, uswally
an improvement from approximately 912 g/L for WTS 1o 13
16 gL for mutant sirains, sometimes up o 1921 gL for selected
mutants (Vasylkivska and Patakova, 2020). However, some
authors have reported Increased toberance, but mot increassd
butanol production for obtained mutants, both for random (Baer
ef al., 1587 Gallardo et al, 2017; M de GErando et al., 2015)
and r.:r‘,::ad (Fhaa et al, 2003 Alsaker et al, 200d; Mann
et al, 20012; Jones et al, 2006) mutagenesis. Thus, although it
is commonly accepted that increased butanol tolerance leads 1o
higher production, such data suggest strain-specic dependence
betwieen butanal tolerance and production of even the absenice of
any direct connection.

Friontism in Bicandgnissing ond BiotacFnology | ey hrdidnen i

Arstyms of Bussnod Tosorart Clocisichm Wasnis

Eux is one of the mnate mechanisms of stress response in
bacteria and it is based on active transport of the substances
from the cell. This mechanism is mostly associated with antibiotic
resistance, however, it has been shown that it also takes part in the
butanol siress response of Prewdomonas putida and Escherichio
cofi (Fisher et al, 2004; Pui et al. 2015 Basler et al. 2008;
Zhang et al, 2018). It was suggested that eux can be very
eective when cells are dealing with high solvent concentrations
(Segura et al, 2002}, and enhancement of eux pamp activity
could possibly shift metabolic ux, resulting in higher production
(lukhopadhyay, 2005)

Eux, P.irlil:ulm'l'p butanol sux, i ﬂrﬂr studied in
solventogenic clostridia (Vasylkiveka and Patakova, X200 Up-
regulation of ATP-binding cassette transporters {Schware of al,
2002y and putative cux pump regulstors (Sedlar et ok,
20009y observed under cultivation with butanol stress are
the only evidence of innate butanol eux in the group,
Recently, a butanol eux pump from P putide 512 was
expressed in Clastridium saccharoperbutylacetonicum, resulting
in improved butanol tolerance (Jlin¥nes-Bonills et al, 2030)
and d:rrlt.lqulrltin! that butanol eux studies in :nlwnlnﬁnr:i:
Clostridiem have potential for the development of butanal-
tolerant production straing. As no pative butanol eux pumps
have yet been reported for solventogenic clostridia, targeted
engineering cannol be used for the study. Mevertheless, it was
shown that eux enhancement can be achieved even by a point
miutation in the eux pump gene sequence [ Bohnent et al., 2007)
or in the eux pump promater or regulator. To generate such
miutathons, ethyl methanesulforate (EMS) or ethidium bromide
(EB) can be used, EMS can alkylate guanine bases in DNA,
resulting in unidirectional randem transition mutations between
GO and AT base pairs. Such a type of mutation can lead to
an amine acid change and even loss of protein function. EMS
was previously successfully wsed by Jain et al {1994) to obtain a
high butanol producing stable asporogenic mutant, , beijerinckii
ATCC 55025, formerdy C. acetobutyliciorn ATCC 55025 {fain eral.,
1994}, EB is a known substrate of dicrent eux pumps in both
Gram-postidve {Pacel et al,, 2000) and Gram-negative bacteria
| Paixao et al., 2004 and alwo a chemiical muiagen {{!hra el al,
2001k Use of EB may enhance cux in the strain, resulting in
improved butane] tolerance. Therefore, for this study, we have
chosen three approaches to develop batanol-tolerant mutants of
solventogenic C. beiferinckii NEEL B-598:

(1) Random chemical mutagenesis using EMS with selection
on butanol (EMS + butanol mutants),

(2} Random chemical mutagenesis using EMS with selection
on EB (EM5 + ER mutants).

{3 Random chemdcal mutagenesis uwsing EB as & mutagenic
agent, where strains were selected directly on agar plates
containing EB (EB mutanis).

Phenotypic behavior of selected multant strains was observed
by testing tolerance 1o dierent substances such as butanol,
EB, cthanol and antibiotics, and metabolite production. The
complete genomes of mutant strains that exhibited improved
butanol tolerance were sequenced to understand their changes in

Mereiseribner DTN | Wikl B | Article SORYID

128



Article VIII: Phenotypic and Genomic Analysis of Clostridium beijerinckii NRRL B-598 Mutants

Warghassn o Al

phenatype and to contribute to knowledge about mutations that
lead to increased butanol tolerance. To the best of our knowledge,
the genomic sequence of only a few butanol-tolerant strains
obtained by random mutagenesis ane available,

MATERIALS AND METHODS

Bacterial Strain

Closteidiion beiferinckil MRRL B-5%8 (WT5), former Clostridism
pasteurianum NRRL B-598 (Sedlar et al,, 2017}, obtained from
the Agriculiural Rescarch Service Culture Collection (18IS N,
University Street, Peoria, [ 61604) was used in this study.
The colture was maintained in the form of a spore suspension
[containing about 2.2.10° spores/ml, determined by method
described by Branska et al, (2008}] in sterile distilled water at
47C. For each cultivation experiment, 450 pl of spore preserve
was used for 100 ml of cultivation medium.

Mutagenesis and Strain Selection
Mutagonesis

Mutant strains described in this work were obfained using three
dierent approaches of random chemical mutagenesis | Figure 1.
Firstly, ethyl methancsulfonate {EMS) was used as a mutagenic
agent in combination with selection in butanol (EMS + butanol
miutants), secondby, EMS was used for mutagenesis but selection
was carried out in ethidiem bromide (ER) (EMS + EB mutasnts)
and., nally, EB was wsed a5 a mutagenic agent and strains were
directly selected on agar plates containkng EB without exposition
to EMS {EB mutants),

For the rst two approachss, when EMS was used as a
mutagenic agent, a spore suspension of T befjierinckii NREL B-
598 was heated to 80°C for 2 min, vortexed and transferred to
Erlenmeyer asks with TYA mediom {Vasydkivika er al.. 2009)
containing 20 g/l of glacose {analytical reagent grade, PENTA,
Chrudim, Czechia). The strain was culiivated in a Concept 400
anacrobic chamber (Ruskinn Technology) under a stable N;
atmosphere at 37°C (Figure 1, step 1), After 24 b of cultivation,
2 ml x 2 ml of cell suspension were transferred into sterile
Eppendort tubes, centrifuged and 0.5 ml of fresh sterile TYA
medium were added 10 the cell pl,-.]l.ﬂ_ Izppznd.m'l" tubes wore
vortened and 20 plim] of EMS (pure, Sigma-Abdrich) were added
I:Fipirr 1, step ). The exposition time was 40 min, dun’nE
which Eppendort tubes were placed in the anaerobic chamiber.
The cell suspension with mutagen was further centrifuged and
washed twice with sterile physiological sofution. The washed ol
suspengon wis transferred (o Petrl dishes (250 jul of suspension
on each plate} containing HPLC-grade butanol (Sigma-Aldrich)
(Flgure 1, step A3) or EB {for mobecular blology, 10 mg/mL in
Ha0, Sigma-Aldrich) (Figare 1, step B3) for selection, Talerance
of WTS to butanol and EE was tested prior 1o mulagenesis
Fm-nrd:u.n: {details are described in section Tolerance 'l'u'l.'il'lE}I
and twice as high a concentration of butanol (for EMS + butanal
miutanis) o twice as high a concentration of EB (for EMS + EB
muatanis) than "WTS was able 1o foletate were used for mutants
selection on Petri dishes (Figare 1, step 31 Inoculated petri
dishes were cultivated for 45 h at 37°C in the anaerobic chamber.
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Colonies obiained were transferred 1o test tubes containing 10 ml
of TWA medium with 20 gL of glucose, and cultivated overnight
in the anaerobic chamber (Figure 1, step 4). The cell suspension
wiis cryopreserved in 30% (v/v) glyceral (analytical reagent grade,
PESNTA, Chrudim, Czechia) solution below —B0"C.

EB mutant strains, prepared by direct cultivation on agar
plates containing EB without exposition 1o EMS, were abtabned
as follows: the spore suspension of O beiferinckii WREL B-598
wiis heated 1o 80°C for 2 min (Flgure 1, step Cl1), vortexed
and 50 ul of the spore suspension were translerred onto Petri
dishes contalning either 05 ma/l or 2 mg/L of EB (Flgure 1,
step EILAF.:' Flalu: were cultivated in the anaerohbic chamber for
24 h, chosen colonies (Figare 1, step C3) were cultivated in TYA
miediem and the cell culiure was cryopreserved (Figure 1, step 4).

Mutant strains oblained by all methods were tested for
butand] tolerance (detalls are deseribed in section Toleramce
Testing) (Figure 1, step 5), Selected mutant sirains with improved
butana] tolerance companed to the wild-type straln (WTS) were
cultivated in TYA medium (EB mutants) or on TYA agar plates
(EMS + butanol and EMS + EBE mutants) until sporulation was
abserved {{}l}mlnu BXSl microscopel; spore preserves werd
prepared (Flgare 1, step 6} Inocula were prepared from the
SpOrE preserves and mutant strains were tested one moTe lame
for butanol tolerance (Figure 1, step 7L After this step, the
selected strains wete further used i the experiments descriled
in this article,

Tolerance Testing
Ieoscusla of the wild-type siraln and of the mutant strains (except
for the rst butan toederance testing shown as step 5 in Figure 1)
were prepancd from spone suspensions, and inoculs of the mutant
strains for the rst butano tolerance besting were prepared from
the crvopreserves. Prior o inoculation, the spore suspensions of
strains were heated 1o 80°C for 2 min and vortexed (heat-shock];
cryopreserves were thawed at room temperature and vortexed.
TYA medium containing 20 g/l of glucose was used for the
preparation of inocula and incculated test tubes were transferred
io the anacrobbc chamber and cultbvated at 375C overnighi.
Tolerance to various substances was tested in microtiter plates
contalning 120 ] of TYA medium and 10wl of cell culture.
Medium for the experiment additionally contained 0.02 gL of
acid base indicator, bromocresal pueple (suitable for indicator,
dye content 90%, Sipma-Abdrich), and each substance in dierent
congentrations. Eight substances were tested: two metabolites
[butansl in the ramge of O 1o 30 g/l and ethanol (analytical
reagent grade, PENTA, Chrudim, Crechia) in the range of
0 te 65 gfL], eux pump Inducer ethidiom bromide EB in
the range of 06 mg/l and ve antibiotics [chloramphenicol
{=9%% (HFLC), Sigma-Aldrich] in the range of 0 to 150 mg/L,
tetracycline [98.0102.0% (HPLC), Sigma-Aldrich] in the range
of 030 mfl, streptomycin in a form of sireptomycin sulfate
|}|?5.|:r'iﬁ {THY, "I.'|:|E1l,'|;| Chemical lndl.u:lrﬂ in the range af 0 bo
35 mg/L, ampicillin in a form of sodium salt {pure Ph. EUr.,
AppliChem) in the range of 0100 mg/l and erpthromycin
[(for microbiological assay, Sigma-Aldrich} in the range of
0100 mgfL]. Inoculsted microtiter plates were cultivated in
the anaerobic chamber at 37°C for 24 h. Results of the
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Cultivation Experiments

Cultivation in Erlenmeyer Flasks

For the determination of glocose consumption rate and
metabalite production. WTS and motant strabns were cultivated
in I:ri'p]i-l:al:u. in non-zhaken Erlur:mq."zr asks, TYA mediom
contalning 40 g/l of glucose was used for both ineculam
preparation and cultivation experiment itsell. The inoculum was
prepared from the spore preserves after heat-shock (as described
in section Toberance Testing) and cultivated in an anaerobic
chamber under a stable N2 atmosphere at 37°C overnight. For the
cultivation experiment, asks were ineculated with 10%% {viv) cell
culture and cultivated in the anastobic chamber for 72 b, At the
end of cultivation, samples were taken for pH measurement and
subsequent HPLC analysis (details of the analysis are described in
section Analytical Methods).

Cultivation in !'l'i.F‘iﬂlﬂ in non-shaken E:'lmmrl.'\:r asks
with pH coniral was performed the same way as described
above, but TYA medium afier sterilization prior 1o inoculation
was supplemented with Cal03 so that concentration 10 @/l of
CaCiy was achieved.

Cultivation in Bioreactors
According to the result of experiment described In Section
Cultivation in Erlenmeyer Flasks, one sclected mutant strain
wias chosen for batch cultivation alongside with WTS in
triplicates in parallel Multiforce 11 bioreactors {Infors HT).
TYA medium for the Inoculum was prepased with glucose
concentrations of 20 gL and for cultivation in bioreactors with
concentrations of 40 gl The inoculum was prepared from
the spore preserves as described in Section Cultivation in
Erlenmscyer Flasks,, Prior 1o inoculation of bioreactors, oxygen
was exchanged with N3 and the pH of the medium was adjusted
to &4, Bioreactors were inoculated with 10% (viv) cell culture,
Cultivation temperature was 37°C and agiation speed was set 1o
3.3 57! throughout the cultivation, the pH was not controlled,
Druring the cultbvathon, samples were taken for QD measurements
and subsequent HPLC analysis (details of the analysis are
described in section Analytical Methods),

Analytical Methods

Cultore growth was measured as the optical demsity QD
of the culture broth at 600 nm (Varian L'Ia.r:.' 50 LUW.Vis
spectrophotometer, Agilent) against TYA medium as a Blank
[ Vasylkivaika et al., 2001%).

The concentrations of lactic acid {retention time g 6.9 min},
scetic achd (fg 8.1 min), ethanol (g 11.7 min) scetone (fg
12.3 min}, butyric acid (¢ 13,5 min), butanol (fp 24.9 min), and
glucose (g 4.5 min) were measured using HPLC with refractive
index detection (Agilent Series 1200 HPLC)L A column with
statbonary phase of Pelymer [EX H from 8 pm (Wairex) was
used for the up:nl:inn. Smpl-uﬂl:cuhu.rz hroth were n:nu'i.fugud
and the supernatants were microltered. The sample injection
volume was 20 jil, the column temperatiine was 60°C, and 5 mM
H 250 was used as the mobile phase with a ow-rate of 1 ml/min.
The concentration of substances was determined from calibration
cwrves (Sediar =t al.. 2008),
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DNA Isolation and Genome Sequencing
DMA was isolated from exponentially growing cubtures prepared
by inoculation of TYA medium with heat-shocked spores (as
described above) wsing commercially avallable lsolation kit
Dideasy UltraClean Microbial Kit (Chagen, Hilden, Germany),
fedlowing recommendead instroctéens. Library construction and
sequencing of the samiple was performed by CEITEC Genomics
core facility (Brooy Crechia) on llumina MNextSog 500, pair-
end, 150 bp,

Bioinformatics Analysis

The quality asscssment of particular steps of data processing
were done using Fast(QC in combination with MultiC 1o
summiarize the reports across all samples (Ewels et al., 2016),
Adapter and quality trimming and Hering of singletons was
performed with Trimmomatic w036 (Bolger e al, 2014),
Bemaining high quality paired reads were mapped to the genome
sequence of the wild type strain with BWA-mem v0,7.15 (Li and
Db, 20049, The latest genome assembly of the C bedferincki
MERL B-598 CPOI19663 (Sedlar o al, 3009} was used a6
a reference. Resulting SAM (Sequence Read Alignmient/Map)
les weere indesed and transformed inte more co t BAM
(Binary Resd Alignment/Map) format using SAMtools v1.9 (Li
et al, M) Sequences in BAM b were cleaned, sorted,
deduplicated and les were indexed with Ficard Tools v2.21.6,
Single nuckestide vartants In genome sequences between wild
type strain and particular mutant strains were called with
GATK w4.1.4.1 (McKenna et al, 2010). Detected variants were
further Itered in order 10 reduce the number of false positives.
For this purpose, WTS rescquencing data gathered within the
same sequencing run, were used All variants that were called
simultaneously in the WTS and mutant were lered out
Moreover, we used cove of [alee defections in the WTS
o sct & threshold for hering, and only variants covered by
more than 25.9% of an average coverage of a strabn were used.
This threshold corresponded fo the highest coverage of falsely
detected mutations iy the WTS. Moreover, not all varkants were
detected in the whole population. We again set a threshold
using analysiz of the WTS Only variants that were called in
at least 30.8% of the population were counted. Furthermore,
we detected structural variations to the genome sequences,
including copy number variations (CWNV) with Pilon v 1.22
(Walker ef al, 2004). All these analyses were performed with
R/ Bioconductor using functéons from the genomelntervals v1.42
[I:'-mgnrnr et al., 2020], Hin-mﬁngs vL54 [!'.;lgb}i et al,, B2,
vifR w111 {Knaus and Grnwald, 2017), and ggplot2 (Wickham,

M) [u.;]:;.gq.p..

RESULTS

Mutant Strains, Tolerance Testing to
Butanol, Ethanol and Tolerance to

Known Efux Pump Substrates
Az a rat step. WTS O Dbedferinckd NRRL B-598 wis tested
for its tolerance to butanol, ethanol and EB, Testing revealed
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that the strain was able to grow in medium containing no
more than 11 £ 1 g/l of butanol, 385 + L1 g/l of ethanal
or L75 £ 040 mg'L of EB. EMS + butanol and EMS + EB
mutants were, therefore, picked (Figure 1, step 3} from agar
plates containing approximately twice as high a concentration of
butanc] or EB, which were 20 g/L. and 4 g/L, respectively, prior
i both butanol wolerance testing in mbcrotiter plates {Figare 1,
steps 5 and 7),

Mumber of strains belng reduced throough screening process
iz shown in Takle 1. For mutagenesis using EMS as mutagenic
apent, total of 45 colonies were selected during step A3 (Flgure 1)
and 45 during B3 I:F!,m 1). The ret butanal tolerance 1esting
{Figure |, step 5) revealed that 32 strains exhibited increased
bautamol twlerance compared to WTS. To ensure that increased
butanol tolerance was a result of mutation and not adapiation,
these 32 strains were cultivated on TYA agar plates wnail
sporulation was observed (Figure 1, step 6) and then spores
were geeminated and the stralns were omce again tested for
butaned tolerance (Figure 1, step 7). After the second round of
butamo] tolerance testing, six strains exhibiting increased butanol
toderance were selected for further E:l.]:lerimmL';: EMS + batanol
mutants B33 and B4 and EMS + EB mutants E15, E28, E32, and
E33 {Table 1).

Lsing another approach, mutagenesis of WTS was carried
oul on agar plates containing EB with no exposition to EMS
{EB mutants, Figure | steps CIC3), 24 colonies { Table 1) were
picked during C3 step (Figure 1). After the subsequent butanol
toberance test in microtiter plates (Figure 1, step 50, three ER
mutants strains exhibited an increase in tolerance, strains A, B,
and C. These strains were also cultivated until sporulation was
observed (Flgure 1, step &) and then the spores were germinated
and the striins were again tested for butanol toderance (Figare 1,
step 7). This conrmed that the acquired increase in tolerance
wits i slable phenotype.

Al of mutant strains showed a signicant increase in butanc]
and ethanol tolerance compared to WTS (p < 0.05, two-sample
f-test) and were able to grow in a medivm coptaining up to
25.0 g/l of butanol or up to 550 g/L of cthanol (Figure 2).

As the goal of the study was to increase the eux capacity
of mutant strabns, the tolerance of mutant stvalns and the WTS
1o digrent substrates of eux pumps, ie., EB and antibiatics,
wiis also tested. Mutants soguired increased EB (up to 5 mg/L)
tolderance, see Figure 3.

TABLE 1 | Hurmbser ol winufant straine Bssirg mducod fhough scrosning priosss '

Araihsin of Bumrol Tonrsed Closischuams hiasns

Wild-type strain was tolerant to tetracycline, chloramphenicol
and streptomiycin at concentrations of 3.0 £ 00, 19.0 £ L4,
and 200 % 0.0 pg'ml respectively, bur was sensitive to
ampicillin and erythromycin, The sensitivity toward ampicillin
and erythromycin remained unchanged in all mutant straing, but
tolerance 1o fetracycling and chloramphenicol was modied and,
in some cases, increased. Surprisingly, tolerance to streptomycin
decreased in all cases and strains B33 (EMS + butanol mutant),
E15, E32, and E33 {EMS « EP mutants) exhibited complete
growth inhibition in the presence of this antibisdic, see Figure 4.

Metabolites Production by WTS and

Mutant Strains

Prodfuction of solvents and acids was tested in asks containing

TYA medium. Mutant strains A and O exhibited similar
fermentation proles as WTS and prodoced butanol in

similar concentrations under standard cultivation conditions
(Sopplementary Table 1), Other myutant strains, B (ER muatant],
B33, B4 (EMS + butanol mutams), E15, E28, E32, and E33
(EMS + EBE mutants), probably developed the so-called acid

crash phenotype and their respective fermentation ouipuis

achicved higher concentrations of butyric, acetic or lactic acids
compared to WS,

Inspired by the study of the mutant strain O beiferinckii
BALOS, which at rst was seem to only exhibit the acid crash
phm:ﬂn.le but i1 wat Ester revealed that J-iglﬁl:anll':." hi.ghur
butanol production can be achieved by the strain under pH
regulation [Seo el al, 2017), we tested TYA medium with the
addition of 10 g/l. CaCiOy for partial pH controd {Table 2). WTS
and mutant straing A and C (EB mutants) produced 1116%
higher comcentrations of butanol and consumed the total amount
of glucose present in the medium. Furthermaore, mutant strain B
(EB mutant) was able 10 produce butanol at a concentration of
4.7 £ 0.5 g/L, which is signicantly { p < 0.05, two-samiple r-test),
atmast 12 times, higher than that achieved in the medium without
supplementation. However, EMS + butanol and EMS + EB staved
in the atin:l.ngﬂ'lic |:||1:|.u of fermentation and the |:||1|':,I digrence
compared to previows experiments was a signicantly { p < 0,05,
two-sample I-tes1) higher concentration of butyric aced at the end
of fermentation,

The behavior of the mutant sirain with the overall highest
butanol production, EB mutant C, was compared with WTS

Mutsgenosds rethed Colorass. pickod Strains eahibating increased Etrairs axhibiting ircreased Eirairs seleoied
after butanol tolerance (after 1% buntansd tolerance (after 29 for furthar
mutngenasis® Butamod lesting)™ Duianol testing] = experiments
B 2% 3 3 A Bodic
EMES, + Dnstisd 45 13 2 B33 ared B44
ELRS + ED 5 1% [ £, E24, £22 andd
E33

" Blep AR B3, arr 23 o Figure T; el 5 from Flgure 1; *“atey) 7 o Fligure 1,
5 el bl oy raneiT charmitn! radenienss (g B 8% 4 muligeiiis agenf, wehirk SEmiE sl e o dinsc il oo ag plsied confaning B BUS + Bofandd
SRS DR Gy rAnCem S muinoennsi oing BT Wi selecion 0n otanat EME « G5 srare obdaird Dy mandm Chamain! mulsiensi g WS wih

s ficet o L
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A B C lm a-uiEm E28 E32 E33

FIGLARE 2 | Ratafren mcreass n Dutanol and othanod iolemnos of mtam
s oy T O Defeningid MRFL, B-508 (WTERL Trdsmncg el am
expeiiasd o e maamum concentmion of Butahol or efanal in TYA
WL i WhCh [rowiiy ol T siraire veaes 51 Oatactabin. Tha ooginal
toleeancs of WTES to butanal and ethanol was 11 & 1 gL and 388 4 21 gl
Posapnciraly B sirains obimnod by randiom chasmoal mulngonass umng B2
TG Y], vt SIrame veeng SRR kel (Bnacly On the A plates
icontmreng BB EMES 4 bansnol | straire obsinasd iy rendorm charmical
FrrtaEreis isng EMS wih salicion on Butanal; EMS + BB sraics
e by mndorm chemicnl mutageness Leing ERMES win seechion on BB

| EmMse

EB | beatamol EMS+EE

A B 0B BCENS EXE E2 EXN

FIGLIRE 3 | Rebative ncresss i Solerances o BB ol mutant siraine compsred
0. Barinckd NRPL. B-508 PNTS}. Tl Magls ofe et 68 tha
e T COncaniration of substandad n ToA ridum af which groeth of e
simins was gifl defecisbls . Criginal fosranon of WTS fo BB was

1.75 & 04 mgpl. EB sirama obtmnad By farcionm chamichl rrotagerasn
using EB as o mutagenio agent, whin Simins wie saiochod iy on agar
ke conlarang BE: ENS + Dutand - siraing cbland By eaadom Shamicsl
rruingorasts wsing EMS with seleclion on butanok, EME « EE siraira
AR Dy rlfeloe SR vl i ARG ety BN vl Sesictiony ot ER

in paralled batch bloreactor fermentation (Supplementary
F%ln': 1h At rst siEh!, the lermentation leu, Bnm'!h CRrves
and glucose consumption curves looked very similar, however,
a thorough analysis of fermentation data revealed dierences in
the fermentation dynamics. The pH and growih curves show
that the mutant strain C switched 1o solventogenesis earlier than
the WTS and grew faster during the exponential phase, This

Friontism in Bicandgnising ond BRotcFnology | whey hrdidnen i

Areihyme of Bomsndd Tosw st Closstsohoa Muasnis

was also conrmed by calculation of the specic growth rate

(g for the exponential phase of growth (rst 5 h of cultivation
as no lag phase was observed), which was 032 = 003 h™!
for the WTS and 0,48 & 001 h™' for the mutant strain
C. Comparison of lermentation parameters for the st 24 h
of cultivation and total fermentation time (48 h) is given in
Supplementary Table 2. Although the strains reached the same
butanol vield (Supplementary Table 2), productivity for mutant
C was somewhat higher when calealated for the est 24 b of
fermentation, which iz in accordance with ils |1.i5|1.e1' Elu:rm:
conswmption rate during this period (Supplementary Table 2}

Genomic Analysis of Mutant Strains

T identify the canses of phenotyple changes in mutant strains,
their genomes were sequenced and compared with the WTS
genome. After quality trimming and deduplication. 244.5
milliomn IL'iEI'l. qualil:r [average Phred score O = 35) p.nml
sequences mapped to the reference genome suggesting coverages
from 115 = to 221 = per mutant strain (see Supplementary
Table 3k Sequencing of mutant strains revealed that most of
the mutations were single-nucleotide polymorphisms (SNFP). In
unltered data, we detected from 21 to 51 SNPs or short indels
pet mutani strain and 18 fakse positive detections in the WS {see
Supplementary Files 4), Nevertheless, after ltering (see section
Materials and Methods), the number of 5Pz was reduced to
the range from one to 17 per mulant strain (see Table 3). In
total, 21 non-synonymoas mutations were capiured, incleding a
mutation disrupling an open reading frame. 5MNPs in six genes
were ohscrved in at least twio mutant strains (Figure 4), SNPs
in X276_13415 encoding a putative S-layer family protein was
detected in ve mutant strains, SMPs in X276_14460 encoding
cylochrome b5 was abserved in four siralns. EB mutants strain
A, Band Cincluded SNPs in the same genes, X276_21865 and
A6 03000 encoding a carbobhydrate ABC transporter permcase
and an AAA family ATPase, respectively (Figure 4 and Table 3],
and mo mutations were observed in these gene when EMS was
used as the mutagen.

[m addition 1o 5MNPs, we detected several longer genomse
changes, including copy number variations (CHVYs) (Tables 4, 5).
Mo copy number variations were detected for mutant strain E32
CHVs were detected for similar positions kn strains A, B. C, B4,
E28, and E33 (Table 5},

DISCUSSION

Using three dierent approaches of random  chembcal

mutagenesis, we were able to obtain nine mutant strains of
. Bedjerinckil MERL B-598 exhibiting from 36 to 127% increases
in butanol tolerance (Figure 2). Similar increases in tolerance
hawve been described for other solventogenic clostridiag in fact,
the most well-studied and bﬂl-Prrfnm:inE mislant  sirain,
., bedferinckl BA IO, was likewise obtalned by random chemical
mutaﬂﬂhuiﬂ.ﬁn:u-:ru:'. and Blaschek, 1991 € b-:l:ii!rim'ﬁ:l'i BAL01,
an ospring of £, befjerinckii NCIMB 8052, exhibited around
a 110% increase in butanol tolecance (Curedhi and Blaschel,
2001}, Similarly, the asporogenic mutant C. beiferinckii ATCC
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53025, an ospring of ., mcetobutylicem ATOC 4259, was able
o toderate about 11.4 gL of butanol while its WTS only 5 g/L
{fain et al. 1984). Interestingly, two of our nine mutant strains of
C. bedferinckd MRRL B-598 with the highest morease in batanol
tolerance were obtained by mutagenesis on agar plates containing
EB (EB mutants) (Figure 23, a method that has not previously
been wied for this purpase in mh'en:nﬂr:n:il: Clostridiem,

Despite  imcreased butane] tolerance, ne mutant strain
exhibited an increase in butanol production compared with WS
(Supplemientary Table 1 and Table X), which is a divergence
fraom well-Enown mutant strains obdained in a simibar way. For
examiple, C. befferinckii BA 101 was able to produce around 20 gL
of butane] during batch cultivation {an increase of over 100%%)

Frindism in Bioandgndsing and BRolsshnoiogy | wars rontkemsn ong ]

(Annowes and Blaschek, 1991; Chen and Blaschek, 1999) and
C. befjerinckid ATOC 55025 displayed an Increase in butano]
concentration between 22 and 38% ([ain < al.. 1994), However, it
has previously been shown in multiple studies, both for random
{Baer et al,, 1987; Gallardo et al, 2017; MBS de GBrando et al.,
2018) and targeted (Zhao ot al., 20003 Absaker et al. 2004: Mann
el al., B0 27 e ot al, 2016) mulagenesis, that increazed batamid
tolerance does not always result in improved butanol production,

EMS + butanod and EMS + EB mutant strains exhibited the
acid crash phenotype under standard cultivation conditions
and under pH regulstion wia CaCly  supplementation
(Supplementary Table 1| and Table 2. producing high
concentrations of butyric scid. It was shown for the WTS
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that it Is possible to eultivate the strain at larger scale under
constant pH regalation to produce butvric acid as the main
fermentation product (Drabekoupll and Padkeds, 2000).
Therefore, thess mutant straing can be further studied as
alternative butyric acid producers,

Along with higher butanol tolerance, mutant strains of
. bejjerinckil MRRL B-5%8 exhibited improved tolerance io
ethanol and EBE (Figures 2, 3). Tolerance testing revealed
that mutant strains obtained by dicrent approaches behaved
dierently, While tolerance to ethanod increased similarly in
all mutant strains {Figure 2}, EMS + EE mutants exhibited
higher tolerance to ER than other strains (Figure 3). In the case
of antibiotics, EB mutants generally exhibited higher tolerance
(Flgure 4). On the other hand. antibdotic toleeance of EMS + EB
strains was lower than the WTS, except for strain E33 when
tested for chloramphenicol (Figure 4). These dicrences can
be probably explained by dierent mutations that occurred
i the strains, s¢ to reveal the dierences at the gene level,
gervones of all mutant strains were sequenced and varam
callings were analyzed.

Wariant calling in bacteria 5 a neglected topic and mainly,
attention is paid to eukarvotes. Mevertheless, one of the st
benchmarking studics dealing with bacterdal vardant calling
by Bush ¢f al (2020) showed that a combination of BWA
for mapping and GATE HaplotvpeCaller brought the best
resulis Eurl;h.udrrdﬂﬂlﬂn.i.n:.h this was the case in our
sludy, we wsed these tools to capture SMNPs (Supplementary
Files 4). Moseover, we took advantage of our data containing
resequencing of the WTS that was recently used o update its
geneme assembly (CPO11966.3) (Sedlar et al, 200%). We wsed
false positive detections of SMPs in the WTS sequencing data

Frritiars in Blcsbrgnessnineg s Tiotachrology [ whviw, Ioriarain, iy

to imfer our own ltering rabes (see section Materials and
Methods) ( Table 3). While this approach s good for SNP
detection, [t is wnable to call stractural varkants. Thus, we utilized
Filom to detect longer changes in genomic sequences (Tables 4, 5).
The combination of varioos approaches for detection of short
and longer changes is quite common for eukaryotes {Long
et al, M3} Utilization of Pilon is sdvantageous in our case
a5 the reference sequence was constructed using this approach,
and thus, we were again able to remove false positives by
bierting varianis that were falsely called in the WTS data
SMPs in individual genes of the mutants are discussed further
in the text, however, it 158 dicult 1o disenss CNVs because
the topic has been scarcely studied in bacteriz CNVs are
ustally studied in comparative analyses (VetooviblS and Raldrian,
20 3: Greenblum et al, 20150 and the :.PP:I'D.‘I.I:I: cannid he
applied in our case.

Omnly few enome  sequences of butansl-tolerant  mutamt
straims obtained by random mutagenesis are  currently
available [C. beijerimekdi 54-1 (Sandoval-Espinela et al,
203y pastenriprum MIS0E  (Sandoval et oal, 2015),
. acerobulylicam ATCC 55025 and . acetobutylicar [B20 [ Xu
et al, 2017]], Genomic sequences of C acctobutylicum ATCC
55025 and C. acetoditylicion JB200, a5 well as O pasdfeurianun
1508, included multiple mutations, for example, 143 5MPs and
678 SHP for C acetebuiylicum ATCC 55025 and C. pasgeurionum
MI150B, respectively. On the other hand, similar to the case
of C. befjerinckil SA-1, for which 10 genetic polymorphisms
were conrmed, including eight SMPs, genomes of our mutant
strains of O beiferinckii NRRL B-59% incleded one to 17
SWPs {2151 prior to lNering). one longer change in strains
B33, EI5, and E33 and one or mare copy number variations
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in all of the strains, except E32 (Tables 3 5). Some of the
mutations revealed in © beflerinckid WRRL B-5%8 mutant
strains with increased butanol tolerance can be connected 1o
tolerance mechanisms, while others may play roles in metabolic
enhancement rather than tolerance improvement Many of
the mutations were membrane-related, which correlates with
the fact that pormal cellular responses of the straing 1o the
sobvent was mainly at the membrane level {Patakova et al,
20180 A simibar result was observed In E coli when a genomie
library enrichment strategy was used under butanol challenge
{Reyes ef al, 2011), Examples of membrane-related mutatbons
in C beferinckii NREL B-398 mutant strains are mutations
in genes enco<ling peptidases, transporters of cplochrome bS5
(Table 3}. Interestingly, mutations in genes encoding peptidase
58 were observed not only in our EB mutants A (X276_19395),
B (X276_17580), and C (X276_22430) (Table 3), but abo
in & mutant strain of . beiferinckii SA<1, the ospring of
. befjerincktl NCIMB 8052 (Sandoval-Espinola et al, 2013),
Additionally, it seems that EE mutants A, B and C not only
exhibited dicrent phenotypes from other mutants for which
EMS was vsed as a mutagenic agent, but were also dierent
in terms of mutations and formed a distinguishable cluster, as
shown in Flﬁmt!i.

We analyzed changes in the penomes of mutant strains
o determine whether some of the mutations occurring in
EMS + butanol and EMS + EB strains could lead to the
acid-crash phenotype. In the case of stran E15, the mutation
ocourred in gene X276_15915 encoding the sigma-54-dependent
Fis family transcriptional regulator (Table 3} This may be

Frifdian in Bcshgnising s BRascPnology | weiy beidnn oy

causing the acid crash phenotype. Sigma-34 regulates sugar
consumption and carbon metabolism in C bedferinckil (Hoog
et al, 2M9% Thus, a higher glucose uptake rate and acid
production rate, the reasons for the acid crash phenotype
(Maddox et al, 2000), may occur due to mutations in
regulatory genes such as sigma-54. A similar hypothesis has
already been proposed for the degenerate strain O beiferinekii
DG-8052 (v et al, 20018), Unltered data contained a
miutation that might be responsible for the phenotype; it
is situated in gene X2I76_15350 encoding NADP-dependent
ghyceraldehyde-3-phosphate debydrogenase in mutant strain E28
(Supplementary Files 4). The gene product plays a role in the
formation of WADPH, which is necessary for the biosynthetic
processes and modulation of redox potential (Liv e al, 2005)
The importance of the gene for metabolite production was
shown when expression of NADP-dependent glyceraldehyde-
3.phosphate dehydrogenase of C acetobutyficum in E coli
resalved in improved productivity of lycopene and e-caprolactons
(Mart@nes et al, 2008). As in the case of solventogenic strain
C. saccharoperbutylacetontoum, where defects bn genes encoding
enzymes responsible for NADH formation resulted in strain
degencration (Hayashida and Yoshino, 19%0), mutations in
genes encoding NADPH formation in mutant strain E2B
could sect the cells in & similar way, Nevertheless, this
miutation {in gene XI76_15350) was later lered [ Table 3)
and. therefore, acid crash in the E28 strain probably happened
due to some other changes. The reason for the acid crash
phenotype in other mutant strains was pot clear and needs
further imvestigation.
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Thie faster growth and somewhat higher butanol productivity
of mutant C, observed during the rst 24 h of cultivation
{Supplementary Table 2}, can probably be atiributed 1o
mutations in genes encoding a carbohydrate ABC transporter
permease  (XI76_22865) and an AAA  family ATPase
(X276_03000), in which mutations were also detected for
the other ER mustants, & and B (Figure 5). Use of non-PTS
mechanisms of glucose uptake during the solventogenic phase,
such as ABC tranaportess, resulted in mose complete glicose
wiilizatinmn and increased batamol Fmd.u.:liur: in bﬂ:jﬂim:.l'il'
BALOL (Lee et al, 2005). A BLASTp (Gish and States, 1993)
analysis of AAA family ATPae X276 03000 showed that it
contained maotifs similar 1o the PTS operon transcription anti-
terminator in Clostridiofdes dicile 630, therefore it probably
Plays a part in FT5 regulation. [t was reported that the genome of
the butanol-overproducing mutant C bejjerincki’ 5A-1 included
mutations in PT5 genes (Sandoval- Espinola et al.. 2013} and that
the mutant strain C, beiferdmokid BAL0] had a partially defective
FT5 (lee and Blaschek, 2000; Lee e al, 2005), Therefore. a
connection between PTS and regulation of salvent production,
mh'i'hm.ing e batanol ml]n‘nductim Wik hﬂ:-nﬂ::riud
(Sandoval-Espinola et al., 2013}

Mutations in Berid conmected to butanod tolerance can alio
be identied in mutant strains of O beijerinckii NERL B-598,
For example, in genes encoding chemotasis proteins in siraing
B (X276_04045), B33 (X276_11100 and X276_00495), and E32
(KX76_04930) (Tables 3, 5). Chemotaxis is one the important
mechanisms of adapiation to environmenial stress (Zhao ef al,
20071, In our case, the presence of produced butanol i the
meclium, It was shown that butanol acts as a repellent for
Carcetobutyliciem, meaning that it induces negative chemotaxis
in the strain [Gutierrez and Maddox, 1987). For sirain E32,
mudations were observed in the gene X276_09805 encoding
glycoside hydrolase, which belongs to family 25 (Table 3).
This family includes enzymes with Iysozyme activity and ones
connected 1o autolysin production, for example, lyc gene
(CA_COS5) of C acetobutylicum ATCC 824, Tt was reported
that enzymes that take part in autolysis and cell wall recyeling in
solventogenic clostridia are also connected to butapol tolerance
(Panaleowva et al, 2008). In mwtant strain B33, muatathons were
detected in X276_26470 encoding prolipoprotein discyiglyceryl
transferase [ Table 3}, which catalyzes attachments of lipspratein
o cell membrane, Lipoproteins take part in multiple processes
in the cell, incheding membrane transport, modications of the
cell wall, and antibsotic tolerance (Miclsen and Lampen, 1982;
Chimalapati et al., 2012); therefore, mutations in profipoprotein
diacylglyceryl transferase can also be connected 1o butanol
toderance mechanisms.

Ome of most interesting mutations connected fo improved
butanol tolerance was revealed in EMS + EB mutants EI5, E32,
and E33 in the gene X376 07980 encoding the MarR farniby
mmdp:hma] n.1|.1|.:.'|n-r [Tables 3, 4 Eirlﬁl:.:rh.' b oar result,
mutations in genes encoding the MarR family transcriptional
regulator pccurred For the byper butanod-tolerant and -producing
strain, C poefoluiylicuss [B20 and the authors hypothesized
that this mutation contributed to enhanced butanel tolerance
(Xu et al, 2007}, Interestingly, MarR is a regulator that

Friondism in Biangndssing s BRotatFnolody | Wy et oy
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contributes to antibistic resistance, as well as resistance o organic
solvents and oxidative stress agents, by modulating the cux
pump and porin expresion (Sharma et al, 2007} Thus, other
regulstors may also contribute 1o enhanced butanol tolerance,
For example, mutations in gene X276_24400 encoding the MerR
family transcriptional regulator in mutant strain E28 (Table 3},
A BLASTp (Gish and Seates, 1593) analysis showed that the
Merl gene shares similarity with the BmrR regulator from
Baeilisis substilis, which controls the Bmr eux pump fos removal
ol antibiofics, d:.rﬂ: and disinfectants (Ahmed et al. 1994}
Therefore, mutatbons in eux pamp regulators were fownd in all
EMS + EB mutanis.

These results sugpest that the increased or decreased tolerance
af mutant strains to antibiotics, EB or solvents (bautamol and
cthanol) {Figures 2 4} may also be due to altered activities of
e pumps controlled by regulators, Transcriptional analysis
of C. befjerinckii NREL B-598 rewvealed upregulation of the
TetR/AcrR family regulators putatively involved in cux pump
gene transcription after butanol addition to the medium (Sedlar
et al, 2009}, suggesting that cux pumps might be involved in
nmu.lming batanel stress in the strain, In the © hfrﬂ'md‘.l'l
MNRRL B-5%8 genome. 55 penes were identied as putatively
m:nd.int[ CUX Plimpi (Tureckova et al. 28) Same of these
pumps may be able to remowve antibpotics. EB or solvents
from & cell. For example, genes encoding Gram-positive eux
pumps capable of transporting tested antibiotics have been
described for Sireplococens preuroniae, B, subrilis, Enferococoios
faecalis, Lactococcus lactis, and Corynebacterium  plutamicum
(Schimdler and Kaate, 2016). An eux pump responsible For
increased ethanol toderance was reported for Saccharomyces
cerewistae BY4741 (Yang et al, 203 Furthermore, native
eux pumps able 1o actively remove butanol were recenily
discovered in Pesondomoras putida and E coli (Basler et al,
2008; Zhang et al, 2018}, and heterologous expression of such
8 butanol cux pump from P putida in butanol-producing
L saecharoperbutplacetonicin led to increased butanol tolerance
of the strain (JimBner - Bonilla e1 al,, 2020),

CONCLUSION

Our stedy shows that random chemical mutagenesis using ER
can be :I.It.'ﬁ".ufl.lﬂ}' uzed for the generation of butanal-tslerant
miatant sirains in sodventogenic Clostridivm, While mutagenesis
with EMS as a mutagenic agent, which B more commonly
wsed for such a purpose, resulted in mutants exhibiting the
achd-crash phenotype, use of ER alone did not disrapt solvent
production, Moreover, use of EB for both mutagenesis and
selectbon resulted in increased tolerance to several dierent
substrates of eux pumps.

We speculate that the acld crash phenotype in mutant sirain
E15 was :nquirﬁi dise 1o mutations in the fene ﬂ'l-ﬁlld.il.‘l! the
sigma-54-dependent Fis family transcriptional regulator. Further
investigations are needed 1o reveal the reasons for the phenotype
in other EMS 4 butanc] and EMS + EB strains

Higher butanol tolerance of the strains may be connected to
myutations in genes connected o the stress responise, for example,
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ghveoside hydrolaze or prolipoprotein diacylglycery] transferase.
However, the most prominent change in tolerance to substrates of
eus pumps, including butanol, can be explained by mutations
in genes encoding eux pump regulators, which were found
in EMS + EB mutants, These regulators can be further studied
in research connected to butanol tolerance mechanisms using

targeted mutagenesis.
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Phenotypic and genomic analysis of isopropanol and 1,3-propanediol

producer Clostridium diolis DSM 15410
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Keywords Closridim diofin DM 15410 |5 & type stradn of solbvemogendc clostridiam cagable of conducting Bopropanal-

Clmiridin dofu tumnal-sthanol fermenmon. By sudylng in growth on dilferent carbohyeirazes, we verified s abiliny no uni-

v, e lize ghycerol and produce 1,3-propanedicl and disovered its ability o produced isopropanal. Complete grmome

:"l“"”*“‘* sequencing thenwed thar 53 genome B & single chculsr chromesnme and belangs to che chsres | (sefon seviens] af

i3 fick thie penus Clostridinm. By caltfvation analysis we highlighted ity specific bebavior in comparison to two s=lacted
closely reland siraing. Despite the G that several CRISPR locd wene ound, 16 poistive prophages shenend (he
ability 8o recetve foreign DA, Thus, the straim has the necesary features for future engineering of iis 1,3-pro-
passdinl biceynthetic pathivay and for e poggible ischemrial urilisios in the producton of bofuek,

1. Introduction . befferinckil earlier thiz year [19]. The most widely studisd cpecies

The production of bio-besed chemicals, such as salvems or acids, and
hio-hydrogen from renewable wasie feedstock, for example, food and
hosticultural waste or byproducts of meat-processing isdastry [1-4], is
the comerstone of sustainable ciroular economies [5]. In this scenagio,
microbial production plays an important rale, however, al an incustrial
level, the wider utilization of microbial oell factories depends on the
ahility to select suimable stralns and determine their patental for
metabolic engineering [0]. While penome editing losk, ncluding
promising clustered regulasly interspaced short palindromde repeats
(CRISPR) technodogies 7], exigt. their utilization on ooc-tnode] organ-
e can b challenging and requires detalbed knowledge of previowsly
engineered strains [0, Although e basic phenotype features of many
hacterial straims are known, their patential industrial capacity remains
hiddes In unkhown penolvpes ag compbele penome shjuesid ant
available for only selectsd species. Morsover, phenotypic heterogeneity
enay not rellect genctic differences o similaritbes [7].

An impartant group of industrially usable bacteria can be found in
solveniogenic closridia, typically rod-shaped and spore-forming an-
aerobes, whose phylogenetic affinities are still unsettled as they are
contiruously being reclassified or reidentified [10-1 2], This applies also
1o C. diolis speciet &8 it was reclassified a9 heterotypic symonym of

* Cormesponding autios.
E-wmall addepie sedlarii oo, vuths o2 (K, Sedlar],

g/ ok oep, N 0L DO 0 6/), s, 20000} 1007

within this groap |5 Clasmidium eomobupticum, whose gencme was
wequenced in 2001 for the first time [14]. By that time, various

of solventogenic closinidia were analyzed and pssembled into bigh
dquality complet= gename sequences, including oiber promising solvent
producers such as O befjerinchll [15,10]), € posteurdoneem [17],
. bmaylicum (18], amsl many others. Unfortunately, the diversity of
solventogenic clostridia makes the knowledge gathered for a particular
spoecies. of straln hardly applicable lor another, even closely related,
species. or strain [19]. Therefore, analyses of particular strains on a
gennme-wide scale are neaded as oo of the key pammebers for the
engrineering af closiridia & micrabial cell [actories Hes in well-annotaed
gennmes |20, Desplte advances in sequencing and genoms: assembly, A
complete gepome sequence of the type strain Clomridinm diclis DEM
15410 remained unsssenbled aneil mow.

. diadis DSM 15410 {formedty ks &0 O buryricuns DSM 54910 is 8
type strain with akility 1o produsce, excepd commaon metsbolites for
salveniogenke bacteria from genus Closridiem, also 1.3-proparsdial
[21]. It wtilizes @ wide range of substrates, incleding ghvoeral [22].
Aldthough che genonss of the strain was sequenced in the past, no high-
guality genome assembly was achieved. On the contrary, ils first drafy
geonme by Wang et al. [23] was marksd as contaminated o the Gen-
Bank dacabase. In this paper, we present the firsg complete genome
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sequence of Cleridium diolis DEM 15410, We snsotated the genome,
prelicted the operan structume and searched for prophage DMA,
restriction-maodification (R-M) systems, and CRISFR amys, Moreover,
we performed a phylepencmic analysis and companed selecred genes of
the central metabolism 1o genes in other straing of C befjerdnckd/dinls
spche and performed series of comparative cultivalbon experiments
using strnins € bedierimckii NCIMB 8052 and . beflerinckiil NRRL B.598.

2. Materials and methods
21, Bacterial strom and culthation cordifon

Z1.1. Bacterial serains

Culture of the siradns © diolis DSM 15410, C bejlerinckn NCIMB
8052, and C. beijeriackid NRRL B-5968 were abtained from the German
Collection of Microorganisms and Cell Cubhares (DEME), National
Collection of Industrial, Feod and Maries Bacteria (NCIMB), and Agri-
cultaral Besearch Service Culture Collection (ARS/MEEL), respectively.
The culmres were madngained as spope preserves in sterile distllled water
at 4 "

2 1.2 Abdlity o grow on different substrotes

The ability of . diofis DSEM 15410 to grow on different suhstrabes was
tested im medifbed Reinfopesd closridial mediam (RCMY medium oon-
taimirg 10 2/1 trypeose (Sigma-Aldrich), 3 g/L yeast extract (Merck), 10
&L et exract (Merck), 3 g1 sodium acetate, 5 /1 sodium chloside
nmil ane of each tested carbohydmate (arabinose, cellobiose, fructose,
glucose, glyeerol, betode, malioe, mannose, and xybose) in concentra-
tion 20 gl REM medivm withoot carbohydmte sopplementation was
used & @ conteod and the test wis dome In imiplicstes for each carbohy-
dirate. Inoculum was prepared as an ovenight calture from pre-heated
(2 min, 80 “C) spore preserves and cultivated in modified ROM me-
diiem contaiming 20 g/L glueoss in an anaerobic chamber at 37 °C. Eath
vest tzbe contakning 10 ml of mediam with carbohydmie was inoculated
with 0.5 ml of overmight cultiare &nd cultivaied for 24 b i an anaecobic
chamber at 7 “C. After cultivation, an aptical density (OD) at 600 nm
(Varian Cary 50 UWVIS spectrophotommeter, Varian) was measuied o
each sample against the respective medium without inoculation as
blank,

21,3 Bioreacror culnvanion

Multifors 1 L bioresctors (Infors FIT) acl modified RCM mediusa
containing 50 g/L of glucoee were umed for the batch cultivation of
. divdis DEM 15400 (riplicare), Prior to the ineculation, the pH af the
medium was adjusted 10 53 and oxyvgen from the bdoreactor was
el by Na bublilbng. The inosubum was prepared the sams way a5
desoribed above. The amount of added inoculum in working volume
(700 ml) was 10%. Aler inocubatbon, the pH was messened, but nog
conitrolled, and samples were taken for the conseqoent D measurement
amd HPLC amalysis of produced metsbolites and corsumed glucose,
Samples were analyzed on HPLC (Agilent Series 1200 HPLC: Agilens)
with refractive index detection amd an 1EX H4 polymer column
(Walrex) The parameters of the HPLC analysis were as follows an ine
jection sample volume of 20 pl, 5§ mM H;504 as a moblle phase, a flow
rate af 0.5 ml/min, and & colusin temperature of 60 "C.

Z 1.4 1,3-Propamediol producnion

For an analysis of 13-propapediol prodection, O diclls D5M
1541 twas cubthvated s a4 modified RCM mediuen and & medium opti-
mized for the production of propanediol in © déolis [24], both af which
cortained 50 2/, of glveerol, The production of 1,3-propanedicd and
ober metabolites was analyzed sing HPLC as described above.

A phase contrms microscopy (Olympes BX51; Olympus) was used o
determine the morphological stale of the cells. The HFLC data, O at
000 nm, and pH course were proceszed and plotted using Mathab 3019,

1o

Gemnicy 103 (3001) 1F08-T119

2 1.5 Comparisen of ol morpholagy, carbolydrare consurrgsion and
metmbolites produrtion

Cell morphology. carbohydmte corsumption and metabolites pro-
duction of C dislis DEM 15410, £ befperimckii NCIMB 8052 #nd
i befjerinckdi NRRL B-598 were analyzed in four media:

1} Tryploneyeast extraci-scetnbe medivm (TYA) with gluoose as &
swhstrate containing 40 gL glucose, T g1 yeas extract (Merck]), 6 1/
L tryptoce (Sigma-Addrich.}, 0.5 g/L KH POy, 3 g/L ammaomium ac-
etate, 0.3 g1 MpSO.THO0 and 0,00 247 Febilyl

2} RCM medim (23 described above) containing 40 gL glicose;

3} RCM medivm (s deseribed above) containing 50 g/0 glycerol;

A4} Medium optimized for the production of prapamedial in . dinfis [24]
cantaining 50 g/L ghycerol.

Inocula were prepared in TYA medium from heatshockesd spore
preserves cultivated overnight i anserobdc chamber a1 37 *C Far the
analysis, strains were cultivated for 72 b, Samples for HPLC analysis and
micrscopy conteod (Olympus BX51 microscope] were taken st the end
of cultivation.

22 DNA extraction ol seguencing

DA was extracted from an exponentbally growing cultare of ©. dislis
D%M 15410 using a High Pure PCR Template Preparation Kit (Rochel.
The emiraction wad followed by an ENAase treatment by RMase A
(Sigma-Aldrich) amd subsequently purified by applying the High Fuare
PCR Product Parificaon B3t (Roche). The whols gename sequencing
was performed osing a combination of Nlumina Nect5eq and FacBio
RS platforms, For the llumins sequencing, the [Eheary construction and
sefuencing of the sample was performed by CEITEC Genomics cone fa-
cllity (Bmo, Crechia) on lumine NextSeq, pair-end (PE), 150 bp. For
the PacBio sequencing. library comstruction and ssquencing of the
sample was performed by Seqbe (Dobris, Czechial on PacBio RS 11, 2=
SMET cell. The preserce of plasmid(s) was tesped using & GereJET
Plasmid Mimiprep Eit (Thermo Scientific) and was performed, by
different researchiers, in two triplicates - no plasmid was ebitained,

2.3, Gemome ausemidy

The Initial quality assessment of raw mads was done using a com-
bination of FastQC v 11.5 and MubiQC 1.7 [25]). The sdapler and
quality trimming was performed using Trimmomatic v1.36 [26].
Trimmed Olumins PE reads were combinsd with PacBie cominaois lomng
reads (CLA) imto an indtial draft genome assembly with SPAdes ¥3.11.1
127]. High-quality eciecalar consemiu pequencing (CCS) resds wers
generated using SMRTHRE v7.0.1.66575 and used for closing the gaps in
the initial draft assembly with GMeloser v1.6.2 (28], The resuliing one-
contig assembly was palished using all reads in o two-step procedure.
The fiest step of polishing was performed with the SMRTlink Rese-
quencing protocal by mapping all sabreads and generating a polished
conig, The second step was done by mapping lllumina PE reads oo the
polished contig with BWA 0,717 [29] and using Pilon w123 [10] for it
second round of polishing. Files with mapped reads were handled with
SAMusals w17 [11] and, during panicalas gepd, mapping guality and
quality of axsemblies were controlled wging Qualimap v2.2.1 [22]. The
polizhed assembly was examined fos circularity based on the presence of
overlapping sequences at both ends of the contig. The overlap was found
using MUMmser v3,23 (23] ard the duplicaied sequesce was manually
trimmed from one end of the contiz. Finally, the replication origin (oriC)
wng prediceed usieg Ovi-finder [34] and the whole sequence was rear-
ranged aocording 1o its position, so the DnoA gene is the first gene in the
compiete genome assemshly.

147



Article IX: Phenotypic and genomic analysis of isopropanol and 1,3-propanediol producer Clostridium diolis

K Sediar o1 al
24 Cenome aunarmtion and omslyss

A genome amnotation was added by the NGB Prokaryotic Genome
Anncation Pipeline (PGAP) [15]. An operon prediciion was completed
using Cperon-mapper [24] and the resulis were mamsally added 1o the
genome recond. The funcional annctation of the protels esding genes
was performed by assigning clusters of orthologous group (O06G) cabes
gories (rom the epgNOG database with eggMNOG-mapper (7], The cir-
cular genome map was prepared with DNAplotter [28] integrated in
Artemds [20]. Prophage DMA was ssarched with PhiSpy 3.7.8 [40],
Methylation motifs were inferred using bage modification and motil
analysis profocod in SMATHRE v7.0,1.665%75. Funber processing asd
analysis of 1he methylated motifs was completed by the intemal 1ools of
the REBASE database [11]. The annatated genome sequence was forther
analyesd for presence of CRISPR lodd using CRESPRDetect ool [42), A
phylogenomic tree was produced with PhyloPhlAn 3.0 [47]) using genes
congervid across the bacterial domadn,

3. Resulis and discassion
3,1, The penerald characrenizarion of e smain

O dolis DEM 15410 i 8 mesaphilic heterofermentive rod-shaped
spore-forming bactesium, see Fig 1. that was able 1o grow in & me-
dium contaiping a wide range of carbohydmates; the lowest Increase in
0D wias observed in an arabinos: mediam and the highest increase was
in a cellobiose amd maltose medium, see Table 1. Addittomally, miced
sugar utllestion experment, performed by Xin et al (2006), revealed
that the strain is able to simultaneously co=utilize glycerol with glooose,
sylose or arabimose [22]. Thus, the srain demonsrates mietabodic flexé-
bility and future perspective of its commerncial [Ementation on waste
sulbstrates,

Daring bavch cultivation in a modified RCM mediom with glucose,
the straln exhibleed a two-phase fermentation profile typical for ather
sulventogenic Clutridic - acidogenesis, until approximsately the Tth hous
af cultivation and, after that, solventogeresis, see Fig 2a, b, Interest.
ingly, the strain produced very low costenirations of scetone and pro-
duoced isopropancd, which, to the best of our knowbedge, was not
previously reparted for the sirsin despine beleg memboned in over 100
articles. This was probably due to the focis on 1,3-propanediol pro-
daction from glyeesal in mest of the publieation eches than o ABE/IBE
production from gleoose. Except for the metabalites shown in Fig. 2h,
the straln preduced trace amourts of acetone and etharal. A decreased
concentration of ackds after the Bih bowur of cultivatios, we Flg 2, was
due to their partial reutilizagion, which |s one of the protective mecha-
nisms cells e againsg low pH [44].

Cemonics T03 20210 1 POR-T1E9

Table 1
Ahiliny of C disfis TEM 15410 to grow on diferent carbohydrases.,
Carbabpdnie A Fele) s wfter 24 b etk
Asibisine 053 + 008
Cr{lndiins 451 4 1.23
Fruscione Thb 4 0
e L14 + 004
Glpoeral .73 4 0iF
Liseuse 10+ 051
Malizar 199 4 040
Wlafse 5o + 075
K ylae EBE | 04T
Costeel (miedium witherat cacbolindsite 058 4 005
mdeiriani

’ Average and standard deviation from three experiments.

Similar fermentation profiles and also comparable isopropanal con-
centrathons were foumnd in C. befferinckll IBE-pesforming strains, soch as
. befferinckii DSM 6423 [45.46]). IBE fermentation has a cerlain ad-
vantages over ABE fermentations espocially if the goal 15 10 use produced
salvents as biofued [17,44]. Production of isopropancl instead of scetone
ks preferred because aceone |s highly corecsive to engine and has low
epergy dengty [45]. On the other kand, isopropancl can be used & an
cctane booster for produciton of high-octane gasolines and is cheaper
than ather tested sdditives [49].

When cultivated in & meediom with glycerol, ¢ diofis [5M 15410
produced 1.3- propanedicl, however, It only reached a low coneentra-
tion (0304 g/L) wihen cultivated in an RCM mediam. Therefore, we
testedd production in & medium optimized for 1,.3-propanediol prodee-
tion [24], resulting in the propanediol concentralion inoreaging
corsiderably 1o 5,48 + 0,32 g/1. The ghyesrol consusnption was 14,50 +
.51 g/l ard the botanol concentration was 070 & 006 g/l The
concentration of 1,3-propanediol obtained in this study was higher than
described by Eaur er al (2012) [24]; however, this might be caused by
another experimental design, The production of 1,3-propansdio
exclasively from glyeers bur nol glucose was expected, & 0 was pre-
wiously shown by a '°C labeling experiment that the metabolic trait far
1, 3-propanidiol siars from glyoerol in the strsin [22].

Just a bow pumber of strming can conduct IBE fermentation and
airains that are abde 1o produce hogh Bsopropanal and 1,.3-propanedic
are exception among solvent-producing microorganisms. Search of
cptimal culttvation conditions to effectively produce bath solvents can
ke ane of the important future prospective of £, dialis DSM 15410 study.

1.2 The characerisncs of the © diodis DEM 15410 penome

The length of the final genome assembly was 5,940,808 bp ard the

Fig- 1. Vegetmtive cells (A) and spones (B of C dicfis DEM 15410 ohialned in RCM ssedives afier 24 and 45 h of calivation, fespectively,

(B E
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seguenoe has been deposited at DDB)/EMEL GenBank under acoession
No, CPO43SE, Coverage of the assembly after the flierng sieps
resched almost 700= amd the assembly was reconstrocied with the
comiribution of more than 4.4 millon paired [lhemina reads (23% of all
Tliamina reads) and more than 1.38 millios PacBio reads (84% of all
PacBio reads). The remaining reads consisted of unpadred [luming resds
and chimerc PacBio reads thas were detectsd disring quality trimsaing
and combining [lamina and PacBio reads into the first draft assembly.
PacBlo chimerss ane nol standard PCR-gencrated chimerss, but ase
genermted during lismry prepamtion [50]. They canmot be removed by
siandard filbering ools, e.g UCHIME [51], i can e fikiered oo using
cos reads and by mapping [umina reads on PacBio reads during hybeid
assembly [52,57], Wie used boib of these approaches (see Materials and
Methods), Although the number of remaining reads was very high, they
dbd noit form any kind of longer contigs, Therefore, the complede genome
of the strain Closeridios dicdis DEM 15410 & formed by one cintalar
chromosome, whose circularity was proved by searching for overlaps
durieg genaome assembly. Marsover, Ui absence of pliamid DNA was
supported by a negative result daring the trials for plasmid DA isodas
tdon. Genetle information stored exclusively on the chromoseene is one
af the prerequisites for the future engineering of the stradn as chromo-
somal paihway integration is prefemed over plasmid-hased expression
dise 1o itx kigher genetic stability [6].

The GE content of the sequence was calculaied ps 29.5% which was
atconding to our presumplion as solventogendc clostridia form a low GC
content group of gram-positive bacteria, The genome contains 5244
anbataled apen reading frames (ORF) divided into 3224 opetans, iee
Tatle 2. The majority of HFs consisted of prodein coding genes, bug 147
peadogenes were also found, The sequences of 108 pseudogenss wene
fourd incomplete, 36 were frameshifted, 25 contained intemals stop,
and 19 suffered from multple problems. The positions of pamicalar
features within the penome i shown in Fiy. 9. Protein coding genes and
peeadogenes weee Also assigned OO cabepoeses, Unforunstely, 596
CO5S were not assigned any COG and sdditicnal 90 CDSs were assigned
groap 5 with an anknown fusction. Meveribeless, remaining 3516 Ch&s
fowt of all 5102 protein coding genes and pseudogenes) were divided
into the remaining GOG categories, see supplementany Table 51

Table 2

Gennme leares of Clogmridiem disfis DSM 15410,
Teakre CArarmarare
Lergih fbpl 5040 RN
R peatenil ) 98
Tortal ramber of DRFg 3344
Toul mmber of opersin ki |
Froten ooding genes 4935
Foridogroe: L&Y
rRMA genes (55, [0S, 135 L5 14, 14
ERNA, 3
mcRNA .3

b2

Additionally, we decided to test annotated OFFs for prophage ge-
metbc eode. They may represent A large fmaction of the strain-specific
DA sequences as they serve as anchors for genomic rearmasgements
[54], We detected 16 prophages in total using PhiSpy, see supplemen-
eary Table 52, The cumilative length of prophages was 479,165 bp
forming slightly more than 8% of the genome. Such Information might
b usefial for fitune explorations of the gencme rearrAnpemMents AEHOGE
. befjerinckll and . diolic strains. Unformanately, the total mumber of
prophages ks questionsble ag we wene not able 1o repeodisee the fessiln of
detection using additional online tocls. PHASTER [55] predicted anly
mwo phages from which oaly one matched FhiSpy prediciion, On the
contrary, Prophage Hunter [56] predicied 22 prophages. Thus, futare
experimental waork s needed for the analysls of viral DMA Bidden (nthe
. dfinfis DEM 15410 genome.

1.3, Resricnion-modfcanon gyirems and CRISPR armmes

Future engineering of the srain might be liméted by resricrion-
modification (H-M) systems thal bacteria use 1o probéct their own
DMA, Such a limdtation was already described for clasely related species
. Bejeriackii [57] (please note that the relerenced strain ©. pasteirioneen
MREL B-598 was refdentified as € befferinckil NRRL B-5948 [12]1. 'We
uwsed PacBio sequencing data o snady metbylathons on a genome wide
wale We detected 1217 méd and 2023 m4C methylated positions and
additional 40,767 medified bases in wnal, Rowghly Balf of the detectsd
methylations (622 miA and 610 m5C) and 6773 modified hates were
wsed 1o imfer nine methylstion meodls, see supplemengany Table 53, The
daia was depasited in the REBASE PacBio database and processed with
an imiemnal rebase tood 10 match the methylated enotifs with B-M sys-
bemis, Seven motils wene found o be undque, while two has alnesdy been
described before. Unfortunately, none of the desecied motifs seemed 1o
b gemubne, rather they were the resules of miscalls for the m5C marif,
Although ane SmE type 1l methyltransferse was found in the € dialic
[EM 15410 genome (M, Cdil 541 BOORFI4TTOR), 5 necognitbon site
was not matched with detected motifs as PacBio gives unreliable results
for m5C motils, Besides from ovpe N methylase, & ype 1V medhyl-
directed restriction enzyme (CdilS41000RPL4235F) was found, see
supplementary Table 54, Activity of R-M sysiem in C diodiz DSM 15410
wis recently proved by Li et al. [55] as foreign DRA could pot be
transiormed inoo the cell without pre-methylation. Surpeisingly, will-
zation of it own methyliransferase (M.Cdil S410CORF2Z4T10P) did not
bead o successful transformation. This result suggests that type [V
(CAi T 541 OORF] 4235F) resiriction encyme or additional kithermo un-
kmown B-M system is active in € dialls DSM 15410 Unforfunately,
PacBio data are insullficient 1o resalve this problem, because unkeown
sysiem must recognize cytosine residues, and nesds to be supplemenied
with bisalfise sequencing in the furuse 1o capiune active B-M system.
Mevertheless, 14 ef al. [55] meanwhile proved that C. diolis DSM 15410
can be mransformeed using DNA pre-methylaed by methylatmansierases
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Fig. 3. A circular cheomosome map of the C diodls D56 15410 genome. The ootermoat and sscond coiermost circles represent Ci¢5s on the forward and revene

widle the robors distinguish betwesn tRNA, rRNA, and neRMA. The bnner shaded ares represents (from outside o) GO comtem and GC skew plotted osing a 10-kb

wizaiors with step of 204 bp,

(ML Coe?430 and M. CoeT4MD from C. callulovorans DM 7438,
Additional information usefol for the futre englreering of the sirain
can be found in CRISPR arrays, A CRISPR-associated system (Cas) forme
a kird of bacterial immune sysiem that provides protection from foreign
genetic materal, inchiding plasmids [59). On the other hamd, CRISPR-
Car systems can be akso used for genome editing. Although the pech-
nibgise foaind by urlbiestbon mainly for the genome editng of eularvoges,

it has alrsady been applied to closely related (see below) strain of
. Beijerinckil [60], We found four CRISFR armays in the C diolis DSEM
15410 gename, see supplementary Table 55, The sizes af arcays canged
from 144 bp in 844 bpand two 1o 11 spacer units. Except for the shorest
one, e remaining three amrays bad cod or cas like gemes In their
meighborhonds, see supplemeniary Table 56, Unfortumately, none of the
o gienes coded the Cas9 protein wed for gename editlng, Nevertheless,

B sublils sir.

100
j C. difficils ATCC 9689
C. leptum DSM 753
0l C. clarifiavum DSM 16732
—_

oo

Fig. 4. The phylogenctic placement of O dinks DSM 154100 The blue sectangle contales spoches feom the clusier | “Sera stricen”™ of the genus Clasmifius. The tree
was constracied using Phylophlan 3.0, using it internal dacabase of circa 400 penes conserved acroes bacterial domain. The values represent the boostrap sappor
tused on 100 replicstrs (For berpeetation of the sefetences bo colour in this Bpuee legend, the peader i pefieeved 10 the web verbes of this aniele.)
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this does mot prevent the CRISPR-Cas% beeing utilized for O diolis DSM

15410 genome editing as the Strapiocecens propenes CRISPR-Cas? was
used for € brijerinckil NCIMB 8052 genome editing.

34, Phylogeny

Although the evelution and txonemy of closridia was apdated las
year i a comprebensive phylogenomic study, the € dialis species was
omitied doe o the missing high quality genome assembly [01]. As
Kobayail et al. [12] meanwhile propossd & reclassiBeation of C. diofid
a5 heterodypic synonym for © beflerinckil, meaning they are the same
species, i is evident that © diedis DSM 15410 belongs oo che elasber |
(Senzma  stricto] representing  the “tue™ Clogtridieem  genus, with
. buryricum heirg the ovpe species. As the reclassification was hased on
incomplete penomes, we decided to verify its aconomic plestement and
selected several solveniegenic clostridial species fecan the cluster 1,
several "not frue” clostridia from other clusters, and Bocillis subnfis fo
perform A phylogeeomic analysks, see Fig. 4, Our resubis showed that
. dicdis DEM 154140 traly belengs 1o the subcluster 7 of the chaseer [, as
defined by Cuz-Momles  [51), with O bedlerinckil,
L saccharoperbutyloceromicim, . saccharoburficum, aml C. bufyricum
being the most closely related species. Thus, we confimmed results of the
study by Eobayashl et al. [17] that was wnlike cur siady carried ow
using only draft gemsomes.

Digital DNA 1o DNA hybridization (dDEH) analysiz asing typse sirain
penome server (TYGE) [62] and newly assembled complete genome
comflrmed that rype stralns C, diofis D56 15810 and O bedlerimckil DM
791 reached value of B5.2% confirming they are the zame species.
Hevertheless, using known complete genome sequences of C beilernckil
gtraing, we found oot that the salees is higher (BB.&%W) for the srain
C beijerinckl NRAL B-598, suggesting this stmins and ¢ diolis DSM
15410 migha be closely relaved,

We performed compamative cultivation sxperiment of C diolis DSM
15410 with twe closely-relsied C beflerinckeli sirains, C bedlerimekii
WCIMB BI52 and C beferinckil WRAL B=55%8 (former O pestesmanim
WRRL B-558 [12]), see Table 3, which revealed some differences be-
tween them and C disdis DM 15410, Farstly, O diolis DEM 15400
exhiblied beter glecoss consumption ardd salvent production fn RO
mediam with glucose rather that TYA for C. befjerinckii strains. At the
samee time, a moch lower frequency of random “ackd crash™ events, when
solvents production was not indciated o was suppressed, was observed
an TY A medium without pH controd, in comparison to both © bedjerimckii
WHRL B-598 and NCIMBE 8052 strales, Secondly, abiliy o unilize glye-
el and produce 1,%:propanediod and isopropanod in gheeose mediem
whs agaln confirmed for O diolis DSM 15410, which was not observed
Tr thee B bested © bejferinckd straing. Mevertheless, thess abilities were
observed for orher C. beffeninckdl stradns, such ax, 1,3-propanediol pro-
duction by type strain . befjerinckii DSM 791 [57] or isopropasal pro-
duction by . befierinckil DSM G423 or © belfeinchl BGS1 [45,64],
Olservable growth af twi O beijerinoki strains was surprisingly detected
in RCM medium cantaining gheeerol. However, this can be attributed o
the composiden of the medivm that (e feh and complex ard compains
various altemative sounces of carbon and energy. The slight decrease of
glycerel concentration shown in Teble 3 might be thus ansibated oo
ather than utilization processes, for example, the adhesion of glyeerol to
ol walls oF cedl debais,

A5 Selevted genes da coratral mstaboliam

Homologues of all identified genes playing & key robe in the central
mitabalism of £ befferinckil NRRL B8998 [£5] and £ beferincki] NCEMB
BOS2 [15,66] wene found In the C, dialls DSM 15410 genome, seé Fig. 5,
Acidogenic enzymes phosphate acetyltransfernse and scetate kinase
encoded by pa (FIKZ3.06270) and ack (FIK33.06275), phosphate
bistyryltransherase and butyrate kinase encoded by peb (FIK33_01180)
and buk [F3E33 01185) caralyze the produciion of acetabe and butyrse

Ciemonncs T2 (2001) 1 POR-T1E9

fromn their respective oA precursors in the mrain, These genes, cxoept
bisk, wore found in a single copy in the genome; homologous buk genes
are FAK33 20500 and FIK33 234485, The re-assimilation of wscds,
ohserved during salvemogencsis, wad catalyeed by 8 CoA-iransierase,
subuniis A and B of which are encoded by cifd (FIKES 19550) and
cif B (F3EIZ_19595), We belleve thar these genss encoding Cod-
trunsferase together, with two genes encoding solventogendc encymes
abdehyde dehydrogenase ald (FEE33_19565) and acetoacetate decar-
baxylese ode (FIE3_ 196000, form the wol operon in C. diofis DEM 15410,
even though Operon-mapper labeled the ald gene a5 B separace operon,
This drecture of the sof eperca falls under type [ 20l operon, which cn
also be found in C. beflerinckis, C. pumicessm, . soccharoburylicum and
. cumt [67]. Multiple homelogous genes enood-
ing butanol dehydrogenase (hdh) and old were annotated in the gerome,
mowerer, A moe desdled srudy 5 needed o confirm which ones are
actively expressed in the strain. The production of isopropanol from
acetone was probabdy caralyzed by NADP-dependent soprapanol de-
hydrogenase encoded by adh (FIK33_1481%5), which shares high
squende similarity (95, 54%) with CIBE_3470 from C. bedierimckil DSM
GdZ3 [6A4]. Production of isopropanol from acetons s an infepesting
feature of the siraln, which is not common amoeg solventogenic clos-
ericlia and i3 mosaly performeed by C. beflerinckii strains [47]. 1t i3 possilsle
thai NADP-dependent isopropanc] debydrogenase encoded by mdh
(FIE33_14815) can be expressed in more shsdied closaridial steains ta
ohtaim IBE producers. This was  already perfommed for some
G acetoburyficunt @rains, however, expoessed gene was closed from
. hefjerinckii DSM G423 [= C. beferinckil NRRL B-593) [02-71).

The bicsynibetic pathway of 1,3-propanedicl in C. dolis DSM 15410
s probably catalyzed by coenryme Bl Lindependent glycens] dehy-
dratase, glyceml debydsaase activanor and 1,.3-propanedicol dehydro-
gemase, s#e Pig 5, encoded by dbef] (FEE33_19825), diaef?
(FAE33_19820], and dha¥ (FIKIZ 19810), respectively, This pathway
sirscture is dmilar 6 the 1.3-propanediol pathway of Closridium
i WRIIT18 [72), however, becase multiple homologues
emceding glycerol delivdratase can be found in the genome of €. dialis
[5hE 15410, other genes may also take part in biosynthesis.

The hicayrbetic pachway of 1,3-propanediol can b A pesspective
target for futiere research and strain engineering as it allews 1,3-pro-
panediod preghisction from glycerol and close oo Bone acerone prosd -
ticm, the desirable state when cultivation is dore to produce biofuels.
Recenly, the firss protocol for genetic mardpulation of the stradn was
tested [54] demonstrating enhancement of butanol or 1,3-propanediol
productions and batyl acetate formation as a prool of cancept. Cnly
few published studies describing exprstsion of 1,3-propanediol pathway
in solventogenic clostridia exist. In one of the stadies, 1,3-propanedicd
pathway from © balyricus wat expressed in C acetobufylicim, and
when engineered strain was cultfvated ax fed-batch culture, & higher
conceniration and productivite of 1,3-propanediol than thar al the
matural producer was observed [73], Expression of the pathway is mare
often studied In £ colf, whene geses from the Klehsiolla prsumonsdae are
asually expressed [74,75). Neveribeless, also genes from C bestyricem
were successfully used [76), Because majority of naturad 1,3-progane-
diol prodicers, inclisling K. pacammnios and C. pastrurianmm, camy co-
enzyme BlZ-dependent glycernd dehydratase, production process
requined mipplementation of a high-cost vitamin B12. However, wup-
plementation I not required for cultivation of C. butyrioum VPILT1E,
bearing coergyme Bl 2-lndependent glycersl debypdraase [72], The
same applies to . diofis D58 15410 as high production of 1,3-propane-
dinl was observed |n optimized mediem not sapplemenced with the
witamin [Z4]. The explanation is the same B12-independent glycerod
dehydratase (m the . diplis DEM 15410 genome [FIKA3 19825) sharing
high sequence similarity of the protein product (98.60%) with the cor-
responding enzyme in C burpricum.
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Table 3

Compartcn of C dinlls DSM 15410, C, befferimckil NCIMB 5052 and . befjerimctll NRAL B-598 [former C pasteurianues NREL B-556) cell morphology, earbobgadome
consumption and metabolites production i different media.
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Fig. 3. Ceniral metabolism of Clogridium dinlie T8 15410, Main subsirstes {ghycerol, glucoie ) and main products (1.3-promanediol, H;, lactate, aoetate, acetone,
ethsend, opropanol, butyrste, and bl are Bighlighind in bold. Homolegues of genes Baving & key rode bs the contrad metabolism of . bellanineiil NRRAL B-528

anad C. beflerinekll NCIME BOSE are indicated in bloe boges. (For interpretation of the reierences bo coliour in this figure legend, the reader (8 refemred to the web
version of this ariche.)
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4. Conclusions

We assembled the first complete genome sequence of the type stmin
Closiridéum diolis DEM 15410, Genomie snalysis of the steain DSM 15410
showed that its genome is a single circular chromosome with a size of
5,940,808 bp that contairs 5244 ORFs divided e 3224 operons. We
supplemented genome data with the genera] chamcterizastion of the
strain wsing microscapy, HPLE, and other techndques oo demonstrane
phenotype abilities of the strain for utilization in the production of
hlofuels. Moreaver, we performed a phybogenomie analysls oo confirm
its placement within clusber | [Sensu stricto]) of the genus Cloreridinm and
to confirm that C befferickl and . ddolis wre the same species. On the
other hand, we highlighted differences of the strain C diolis DSM 15410
by compamtive cultivation with two selecied € bejjerinckl strains.
Albsoizgh we found foar CRISPR asrays, three of them with cas genes,
which could serve as an immuone system against foreign DNA, we also
foumd 16 putative prophages in the C diodis D5M 15410 genoene sug-
gesting that future engineering of the strain with additional DNA would
bt possibde. W analyzed and reported R-M systems thar coubd prevest
gene tranider info © diolis DSM 15410 genome. Although PacBio anal-
yils proved po significant m4C and m6A methylations, and the
remaining m5C methy base bcked couplod restriction enzyme, addidonal
exploration by bisulfite sequencing will be needed fo fully describe B-5
systems in © dislis DEM 15410, Evennsally, we snalyeed genes of the
cenital metabolism and found genes encoding isopropanol production

from acetone ansd 1.3-propanedicl biosymbetic pathway, perspective

Dats availability

The gemonse assembly refersd i this paper b8 the version
CAHI99E.1. The whole genome sequencing data have been deposited
in the NCBI Sequence Resd Archive (SRA) ander the project accession
number PRINASESTS.
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Abstract

Schiegelalla thermodenolyrnerans 15 a moderately thermophiic bactenurm capable of produang pofyhwdnonyalkanoates—biode-
gradable polymers represanting an alternative to conventional plastics. Here, we present the first complete genome of the type strain
5. thermodepahrmenans DM 15344 that was assermbled by hybnd approach wsing both long (Ceford Manopore) and shert llumena)
reads. The genorme consists of a single 3,858, 501-bp-kang circular chromosome with GC content of 70.3%. Genome annotation
identified 3,650 genes in total, wheraas 3,598 apen reading frames belonged to protein-coding genes. Functional annctation of the
genome and divisaon of genes into clusters of arthologous groups revealed a relatvely high numiber of 1,013 genes with unknown
function or unknown dusters of arthalogous groups, which reflects the fact that only a Ftle & known about thermophilic
polyinydromyalkanoates-producing bacteria on a genome level. On the other hand, 270 genes swobved in enengy conversion and
production were detected, This growp covers genes invobved in catabolic processes, which suggests capabilty of
5. thermodepolyrmenans DM 15344 to wilize and biotechnologically comert various substrates such as bgnocellulose-based
saccharides, ghycenol, or lipids. Based on the knowledge of its genome, it can be stated that 5. thermodepolimmenans DSM 15344
i a very interesting, metabalically versatile bacteruem with great biotechnoalogical potential

Key words: de novo assembly, bybrid assembly, functional annotation, PHA,

Significance

HHWMMMMWDSMEMHJWEWMWufmﬂ
polyhwdroxyalkanoates (PHA}—microbial polyesters representing “green” altemative to petrochemical polymers, The:
fact that the bacterium grows and thrives at elevated temperatures brings numesous benefits (e.g.. reduced risk of
contamination) which might pesitively influence the process of PHA production. Moreover, due to enormous meta-
bolic flexibility, 5. thermodepolymerans D5M 15344 is capable of PHA production from human food chain non-
competing substrates such as lignocelluloses and other waste streams of the ageo-food industry. Even though the
strain DSM 15344 s biotechnologically promising, genomic information on this strain is scarce. Here, we describe the
first complete genome of the 5. thermodepolymerans DSM 15344 that will facilitate stedies on its PHA metabolism

and enable us to further investigate and improve its biotechnological potential

0 Tha Aagthorhy 2021, Bublshed by Credond Uiniverity Press o ieshatf of the Sogiety for Moletuls Biclogy snd Bschuton
Tt 5 o Dpen docess arbcle desrbsted wunder the tenm of the Crestes Commons dtirbation Loeme [Fos Soesresmmmars pepfiiermebail O, whch permits urrestraied ene,
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Introduction

Polyvhydrowyalkanoates (FHA) are pobyesters of hydroxyaka-
neoic ackds. As the PHA are produced naturally by micrcbial
fermentation, they can be regamded as an ervironmental
friendly  altermative 1o petroleum-based  polymers
iMuhammadi et al. 2015; Sabapathy et al. 2020). Although
some facts reganding PHA fermentation are known, for exam-
ple, microonganisms use PHA to stone unused energy and car-
bon into oytoplasmiin a form of intracellular granules and these
granules help the organism to cope with stressors (Obruca
et al, 201 8), additional basic knowdedge is needed to establish
wviable industrial processes. Although production of bloplastics
i5 corsidered to be the future way and inseparable part of
crcular economy, kess than 1% of the total plastic production
comes from bioplastics industry (Shogren et al. 2019).

The type sirain 5 thermodepolmenans DA 15344 5 a
thermaphilic, Gram-negative bacterium that was originally in-
vestigated for its ability to degrade extracelular PHA materials
such as copobyrmers of 3-hydrosybutyrate and I-mercaptopro-
pionate (Elhanna et al. 20031 5o far, two draft genome as-
sembilies of the strain were published. The assembly available
under the GenBank accession number GCA_ 009334151
submitted by Zhejiang Academy of Agriculiural Scences oon-
sists of 48 contigs with NS0 length of 174,537 bp and the
assembly GCA_D03345825.1 by DOE Joint Genome Institute
contains 28 scaffolds with NSO length of 324,832bp.
Although these represent relatively high-quality draft assem-
bles, probably due to missing high-quality complete genome
assembly and functional annotation of the genome, other
important features of the strain remained hidden. Onby re-
cently, its abikty to produce PHA was reparted together
with the umque capability of sylose utlization (Kourilova
et al.  2020). Optimal growth  temperature  of

5. thermodepolyrnerans DM 15344, 55°C, reduces the sk
of microbial contamination; therefore, the strain presents an

ideal organism for wihlization in the “Hext Generation
Inchestrial Biotechnology” concept m which biotechnological
process 5 oonducted under unsterile conditions (Chen and
Kang 2018). In this article, we present its first high-quality
compliate gename sequence, which & currently a reference
sequence for 5 themnodepolmenans speaes in GenBank
datahase. We annotated the gename, predicted the openon
structure, and searched for prophage DA, and CRIGPR arrays.

Materials and Methods
Growth Conditions, DA Extraction, and Sequencing

Schiegeiela thermodepolmerans DM 15344 was oblained
from Lebnz  Wstitute  DSME-German  Collecion of

iMicroorganisms and Cell Cultures Braunschwesy, Germary.
Optimal temperature for bactenal growth was 55°C, The in-
ofulum was developed in mutrient-rich medium Nutrient
Broth (HiMedia, Indial containeng peptone 10,091, beef

extract 1000 g, and sodum chionde 5091, After 24h, 5%
of the bacterial suspension was inocculated into a mineral salt
medium composed of Na;HPO, - 12 Hy0 (3.09/1), KH;PO,
{1.5gM, NH,CI (1.091), Mg50, - 7 H0 (0.29M, Cally - 2
H;O (00200, Fe™NHctrate (000129, yeast extract
0.5, 1mi of microslements solution (EDTA [50.051],
FeCly - 6 H;0 [13.804], ZInCl; (08401 CuCl; - 2 Hy0
[0.1201] CoCl; - 6 HO [0.1 gA], MaCl, - 6 H;0 [0.01601)
HyB80; 100191l dissolved in distiled water), and a xylose
200g0 as a cabon substrate. Schiegelsla therrnodapobe
merans DS 15344 was cultivated in mineral salt medium
under the same conditians &5 the incculum.,

Genormic DA was extracted using Magattract HROW DRA,
Kit (Qiagene, NL. The DMA purity was checked using
HanoDrop (Thermo Fisher Scientific), the concentration was
measured wing Qubit 2.0 Fluorometr (Thermo  Fisher
scientifich, and the proper length of the solated DMNA was
confirmed using Agilent 4200 TapeStation (Agilent technolo-
gies). The sequensing library for Oxfond Manopore sequencing
wirs prepared using Ligation sequencing 10 Kit (Oodord
Hanopaone Technologes, LK) The sequencing was perfonmed
using the R9.4.1 flowcell and the MinlOM platform (Oxford
Hanopore Technologiesh. The sequencng library for short-
read sequencng was prepared usng KAPA HyperMus kit
and was carried out using Miseq Reagent Kit v2 (500 cycles)
and lllurnina MiSeq platfeem (llumina).

Genome Assenmbly

The Manopore reads were basecalled usmg Guppy v3.4.4
(hiipsfcommunity nanoporetechoom,  last  accessad
septermber 18, 2020, and quality was checked wusing
PHRIOMOC (Lanfear et al 200190 Subsequently, the reads
were assembled with Flye v2.8.1 (https:dgithub comfender-
alasaFipe, last accessed October 2, 20200, Polishing was done
using Racon v1.4.13 (Vaser et al, 2017) and Medaka (hitps.y
github.commanaporetechimedaka, last accessed October B,
2020) aunliary PAF files wene generated usmg minimap2 (L
2018). The llumina paired-end (PE) reads were initially quality-
checked using FastQl v.11.5 and BuliQC 1.7 (Ewels ot af
2016). Trmmomatic v1.36 (Bolger et al. 2014 was subse-
quenty used for the adapter and quality trimming. In the
next step, timmed Buming PE reads were mapped 1o the
Hanopore intial assernbly using BWa w0717 (HI 20130
Finally, the obiained msembly was polshed using Pilon
V1,23 (Walker et al. 2014); awdliary BARM files wene obtained
using Sahiools L et al. 20090 As the [ast step, the final
assembly was rearranged accoedng to the replication orngin
{onC) identified using Ori-finder (Luo o1 . 2019), so the Dnad
gene i the first gene,

Genome Annotation and Analysis

Genorme annotation was done through the RCE Prokaryotic
Genorne Annotation Pipelne (PGAF) (Tatusova et al. 2016).

2 Genome Biol Fwl 13(4)  doi: 10,1093/ gbe/evsb007  Advance Access publication 12 Jsnuary 2021
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An operon prediction was performed wsing Openan-mapper
{Taboada et al. 20:18), and the results were manually inserted
into the genome record. Functional annofation of the proten-
coding genes was performed by dassifying them into dusters
of orthologous groups (COG) from the eggMOG database
wiing the eggMOG-mapper (Huerta-Cepas et al. 2019
Chramosomal map of the crcular genome was subsequenty
produced with the Artemis (Rutheroed et al. 2000 kintegrated
DhAFotter (Canver et al. 2009). Prophage DA was searched
wsing Prophage Hunter (5cmg et 2 2019) and PHASTER
tarndt et al. 2016). Finally, the annotated genome sequence
was further analyeed for presence of CRISPR lod using
CRISPRDetect tool (Biswas ot al 2016)

Results and Discussion
Genome Assemibly and Properties

Schiegiela themmodepolmerans DAk 15344 initial genome
assambly was reconstructed from neardy 1.8 mallion Oodord
Nanopone Technologies reads with a median read length of
4.9 kb and Tinalized by mapping rmone than 2.4 million high-
quality (average Phred score 0 == 35) llurmna read pairs (85%
of all Muming reads) to the initial assembly, Whole process
resufied into the Tinal assernibly corsisting of ore circular cho-
Mosorme with coverage exceeding 5 500x, The genome has
peen deposited at the DOBLEMBLGEnBanE under accesson
mumber CPOGA338.1.

The genome length & 3,858,501 bp and containg. 3,650
genes i total, didded into 1,729 operons, kost of the genes
are protein-coding sequences (C055), bt 33 peeudogenses
were akso found, which i less than 44 and 50 peeudogenss
defected in previoasly published drafl genome sequences
PSNYOOO00000.1 and QOAPDOD000C0. 1, respectively, The
GO content reached the value of 70.28% which is more than
the average for Gram-negative bactenia (LU and Du 2004
Honwewer, it met our expectations, as it comesponded to the
wvalue 70.3% of the previously published draft genomes, Hagh
GO content can be associated with the adaptation of the bac-
terium to high-temperature environments, Althowgh only sin-
gk copies of rRNG genes were detected in draft genomes of
5, thermodepcdmmerans Dk 15344, the complete genome
SEqUENcE contains 55, 165, and 235 rRNA genes in duphcates.
IMoreower, copies of 185 and 235 rRNA genes difier in three
and one positions, respectively, Such infomation is useful for
Tutureidentification of 5. themmodepalymerans in metagenorm:-
i studies and quantification of its abundance in microbial
studies based on amplicon sequencing, The overall sequence
featunes are summarned in table 1,

Functicnal Annaotation

The protesn-ooding genes wene classified acconding to COG
into 22 categones. in total, 2,576 CDSs were assgned a COG
category with the most prevalent groups E=—aming acd

Table 1

Genorne Features. of Sohlegalaly hemovoepolmera D5 15344
Featurs Chepemascrne
Lergth (bpd 3,858,501
G content (%) MiE
Genes 3,650
Cperons 1,729
o5 3583
Preudogenes i3
rRHA (55, 165, Z35) 282
RHA 51
ncRkA 4

metaboksm and trarsport contaiming 7.80% of the total
number of CO5 (280 out of 3,589) and C—enengy production
and conversion containing ¥.52% of the total number of CD5
(270 cut of 3,589). This suggests that 5. themodepolrmenans
has a functional apparatus capabie of utiszng a wide range of
substrates as reporbed recently (Kouslova et al. 20200
Unfortunately, 9.33% (335 genes) were not assigned any
COG and 18.89% (678 genes) were assigned group 5 with
an unknown function. In fact, such a result was expected as
only a litthe & known about genomes of thermophilic bacteria
capable of PHA synthesis so far. (For detads of each group,
inchuding the number of assigned genes assgned see supple-
maerfany table 51, Supplernentary Material online. )

The position of indhvedual features n the croular genome i5
showmin figure 1. Each COG i marked with a diffenent color,
Morecwer, RNAs are dinded sto tRNA, fRMA, and nofia
categones and displayed in the fourth outerrnost arche,

Searching for viral DNA resulted only in inconcusively iden-
tified prophages. Although Prophage Hunter identified five
putative prophages, PHASTER results consisted of a single in-
complete prophage that overdapped with one candidate
indentified by Prophage Hunter. None of these phages was
identified as active, This is according o our expectations as
phages are vinses for which termperatune & a onucal factor for
survivabiity (Masser and Oman 1999), Optimal temperatune
far growth of the strain (55°C) is 100 hagh for most phages
{Farrell and Campbell 1969), Although a group of thermo-
phib: phages also easts, they usually ooour in specific eminon-
meent (anczvk et al. 2011) and were not identifed in the
5 thermodepodmerans DM 15344 genome, Only 8 single
Ted-bp-long CRISPR array comtaining twio Spacer unils was
found in the 5 thermodepolmerans DM 15344 genomme.
Unfortunately, no cas of cas-lke genes were found in its
neighborhood,  Newertheless, this does not prevent the
CRISPR-Cas9 being utilized for 5. thermooepolyrearans DEM
15344 genome editing as a foreign systern could be used,

Supplementary Material

Supplementary data are avadable at Genome Binkogy and
Evoluiion online.
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Identication and Validation of
Reference Genes in Clostridium
beijerinckii NRRL B-598 for RT-qPCR
Using RNA-Seq Data

Katerina Jureckova', Hana Raschmanowa®, Jan Kolek?, Maryna Vasylkiveka®,
Barbora Branska’, Petra Patakova®, ivo Provaznik' and Karel Sediar

! Dapaiment of Bomeoica’ Enginesding, Faoufy of Blacirical Engnsening and' Communicadion, Bmo Linfersly
of Technoiogy: Bmo, Coacta, * Deparimers of Biolachncingy Dinvensy of Chamislry and Technoiogy Prague,
Priygues, Crechin

Gene ewpression  analvsis  through  reversa  transcription-guantitative  real-time
polymerase chain maction (AT-gPCH) depends on comect data nomalzation by
reference genes with stable expression. Although Closindium beferincid MRRL B-598
i5 a promising Gram-positive bacterum for the industrial production of bicbutanal,
vakdated reference genes have not yet been reported. In this study, we selected 160
genes with stable axpression based on an ANA sequencing (ANA-Saq) data analysis,
and among them, seven genes [amo, ol !, remS, grad, roolB2, top82, and rimdh wena
salected for expanmental validation by BT-gPCR and gena ontology (GO) anrchmant
anabvsis, Accordng 1o statistical analyses, 2mp and gred wene the most stable and
suitable reference genes for BT-gPCR nommalization. Furthermore, o mathodology
can ba useful for selection of the reference genes in other straing of C. bayennckl and
it also suggests that the RNA-Seq data can be used for the initial selection of nowvel
reference genes, howewver, ther validation is required.

Kaywords HEG, housskeaping genes, non-model organisens, biofusl, Closirdium

INTRODUCTION

Reverse lmu:riplmrqumlitll'.i.lt real-lime ]:lul:rml:mu chain resction IR'rqu‘CH.} i the mos
commaonly used technigque to quantify gene expression dwe to its high sensitivity, specicity, and
reproducibility (Ginsinger, 2002). Correct quantication of mEMA relies on data normalization
that removes dierences in the extroction yield, reverse-transcriptase activity and eciency of
BCR amplication (Vandesompele et al, 2002; Bustln et al,, 2009). The most commonly ased
normalization method utilizes the so-called reference genes against which are gene expression data
relatively quantied. Reference genes should maintaln a constant mBMA expression regardless
of the experimental conditions, dicrent tissues, cells, or life cell phases (Derveaus o1 al, 2000},
Thus, correct selection plays a crocial role in accurate data normalization. However, there is no
universal reference gene and many studies have shown that the expression of commonly used
reference genes is not always stable (Liang et al,, 2014; Chapman and Waldenstrifim, 2005 Jo et al.,
2019), and reference genes should be selected individually for each organism and experimental
condition {Liang et al,, 2014}, Furthermore, literature mining is ot an appropriate approach for
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their selection and canm be wsed in most cases. On the other
hand, recent studies use RMA sequencing (RMNA-Seq) technology
for the evaluation of the whole transcriptomes 1o nd nowvel
candidates for reference genes (Carvalho et al, 2004: Ho et al,
2016 Pombo et al, 2007

Thus far, suitable reference genes have been determined
in dierent Clastridivm species, such as Clastridiiem dicile
{Metcall et al., 20100, Clastridivim botulinum (Kirtk et al.. 2004},
and Clostridinm [urgdahlii (Lin et al, 3003k In Clostridinm
beijerinckii MCIMB BO52, 177 putative housekeeping genes were
previousty identied based on transcriptomic data (Wang < al,
200 1), However, thus far, no evaluation study of reference genes
has been performed for this species. © bedferinckii has been
found o be a promising mkcrooeganksm for industrial production
of bivhutane, and eorts 10 increase butanol productivity by
means of genetic and metabolic engineering of its strabns hove
been recently reported (Agu et al, 2001% Xin et al, 20200,
However, the strain engincering of C. beiferinckii is hindered by
instcient understanding of cellular physiology and regulatory
mechanisms of gene expression, Despite the récent progress in
CRISPR-associated methods of genetic engineering tallored 1o
€. befferinckii (Wany ot al, 2016), the wentication of valid
endogenous reference genes for RT-qPCR is lacking.

In the present study, we selected seven putative reference
genes (omp, rpoll, smB, gred, rpoB2, ropB2, and rie0) for
. beijerincki WRREL B-598 based on the REMA-Seq data that
were obtained under dicrent experimental conditions and
at dierent time-points. The seven candidate reference genes
were described and summarized by the gene ontology (GO)
enrichrment analysis and further tested for expression stability
by ET-gPCR experiments and evaluated by foor statistical
algorithms: NormPFinder (Andersen ot al,, 2004), RefFinder (e
et al, 2012), Coecient of variatbon (CV) analysis {Boda et al,
20090, and Pairwise ACH method (Silver et al,, 2006}, According
to the stability rating, we identied a povel set of reference
genes that can be used for the normalization of RT-qPCR data
of € belferinckll WREL B-598. As the sirain C Dbedferinckil
MERL B-598 shares high homology with other . beijerinckii
strains (Sedlar et al, 2017}, the resulis will be useful for all
straing of Uhe species.

MATERIALS AND METHODS

RNA-Seq Data Pre-processing
RNA sequencing data were oblained in our previous studies
in which we rst observed the transceiption changes during
standard ARE fermentation of h!_j:'r.l'ncﬁ.l' {Sedlar et al,
2018 Patakova et al, 2009y The RMA-52q data consisted of
ve r:]:lii:nlr.t and six .n.mplu."liﬂ'bc-gﬂi.nl.l per !'I'P!I.ﬂ‘l.l'_ Mext,
we evaluated the transcriptional response of T belferinckil o
batamol shock (Sedlar e al, 2019) with two replicates and
six samples/time-points each, Together, the available RMA-Seq
transcriptomes consdsted of 42 samples collected across 12 diverse
1im:-pn'mbu.uﬂmndilinn:{.ln:'ﬁﬂ: 1.

Pre-processing of the RNA-Seq data was performed in the
SAME manner as in oar 'F!m"inl:u: ifodies. However, the :.:u]FH
was recaloulated to ensure the utilzation of the same versions

Friortias 1 Flacrobaicnry | weew et i

Chsinoe fepariecid RT-QCH Falonenod Do

of particular tools for all samples. The data quality aisessment
wis conducted by Fast(C {(v0.11.5) and summarized reporis
across samples were generated by MultiQC (VET) (Ewels ef al,
M6k Trimmomatic software {vD.38) (Eolger of al., 2014) was
used for quality and adapter irimming. The KNA-5eq reads
corresponding to 165 and 235 rENA genes sequences were
hered out by SonMeRMNA (v2.1) (Kopylova et al, 2002) and
SILVA database {Cuaast et al, 2003) (v132). Cleansed reads were
mapped by STAR {v 2.7.3a) (Dobin et al, 20013) to a reference
genome of C. beferinckii available in the GenBank database
under accession CPOL1966.3, Mapping results in SAM (Soquence
Read Alignment/Maph be format were indexed and converted
to BAM (Binary Read Alignment/Map) les by SAM-1ools (v1.7)
(Li et al., 2009,

Mapped reads were counted by the featureCounts function
from RB/Bioconductor Bsubread (v2.2.6) package {Liao et al,
20E4, 2019), utilizing two counting strategies: one for uniguely
mapped reads and the other for multi-mapping reads. Raw
coant tables were further processed in B (v4.0.2], using custom-
made scripts, and then used for estimation of TPM (transcript
per milllon) values for cach gene and sample. From obtabned
TPM values, we determined the mican valee and CV [standard
deviation (S0 to the mean ()] of TPM valises for each gene.

Furthermare, we performed dierential expression analysis
on raw <ount tables wsing RiBioconductor DESeqd (vl 28.1)
package {Love et al. 2004) between all 12 time-points. A GO
enrichment analysis was conducted by the RfBioconductor
opGO (v240.0) package {Alexa and Rahnenfurber, 20200 based
on the €. betjerinckii GO annotation map created in our previous
study (Sedlar et al., 2019,

Selection of Candidate Reference Genes
The sclection of candidate reference genes was conducted by
a series of Mering steps according to the results of processed
EMNA-Seq data: TPM values, CV of TPM values and results
from dierential expression analysis. Based on the results from
dicrential expression analysis between all 66 time-points pairs,
wi counted the number of times cach gene was not signicantly
regulated, p-adjust value > 0.1 (BenjaminiHochberg correction)
and Itered out all genes that did not pass the threshold of
50 insignicant changes. In the next step, we eliminated genes
with a mean TPM value lower or equal to 35 TPM. Finally,
wi removed penes with the CV of TPM greater or equal to
%, After cach data Mering step, we compared results from
both counting methods (unbque and multi-mapping opthons],
n.ndmﬂ].' the genes r:'pnnrd‘l:ry bath methods were EII.'L-.I-En"Ed for
further processing,

Samples for RT-qPCR

The gene expression of the seven candidate reference genes zmp,
rpaBl, remB, gred, rpoB2, fopB2, and rim0 were assessed in the
following cultivation samples: T1, T6, Tp0, Tp2. 00, el and ] _CH
(sec Supplementary Malterlal 1). The origin of the samples T1,
Th, Ty anad Tyt ix described in oor pu'mlinl.u In.nﬂ:ripl.-ﬂu'ni:
studies (Sedlar et al,, 2008, 201%9) (sec Table 1). Bricy. samples
T1 and Té were oblained during 4 bioreactor batch cultivation af
., beijerinckiil MRRL B-598 on the TYA medium at time points of
3.5 and 23 h, respectively (Sedlar et al., 2018), Samples Ty and
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TABLE 1 | Frdt- S sarmpben
Sample rETie Mumbear of Cultivation conditions
raplicated
T
5 Bioreactor culthation, TeA modiem
TH
Tel
2 Moreacior oulthation, T, modium
Eonipinng ghuooss, Hutsnal Rodifion
Tet fat )

T2 were obtabned during bioresctor cultivation of C. berfjerinckei
MRRL B-598 on a TYA medium with added butanol at time
pednits O amd 1 b after butanol addition, respectively (Sedlar
el al, 2019), The mnplu e, 10, and t1_CH were obtained ay
follows: 480 ml of the TYA medium was inoculsted with a spore
suspension of C. beijerinckii NEEL B-598 and culiured overnight
at 37°Clin 90f% M2/ 10% H; atmesphiere in an anserobic chamber
(Concept 400; Ruskinn Technology). An overnight grown culuare
(12 h old) was split into two parallels per 240 ml, and the
antibéotic chloramphenicol (30 jug ml™") was added to one of
the parallels. This point was se1 as time point zero (1), After | b
of incubation, a sample was withdrawn from both wntreated (21)
and chloramphenicol-treated (11_CH) cultures.

RMA Isolation and Reverse Transcription
Samples of the culture broth for the BMA solation were
centrifuged {13,000 g, 2 min, 4°C}). The pellets were then washed
with koe-cold distilled water and resuspended and diluted 1o
reach optical density (measured at 600 nm) of approximately 1.0,
Mext, 3 ml of the suspension with the ODge = 1.0 sample were
centrifuged, and the cell pellet was immediately stored at —80°C
for subsequent RNA isolation, Frozen samples were thawed on
ice, and the total RNA was solated using the High Pure BNA
lsalation Kit (Roche Life Science, Basel, Switzerland), according
to the manufactures instructions. The quality and concentration
of the RNA samples were checked on a nanodrop machine
{Thermo Fisher Scientic, Waltham, MA, United States).

Reverse transcription of RNA samples was performed
with the Tranmscriptor First Strand <DMA  Synthesis  Kit
{Roche Life Science, Basel, Switzerland), according to the
manufzchures instructions,

Quantitative Real-Time PCR

All R'l'-qF'{:E :n:l':rh,-:l werg pﬂﬁ.rm:ﬂl in Qumlﬁh.ld.in
5 instrument  (ThermoFisher Scientic, Waltham, MA,
United States) using the 5 = HOT FIREPo] Evalireen gPCR
Mix Plus (ROX) (Solis BioDwne, Tartw, Estonial, The reaction

Friontes i [ abmticary | wewes e et G

Cing e faspanichi FT-gP 0 Parkadgncn Gaeress

Tenerpoint i ol Sompie descripiien Rularences
culthvatian|
A5 Tkl s Tl ol OF icCickgpmna
phass when O0 600 rem mschesd
AR 1 Fenc w8, 2OVR:
Sninkirn of I,
21108 iy Thon s
x| Tobotry (N Sanhaprd (o ik, of ol 3019
e red matuns spncnes vesns
e
& Tk (DT Carlong Dulnmo] Bk,
Gl o it Bestwvmer Scitcgenenss
Al SO DgEnass Sanclow ok @l AR
Frlakiren of o
T Takan 1 h el spproeamately 4.5 gl S0
(s bothal conoentrbion) of il
e Sl o W e B cipiune

shor b responss 40 e shook

mix (20 pl} was prepared sccording to the manufactures
instructions, using each primer (see Table 2) in the nal
copcentration of 200 nM. The cycling conditlons were set
according 1o the manufscturens instructions, wsing a primer
annealing temperature of 61°C, Primer specicity was conrmed
through melt curve analysis after the cycling stage (95%C for
15 min. 61°C for | min, 95°C for 1 s). All RT-qPCR analyses
were performed in triplicates, and the absence of contamination
was conrmed by running no-template and no-RT contrals,

Polymerase chaln reaction eclency was determbned for each
sample using a 5x serial dilution of cDMA samples (5x, 25x, 125x,
and 625x), ranging between 94 and 110% for all samples with the
correlation coecient 82 = 0.99. For each gene in each la.rqphr.
the average C; valoe from the dilution interval 5625x was used
for further data analysis.

RT-gPCR Data Analysis
Four dierent algorithms or statistical methods were used For
the evaluation of the stability of gene expression, These included

TABLE 2 | Secpscns of porimers ulesd ko quisniitalie nesl-tirne PO

Target Forsard primar Reversa primer
gans

Foo ] TOCATCARCAS TATGTCATTG
[z _a0e GEGLTTTGAS GTEOTGOGTE
a1 ACEAAGTTAG TGHOET TR
e 25ad0) GAGCAGAGTS TITCAADCS,
ramd AOTGCACCTG COANGOOCTS
[T 0T GTGGTARARDT BACRATTAAT
Fed GCAGARGLGEA TOOGETETGEA,
PR MG CUTATTAA, ACTGTTAROCTS
f e AAGATOGOT ACADCTATTT
[ _ e AAEREAATEET GETOOoCATS
g TATTIAGCE TOTGECTTITG
[ _ ey CAGOOODTATT COGCATCTTC
[ COTEOTARAAY, GACUATT AT
[T B0450) TERATGRG0A, AGCTTCTTCCA
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TABLE 3 | Cancldete nvlensncs gores of O, besenncia NRFAL B-564.

Ganse areotation Abbe.  Locus tag

Sing il alopasrcinsn Foap ] EETE_20TeE
DA -cheptindd RPA Dok Trricsls sl Caslh aofl Ve 2D
TS fANA jofosineBa TP -methytransfeornss Pamll vl X2 20700
Transcrption piangation lacior Gred, grod  NETE_DEGNS
Dol et FEA il Tridecicts sl Eaili EGET  RITE_2RES
Typa WA, D, topoksorresmss: subord 8 o2 EETE R0
A3 rbcesoma prodoan 512 medwitholmralresg RmD Al XETE_AMED

CEoarvior Cassvyacki RT-o0R Rolaresch G

e

Whncee o o, POADr ROl 20T Wi i, 20T Ohormes o il 28

il al

lletcalt of al, 2000 Parg ot al., 2004, L et al, 201 7 Deslonsnen and oo, 3014
Eong of al . 8

hbatca o @l 2000 Bk @l . 200 A W o Bl 2084; Dhormada f @l 218
hipfcolt o ol . 2RI Canadeo ol &, 2004

Eong ol &, 2000

Thwiia QAo b ST Ehchel O I FERAL- e i, P Snddogeic’ Lo, e £ YIS i

MormFinder { Andersen et al., 2004), RefFander (XKie et al,, 20123},
CY analysks (Boda et al, 200%) and Pairwise ACH method
(Sibver of al, 2006].

RESULTS

RNA-Seq Data Analysis

In order to identify putative candidates for reference genes, we
evaloated 5,442 predicted genes of C beiferinekii and applied
several Hering steps to reveal genes with stable expression
inddierent in time and under dierent conditions (see section
Materials and Methods),

First, we removed 4370 genes based on the resulis

from the dicrential expression analysis. Next, we eliminated

according 1o their mean TPM and the number of
candidates dropped from 1,072 o 448 genes. Finally, we
applied ltering step based om the CV of TPM and only
160 genes remained as candidates for reference genes (see
Supplementary Material 2.

In the next step, we narrowed the list of the candidate
genes by considering thelr biclogical function as well as the
fact that the genes with the same function were reported
to be putative reference gemes andfor used as  reference
genes in KT-qPCR experiments in other publications (see
Table 3).

Caleudated CV valwes of seven selected genes based on TFM
values ranging from 18,7 to 29.4%, The most stable genes were
ramt B, zeip, and rirmd (see Table 4).

TABLE o | Coodcont of varation of transcriph por milkon (TRM)] values from both

Gane abbreviation Unigusly mapped reads MulEmapping reads.

CW %) GV %)
] 1T 184
anp 163 208
il 1.9 2.3
el 7 2248
oz 2R 20
ool 251 244
Lol 24 288

M m Aoty | wears oeiserian omg

ﬁl‘l:]'l:r, we pr.rﬁ:nned GO enrichment :.rn]:r.:ia of the mal zet
of genes wsing all genomic loci as the gene universe to describe
their funclionality. We found 22 biological process (BF) GO
terms (see Table 5) and 12 molecular function {MF} GO terms
(see Table 6} that were signicantly enriched { p-value < 0.05,
Fishew exact test). From BP terms, the most signicant terms
related 1o nucledc acid metabolic process, macromolecule
metabolic process or cellular nitrogen compound metabolic
process. The most comeven term for ME GO terms was nuclelc
ackd hi.nd.ing.

Analysis of Expression Stability Based on
RT-gPCR Data

The expression levels, represented by the O values, of the
seven candidate reference genes [zmp, rpoBl, B, gred,
Frof2, wpB2, and rimO) were assessed by RT-gPCR in seven
cultivation samples. The samples were acquired in experiments
with dierent cultivation conditions (standard, Le. untreated
culture, butanol-treated cubture, and chloramphenicol-treated
culture] and at dicrent time points. The mean & values
ranged from 2002 to 333 for dierent dilutions and dierent
genes in dizrent samples (see Supplementary Material 1), An
average Cy value was caleulated for each gene In each sample
across all dilutions, which was wsed for further analysis of
expression slability. The median C, for the dierent candidate
genes ranged from 24.3 to 28,6, indicating that the expression
levels of the dicrent gemes were nod deamatically dierent (see
Figure 1.

According to MormFinder, CV and Pairwise ACt analyses, the
genes with the most stable expression were zmp, gred, and rpeB2
isee Table 7 and Sopplementary Material 1). Using NormFinder
(Andersen et al, 2004}, the samples were gathered into three
groups with respect to the three dierent cultivation experiments
from which they originated. According to RefFinder, including
multiple analytical tools (Delta CT, BestKeeper, Mormnder,
and Genorm), the comprehensive ranking of the genes with
respect to expression stability was zmp, gred, rsmf, topB2,
rpofd, rpeBl, and e, with zesp and gred appearing as the
best combination based on three out of the four tools {see
Figure 2). Using the RefFinder toals, the samples were noi
gathered into groups. Taken together, zrip and greA appear 1o
be the mast suitable combination of genes that can be used for
normalization of RT-gPCR expertments under tested conditbons
in ., befjerinckii NRRL B-598,
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DISCUSSION

Normalization by reference genes is required for a precise
amalysis of gene expression by RT-qPCE. The chokoe of the
reference genes, however, should not solely rely on the gold
standard wsed for the particular cell type, such as 165 rRNA in
the case of bacteria (Hocha e al, 2015), but should always be
systematically and experimentally validated (Bustin et al., 200%),
Moreover, sccording 1o the MIQE guidelines {Bustin et al., 2009),
normalization against more than one reference gene is preferred.

In the case of O bedferinckdl HCIME 8052, a list of putative
reference genes based on the analysis of transcriptomic data
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was previously published (Wang et al,, 2001}, and one of the
candidate genes (peptidase T, Chei_2428) was subsequently used
as a reference for RT-qPCR experiments {Wang et al, 2012).
However, completely dierent set of putative reference genes was

generated for closely-related C. bedjerinckii NRRL B-598 during
our analysis of RNA-Seq data of the strain. Only Chei_1214
was matched by X276_20450 in € beijerinckii NRRL B-598, and
K276_14515, a homolog of Chei_2428 used in Wang t al. (2012}
study, has not found 1o be a suitable reference gene in our case
iser Supplementary Material 2 and section Discussion below),

We investigated the pene expression stability in C Bedperimokid
NHRL B-598 by evaluating both transcriptomic and RT-qPCR
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data. Based on these, we suggest a set of appropriate reference
genes regarding the given set of tested conditions (see section
Materials and Methods).

Identication of candidate reference genes in  C. beijerinckii
was performed by biotmformatics analysis of our previously
puldished RNA-Seq data (Sedlar et al, 2018, 2001% Patakova
et al, M09 All data were processed again with up-to-date
software and packages and we have introduced a new approach
to the sclection of reference genes based on KNA-Seq data.
Pre-processing of our RNA-5eq data remained the same until
the counting of mapped reads. Here, we decided to create
two dierent count tables with two counting options. The st
counting method is strict counting of unique reads mapped
te the genomic loci and the second method also considers
multi-mapping reads. Contribution of all mahi-mapping reads
were split equally among all genemic objects they mapped to
Therefore, the number of reads in the sample remained the
same, Multi-mapping reads present a problem for downstream
analyses as they redisce senaitivity (Canzar et al, 2006} Alithough
several strafegies and specialized tools were propossd to count
multl-mapping reads (Robers et al, 3003 Syvinickd, 2017), for
our purposes, specicity was the principal issue. By selecting
only genes where dierential expression was not detected using
uniguety neither multi mapped reads, we reduced the possibility
of a type | error and, therefore, improved specicity, We are
aware that this approach led w0 a higher possibility of type
M ervor and, thus, to lower sensitivity, However, this would
be problem only for following dicrential analysis aiming at
nding dierentially expressed genes. In owr case, the aim
was to completely redwce amblguities. Next, we decided o
calculate TPM values from obtained count tables, as TPM
coreects dierences in library sizes and gene lengths and enables
comparisons among samples (Wagner et al, 2012).

A selection of housckeeping genes was performed by
evaluation of the counts of insignicant changes in expression
obtained from dicrential expression analysis, mean TPM values,
and the CV of TPM valwes. First, ltering based on the resulis
of the dierential expression analysis, which we used 1o nd
genes with stable cxpression and minimal regulation, removed
genes that were regulated in more than 25% of posible time-
points pairs, In the nest step, we climinated genes with Jow
mean TFM values as we were looking for genes with moderate
stable expression. Low TPM values can result from technical
mirise in the data even after lratbon, In the last step, we focused
on the ltration of genes with a gradual increase or decrease
in expression, which would not be discoversd by dierential
expression analysis. For ltering, we used the OV of TPM
values that can reect those slow changes in expression and
is often used in other studies geared toward the selection of
reference genes (Carvalho et al. 2004 Hu et al,, 2016; Pambo
el al, 20070 Only 16 out of 160 genes identled by the BMNA-
Seq data analysis corresponded to the previously identied 177
housckeeping genes in C. beiferdnokil NCIMEB 8052 (Wang et al,
2011 {see Euprkunt.ll:lrr Material 2), While this miﬁh! supgest
that the reference genes identied in this shedy are not utilizable
for other . beiferingkii straing, we believe this is rather a matter
of the simplied methodology wsed by Wang et al. (2001}, In

Friontiars n e TobetcEy | v P e g

T e Falgenines il FT-0R0R RikaegdDsg O

-4t |

mnp mo81  mmB ek poB2  opBEF omD
mﬂmuﬂ:ﬂmmunmumwn

-, bpiincdcl MRFIL B-508, Dagecied & the i O vl caluialad for
naxch candieiain relorenos pone aoroas ol sampas. Tha Bowes inchoats the
26ih e TSN pebrcieiog. i I o Ders ndices e rrasienum i
frnirLET walies gairod acrmes The samgies for sach Qana

their stdy, the identication of HKGs was only & supplementary

result and calculating CV from RPEM valuss appeared to be
imapprogriate (Wagner ¢ al, 2002} Moreover, identication of

HEG based solely on the RMA-Seq data is less specic, see section

Discussbon below.

Final selection of the seven candidate reference genes (see
Table 3) for RT-qPCR cxperiments was summarized by a
GO enrichment analysis. GO enrichment analysis of biological
processes revealed 22 enriched terms at signicance level o= 0.05
af the Fishes exact test (see Table 5) and most of the enriched
terms refated to nucleic acid metabolic process (GORRO0S0304)
and BMA metabolic process (GO:B016700) terms, which
correspond with terms identied in other bacterial strains {Rocha
et al, 2015). MF GO ennichment analysis revealed ten enriched
terms and the most common term nucleic acid binding
(GOMTE) corresponds with identied biological processes
(see Table 6).

Based won  the RT-qPCR  cxperiments, zmp  (zine
metallopeptidase), gred (transcription elongatlon factor Gred),
and rsmB (165 rRNA {cytosine(967]-Ci5)-methyltransferase
FsmB) were the most stably expressed penes (se¢ Table 7
and Figure 2. In pathogenic Clogridium species, the zine
mctalloproteases act like neurotoxins {Breidenbach and Branger,
M) or are iovolved in the degradation of extracellular
substrates {Cafardi et al, 2003}, The transcription Bctor Gred is
evolutionartly conserved and widely distributed in prokaryotes
(Marr and Hoberts, 2000} The 165 rEMA-methyltransferases
ensure methylation of 165 rEMA and in Gram-negative bacieria
are invodved En resistance o :mmu-g].}'ﬂ.ﬂ.idk.} { Loy et al,, _‘ﬂH}.
In Gram-positive bacteria, 165 rENA-methyliransterases was
required for resistance to letracycline antibiotics in the case af
Streplococeus presmonioe (Lupicn cf al, 2015}, and 10 oxidative
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stress in the case of Staphdococcws merens (Kvama et al, 2015,
The zrip gene gured amongst the best candidate genes in Vigna
angakarts (Chi et al, 2016), the transeription elongation Gctor
gene in Vermicie fordii Hemsl, (Han et al, 20120, and the 165
rEMA methyltransferase gene in Rhodpcocous opacis (Delorenzo
snd Moon, 218}, Generally, the three most commonly tested
and valldated bacterial reference genes are 165 ribosomal BNA,
DNA gyrase A, and recombinase A [Rocha et al, 2015), In our
case, the genes of 165 fANA and recombinase were not within the
list of the 160 candidate genes after the bisinformatics analysis
of the transcriptomic data (see Supplementary Materkal 2). This
me:pe.:‘l:d. for the ]EﬁrRHAwum-l:b ﬁl:nd:p{:‘l:inn way
performed before sequencing and the remaining contamination

Froftisnm in Mcrobikagy | wiss .o

was rernaved in sifico with SortMeRNA. The DNA topoisomerase
{gyrase) subunit was within the lst, though did mot rank amongst
the genes with the most stable expression, according to the
RT-qPCR results. In O, Beiferinckii MCIMB 8,052, gene encoding
peptidase T was chosen a3 a reference gene (Wang et al,, 2002
In € dicile , the genes of 165 rEMA, adenylate kinase, and
WS ribosomal protein S10 displayed the most stable expression
within cight tested candidate genes (Metcali et al, 2010}
Mevertheless, the ranking diered for theee dierent  C dicile

straing tested (Metcall et al. 2000}, conrming the need for a

careful selection of reference genes for cach species (Bustin et al,
Ty, The 165 rBMNA gEne wils alzn chosen as a reference in
O botwlimem (Eirk et al, 2014} The most suitable genes for
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normalization of gene expression in ©. lJungdaflil were genes
of gyrase subunit A, transcriptional termination factor, and
formate-tetrahydrofolate ligase (Liu et al, 2003} Within the set
of the tested candidate genes, the bacterial standards of 165 rRMNA
and recombinase A genes (Rocha et al, 2005} displayed the least
stable expression in ©, laemgdakelii {Liv e al, 200 3),

The need for the validation of genes selected using only RNA-
Seq data is supported by the comparison of the coecients of
variation calculated from Oy (see Table T) and the TPM values
{see Table 4). .ﬁ.l.lhnugl'l genes zmip and greA maintain a |'|i.5h
rating i both statistics, suggesting that rankings can in some
caed correlate, resulte Bor il and rAmpel) genes tell orlerwize.
The rsmB gene was the most stable according to the RNA-
Seq data, vet RT-gPCR experiments show that the other three
respoctively, four genes were more suitable as candidate genes
{see Table 7). In the case of the rin(} gene, which was the third
mast stable gene according to the TPM values, it dropped to the
last place after experimental validation. Moreover, the average
CV of Cy values was more than two times higher than the
aversge CV of TPM values (114 = for uniquely mapped and
213 = for muld mnpp:ﬂ reads) (see Tables 4, 7)., :i|:||:|i|=|:i:r|.5
that the RMNA-Seq provides only less specic resulis selecting
a wider rage nfstﬂﬁ afi 4 given CY threshold value, These
results suggest that the selection of reference genes cannod be
performed by EMA-5Seq dita analysis alone, yet it can be used for
the compilation of candidate genes list, However, validation by
ET-gPCE experiments is always needed.

CONCLUSION

Wi identicd and validated a novel set of reference genes of

. beijerdnckil BRRL B-598, W selected 160 candidate reference
genes based on analysis of all currently available RNA-5eq data
for the strain covering several dierent experimental conditions.

Selection of seven genes (zmp, rpoBl, mmB, gred, rpoB2, fopB2,
and rim() was summarized by GO enrichment analysis and
further validated by KT-qPCE assays and statistical testing by four
statistical algorithms (MormFinder, RefFinder, CV analysis, and
Pairwise ACLmethod). The analysis ranked seven genes by their
cxpression stability, presenting zine metallopeptidase (zmp) and
transcription dlongation factor GreA (greA) a5 an appropriate
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Absitract: Closhridisnnr befferingdil is a relatively widely studied, vet non-model, bacterium. While
246 genome assemblics of its vanous strains are available currently, the diversity of the whole
species has not been studied, and it has onlly been analyzed in part for a missing genwome of the
type strain. Here, we sequenced and assembled the complete genorme of the type strain Clostridium
beiferinckii DSM 7917, composed of a circular chromosome and a circular megaplasmid, and used it
for a comparison with other genomes to evaluate diversity and capture the evolution of the whole
species, We found that strains WEBS3 and HUMNI42 were misidentified and did not belong to the
Clostridizmn beiferincks species. Additionally, we filtered possibly misassembled genomes, and we
used the remaining 237 high-quality genomes to define the pangenome of the whole species. By
its functional annotation, we showed that the core genome containg genes responsible for basic
metabolism, while the accessory genome has genes affecting final phenotype that may vary among
different strains, We used the core genomse fo reconstrnuct the phvlogeny of the species and showed
its greal diversity, which complicates the identification of particular strains, yet hides possibilities to
reveal hitherto unreported phenotypic features and processes utilizable in biotechnology.

qun-urd.l: butaswd: ABE: IBE; cons HEnOmi; SO00SR0TY BUNOMmeE; pan genams

1. Introduction

Clostridium beijerinckii belongs to the group of authentic Clestridinm spp., also referred
to as Cluster | “Sensu stricto” [1]. As a Gram-positive, spore forming, rod shaped anaerobe
capable of solventogenesis, C. befjerinckii represents an industrially relevant microorganism.
From that perspective, butanol seems to be the main subject of research interest. Butanol
is produced within either an acetone-butanol-ethanol (ABE) [2] or isopropanol-butanol-
ethanol (IBE) [3] fermentation pathway that covers a bi-phasic process in which acid
formation is later followed by the formation of solvents. Moreover, solventogenesis is
usually coupled with sporulation. MNevertheless, both processes do not seem to be closely
linked in all strains [4]. Thus, evolutionary and comparative studies of various clostridial
strains are required to help reveal hidden aspects of the production of valuable chemicals
by microbial cell factories [5].

Although the evolution and taxonomy of the clostridia were revisited several
times [1,6-8], additional studies are needed as the clostridia still represent a polyphyletic
group with uncertain phylogenetic affinities and reidentifications of particular strains and
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reclassifications of various clostridial species are quite common [9=11]. The most recent
change affecting C. befferinckii is the reclassification of C. dislis as C. beiferinckii [12], These
taxonomic readjustments wene expected as the previous taxonomy was built upon phe-
notypic differences that do not necessarily reflect genetic heterogeneity [13]. A massive
reduction in DNA sequencing costs over the past 20 years resulted in many genomes of non-
model bacteria being sequenced. This applies also to C, beijerinckil strains, and, currently,
there are 241 genome assemblies of various C. beijerinckl strains and five genome assemblies
of three different C. diolis strains in the GenBank database (May 2021). Unfortunately, most
genomes are assembled only in the form of draft assemblies, thus leadl.r_llzg to gaps in knowl-
edge. Although draft assemblies of type strains C. beijerinckii DSM 791" and C. diolis DSM
15410" were sufficient to reveal that C. beferinckii and C. diolis are heterotypic synonyms [12],
it was the complete Fﬂgme assembly that helped to reveal hitherto unreported features of
C., diodis DSM 15410°. A thorough analysis proved its ability to produce isopropanol [14]
that was hidden for 18 years since the description of the species in 2002 [15]. There are also
other strains of C. befiernekir that are studied without the knowledge of a genome sequence;
for example, the strain C. beijerinckii F-6, a butanol-tolerant hydrogen producer for which
only a 165 RNA gene sequence is known [16,17].

Following reclassification there are now two type strains: C. befferinckii DSM 7917
(=ATCC 25752, E. McCoy A-67, L.5. McClung 1671, WCIMB 9362) and C. befjerincki, for-
merly C. diolis, DSM 154107 (=DSM 5431, SHI, 88-273, ATCC BAA-557). Although the
reclassification means the loss of type strain designation, this has not been universally
agreed by various sources. Thus, the strain C. beijerinckii DSM154107 can be found as
the type strain in the German Collection of Microorganisms and Cell Cultures (DSZM)
catalogue and must be searched as C. diolis DSM 15410 in the GenBank database. Here,
wiir refer to all C. bwiferimckilidiols strains as C. befferfincks] strains for two reasons, First,
the species name C. beiferinckii was proposed several decades before C. diolis [15,18). Sec-
ond, the number of assemblics is considerably higher for the C, befferickil species, and it
contains several well-studied strains, e.g., C. befjerinckii NCIMB 8052 [19-22] {formerly C.
acefobutylicun [23]), C. Iefferinckil NERL B-598 [24=27] (formerly C. pastenriarns [9]), and C.
beijerinchii DSM 6423 [25,29]. Despite that, only a draft genome sequendce of the type strain
. beiferinckii DSM 7917 has been available until now. In this paper, we sequenced and
assembled the complete genome of C. beijerinckii DSM 7917 that contains a chromosome
and a single megaplasmid, The presence of the plasmid has never been reported before
as the type strain has not been studied in detail. Additionally, we performed its annota-
tion, and included the classification of protein coding sequences {CDSs) into clusters of
orthologous groups (COG), a prediction of the operon structure, and the identification of
prophage DNA and CRISPR arrays. Eventually, we compared its main genomic features to
the other type strain (DSM 154107 and performed an extensive comparative study of all
currently available C, beiferinckil genomes to define its pangenome. Although some reports
comparing genomes of various C. brijerincki strains have been published [%,12,14,17,30],
they are limited to comparing only a few genomes simultaneously, and, sometimes, they
have used only 165 rRNA gene sequences. This is the first report to show the diversity of
thee C. beiferinckii species and the first study to use the maximum informabion available,
thanks to the definition of the core genome from 237 genomes,

2. Materials and Methods
2.1, Bacterial Strain

The strain Clostridium beiferinckii DS 7917 was obtained from the German public
collection of microorganisms at the Leibnite Institute DSMZ-German Colbection of Microor-
ganisms and Cell Cultures, Braunschweig, Germany.

2.2, Cultimation

The strain inoculum was prepared from a cryopreserved culture stored at ~80 “C in
s glycerol. Cells were cultivated at 37 °C in liquid tryptone-veast extract-acetate (TYA)
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midium overnight and subsequently transferred on solidified TYA medium with agar.
The selected colony was transferred into a liquid medium and cultivated for 24 h. Cells
from 10 mL of suspension werne pelleted by centrifugation (6000 g), washed with sterile
demi water, pelleted again, and stored at —80 “C prior to DMNA isolation. Up to the fimal
centrifugation and wash step, all operations were performied under a nitrogen atmosphere
in an anaerobic chamber Concept 400 (Ruskinn). The composition of TYA media was
as follows: 20 g-L™" glucose; 2 g L~ yeast extract; 6 g L' tryptone; 05 g L' KH;POy;
3g-L~! ammonium acetate; 0.3 g-L—! MgS0,.THa0; 0,01 g-L~! FeSOy; (agar 20 g-L ") pH
was adjusted to 6.8 prior to sterilization (121 °C, 20 min).

2.3, DNA Extraction and Sequencing

For long-read sequencing, genomic high molecular weight DMNA was extracted using
the MagAttract HMW DNAKit (Qiagene, Venlo, NL). The extracted DNA purity and
proper length were checked using the NanoDyrop (Thermo Fisher Scientific, Waltham,
MA, USA) and Agilent 4200 TapeStation (Agilent technologies, Santa Clara, CA, USA),
respectively. Library preparation for Oxford Nanopore sequencing was performied using
the Ligation sequencing 1D Kit {Ondford Manopore Technologies, Oxford, UK). The library
was sequenced using the R9.4.1 floweell and the MinlON platform (Oxford Nanopore
Technologies).

For short-read sequencing, genomic DMNA was purified using the GenElute Bacterial
Genomic DMNA Kit (SIGMA-ALDRICH, 5t. Louis, M1, USA). The extracted DMNA purity was
checked by NanoDvop (Thermo Fisher Scientific), The sequencing library was prepaned
using the KAPA HyperFPlus kit and was carried out using the Miseq Reagent Kit v2
(300 cveles) and the Tumina MiSeq platform (IHumina, San Diega, CA, USA)

2.4, Genome Assemnbly

Basecalling of raw nanopore squiggles was performed with Guppy v3.4.4 and the
quality of reads was checked with MinlONOQC [31]. Similarly, the initial quality assess-
ment of Hlumina raw reads was conducted through a combination of FastQC v(1L11.5 and
MultiQdC v1.7 [32]. The adapter and quality trimming was performed using Trimmomatic
v1.36 [23]. Initial genome assemblies wene constructed using long reads with a Flye v2.8.1
assembler [34] and short reads with a plasmidSPAdes v3.11.1 assembler [35). Contigs
from both assemblies were compared with NUCmer v3.1 [36] and selected contigs were
further polished. The first step of polishing was done by four rounds of mapping long
reads with minimap2 v2.17 [37] and polishing with racon v1.4.20 [358]. The secomd step
consisted of two rounds of polishing with medaka v1.2.5, again in combination with long
reads, Finally, the third step of polishing was done by two rounds of mapping short reads
with BWA v0.7.17 [39] and polishing with pilon v1.24 [40], while handling files of mapped
reads with SAMEols v1.7 [41], Resulting contigs were manually examined for circularity
by concatenating their ends and mapping short and long reads with BWA and minimap2,
respectively. Missing or duplicated bases were manually added or trimmed, Eventually,
replication origins of contigs were predicted. Chromosomal replication origin (oriC) was
proedicted with Ori-finder [42] and the sequence was rearranged acconding toits position, 5o
the dmaA gene is the first gene in the chromosomal sequence. Similarly, replication origin in
plasmid (orV) was predicted using BLAST [45] searches against the database of replication
origins DoriC [44] and the sequence was rearranged according to its position, so the repB
gene is the first gene in the plasmid sequence.

2.5, Genome Annotation and Analysis

A genome annotation was added by the NCBI Prokaryotic Genome Annotation
Fipeline (FGAT) [45]. An operon prediction was completed using the Operon-mapper [46].
The functional annotation of the protein coding genes was performed by assigning clusters
of orthologous group (COG) categories from the eggNOG database with the eggNOG-
mapper [47]. Circular genome maps of a chromosome and a megaplasmid were prepared
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with a DNAplotter [45] integrated in Artemis [45]. The genome was searched for prophage
DMA with PhiSpy v4.2.12 [50] and for clustered regularly interspaced short palindromic
repeats (CRISPR) arrays with CRISPRDetect v2.3 [51],

Entrez was used to search the GenBank database for C. beiferinckiifdiolis genomes [52].
A circular graph showing whole-genome alignments was produced with BRIG v0.95 [533],
MNucleotide sequences of reference genes from the strain C. beijerinckii DSM 7917 were
localized in other strains using BLAST [43] searches and a %0% sequence similarity in
Ridom SeqSphere+ v7.6.1, Cutliers were detected with R package graphics [54] using the
boxplot function and setting a whiskers range as 10 times the interquartile range. Digital
DA to DMNA hybridization (dDDH) values were calculated using the type strain genomse
server (TYGS) [55]. The core and accessory genomes and unique genes were identified
with BPGA v1.3.0 [56] wsing amino acid sequences and a %% sequence similarity. All
sequences of unique genes and reference sequences of pangenome genes were uploaded
te FAIRDOMHulb [57], The phylogenetic tree was reconstructed using the concatenated
core genome sequences with the neighborjoining method in BPGA. A reduction of leaf
nodes in the tree was done by collapsing branches where the whole length was shorber
than 1% of the longest branch in the tree. A final visualization of trees was conducted
through Evolview v3 [58].

3. Results
3.1. Genome Sequencing and Assembly

Oniford Nanopore sequencing produced 690,277 reads with a M50 length of 21,578 bp.
Moreowver, 700 reads exceeded the length of 100 kbp, while five were even longer than
200 kbp. The llumina sequencing produced more than 2.1 million additional paired
reads of 250 bp im length. The final genome assembly consisted of two circular contigs.
While the first one represented a circular chromosome of length 5,876,902 bp, the second
corresponded to a 73,345 bp long megaplasmid. Both sequences have been deposited at
the DDB]/EMBL / GenBank under accession numbers CI73653 for the chromosome and
CPO7365 for the megaplasmid. Coverage of the assembly after the filtering steps was
approximately 1063 » and the assembly was reconstructed with the contribution of more
than 2.1 million paired umina reads (more than 99% of all Numina reads and more than
% of all Hlumina sequenced bases after quality trimming) and more than 640,000 of
Oncford Manopore reads (almaost 90% of all Oxford Nanopore reads and more than 93% of
all Oxford Nanopore sequenced bases). Average coverage, considering only short reads,
was BB for chromosome and 192 for plasmid.

3.2, The Characteristics of the C. befjerinckii DSM 791 Gemome

The guanine—cytosine (GC) content of the genome was caloulated as 29.87%. While
the GC content of the chromosome was almost 29.90%, the GC content of the plasmid was
slightly lower, reaching only 27.84%, see Table 1. The complete genome contained 5279
annotated open reading frames (ORFs) divided into 3291 operons, see Table 1 for separate
statistics for chromosome and plasmid. The majority of ORFs consisted of protein coding
genies, but 134 pseudogenes were also found. The sequences of 60 pseudogenes were
found to be incomplete, 56 were frameshified, 34 contained internal stops, and 13 suffered
from multiple problems. The positions of particular features within the chromosome and
plasmid are shown in Figure 1. Additionally, protein coding genes and pseudogenes were
assigned COG categories. Unfortunately, 687 CSs were not assigned any COG and an
additional 990 CDSs were assigned to group S with an unknown function, Nevertheless,
the remaining 3454 CDSs (out of all 5131 protein coding genes and pseudogenes) were
divided into the remaining COG categories, see Supplementary Table 51.
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Table 1. Genome features of Clostridium beijerimckii DSM 7917,

Feature Chromaoseme Flasmid

Length (bp) 3876,5902 T3 HE

GO contemt (%) 29.90 2754
Total number of DRF S Fill
Total mumibser of operons 3xir -
Profein soding genes 4929 68
Pasudogenies 13z 2

rRMNA genes (55, 165, 235) 17, 16, 16 o, 0,0
tRMA a3 1]
nelMA & 0

onlent «
G st +

Figure 1. Circular maps of C, befjerinckii [5M 791 (A) chromosome and (B} plasmid. The outermost and the second
outermest cirches represent CESs on the forward and reverse strands, respectively. The third circle represents pseudogenes,
and the colors represent the COG functional classification. The fourth cirche represents RNA genes, while the colors
distinguish between tRMNA, rRMNA, and ncEMNA. The inner shaded area represents (from oubside in) GC content and GC skew,
plotted using a 10-kb window with a step of 200 bp while the colors distinguish between above and below average values,

ORFs were searched for prophage genes, which resulted in 10 identified prophages
of lengths ranging from 6583 bp to 42,566 bp, see Supplementary Table 52. All prophages
were located on the chromosome. While the lowest number of genes in a prophage was
eight, two prophages consisted of 51 genes. The cumulative length of prophages was
246,958 bp, which is less than 4.2% of the genome.
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Only two CRISPR arrays were found (see Supplementary Table 53). Both armays were
extremely short, only 172 bp and 153 bp long, with two spacer units. Moreover, no crs or
cas-like genes were found in their neighborhoods,

3.3. Dviversity of C. beijerinckii Strains

A search for C. belferifekiidioliz penomes in the GenBank database obtained 246 genome
assemblies. After deduplication of multiple assemblies for the same strains, 242 assemblies
wiere preserved, from which 11 represented complete genomies or complete chromosamal

sequences, see Supplementary Table 54.

A comparison of complete chromosomal sequences to the reference, C. beferincki D5M
791" chromosome, is shown in Figure 2. While the majority of genomes mapped to the
reference with almost 100% identity in whaole length, there were two genomes with lower
similarities. While some parts of the DSM 6423 genome mapped with 95% identities, the
majority of the WB53 genome mapped with considerably lower identities, not exceeding
0. Those results were further supported by dDDH analysis that showed dDDH values
between particular strains and the reference ranging from 71.9% to 86.4%, except for strains
DSM 6423 and WBS3 where the dDDH value to the strain DSM 7917 was 67.4% and 20.3%,
see Supplementary Table 55,
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Figure 2. Whole-genome comparison of the type strain C. beijerimckii DSM 7917 to other C. beiferinckii complete genomes
with the visualization of genomes percentage identity,

A whole-genome comparison was further applied to the whole dataset of 242 gemomes,
Genes of the reference strain C. befjerinckii DSM 7917 were searched in other genomes,

180



Article XII: Diversity and Evolution of Clostridium beijerinckii and Complete Genome of the Type Strain DSM 7917

Provesses 2021, 9, 1196

Tof lé

using nucleotide BLAST and a 90% sequence similarity, to find missing genes or genes
with missing stop codon, see Supplementary Table 56. The median value of missing or
cormupted genes was 293 and seven outliers were detected, While three outliers exceeded
the upper fence, four outliers lay below the lower fence. Those exceeding the limit were
genomes of strains ASCUSBR67, HUN142, and WES3, with 2599, 1811, and 4778 missing
or corrupled genes, respectively. The dDXDH value between the bype strain and the strain
HUN142 wias 48.5%., Duthiers below the lower fence wene genomes of strains D079, DI317,
MNBRC 109359, and NCTC13035, with 116, 96, 125, and 144 missing or corrupted genes,

respectively.
3.4. Pangenome of C. betferimckis

After removing unannotated genomes and genomes of strains that do not belong
to the C. beiferinckii species, the remaining 237 genomes were used to define the core
genome, Intotal, 2308 genes were present in all genomes, and formed the core genome,
Additionally, 12,202 genes were found in at least two genomes and formed the accessory
genome, Together, they presented the pangenome of C, beifferimckil containing 14,510 genes,
Moreover, 5929 penes were unique, Le., they were found in only one genome. The number
of unique genes for particular strains ranged from zero to 516 {found in the strain DJ015),
see Supplementary Table 57. While the median value of unique genes was three,
strains DSM 7917 and DSM 154107 had one and 148 unique genes, In addition, genes
exclusively absent were alse counted. Such genes were found in every strain except for
one. The number of exclusively missing genes ranged from zero to 86 (missing in the strain
DJ032). The median value was zero and type strains DSM 7917 and DSM 154107 were
missing six genes and one gene, respectively,

A functional annotation of genes showed a different composition of the core genome
and the accessory genome (see Figure 3). The core genome contained a larger proportion
of genes connected o metabolism and energy production and conversion, except for genes
in group () “Secondary metabolites biosynthesis, transport and catabolism”, where the
accessory genome and unique gemes had higher relative abundances. Similarly, genes
connected to repair and defense mechanisms were more abundant in the accessory genome
and among unique genes. While only 6.28% of genes were not assigned any COG in the
core genome, their abundance in the accessory genome and among unique genes exceeded
5%, see Supplementary Table 58,

Amino acid sequences of unique genes for particular Clostriditm beiferinckii strains as
well as reference sequences of genes present in the Clostridium bedferinckii pangenome wene
uploaded to the FAIRDOMHub under the project “Clostridium beijerinckii pan-genome®”
]'l‘lli‘:q,:\:,-" .-"I'.'|.ir-:3-:1|:|:'|.||u31.-::lr‘!._-l ,-r!\:l'llrl'ﬂ'l‘.'\ el {Ml;‘_'ﬁﬁed. on 1 ]'I,ll'uz' Ilﬂ'!':l,
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Figure 3. Relative abundances of genes in particular clusters of orthologows groups. Color coding distinguishes bebween
grne from core (red) and accessory {bue) genomes and genes unique for particular strains (green),

3.5, Phylogeny

Finally, the phylogenetic tree of C. beiferinckil strains was reconstructed using the core
genome (see Figure 4), Evolutionary closely related strains were collapsed into 16 clusters,
While most clusters contained only units of strains, cluster 1 covered 145 strains, see
Supplemsentary Table 59, The complete tree is showed in Supplementary Figure 52, While
the type strain DSM 7917 had four closely related strains and formed a cluster, the other
type strain DSM 154107 formed an individual leaf node for which the strain NRRL B-598
was the closest strain.
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Figure 4. Phylogenetic reconstmection of Clestradiir beiferincki species, The phylogeny was reconstructed using 2308 genes
of the cofe genome, proesent in overy strain, Branches that were shorter than 1% of the maximum branch length were
collapsed. The number of strains hidden under collapsed branches is written to each collapsed branch and strains are listed
in Supplementary Table 59. The branch containing the type strain C. befferinckit DSM 7917 is highlighted in red.

4. Discussion

The number of exceedingly long reads presented ideal data for a complete genomse
assembly that allowed for the identification of possible plasmids, while a number of
high-quality short reads were ideal for polishing the final assembly. The presence of the
megaplasmid was evident from the initial Oxford Manopore assemblies by Flye as two long
circular contigs, regardless of whatever input parameters were produced. However, the
length of the shorter contig varied considerably between assemblies that were produsced
with different input parameters, Thus, the length of plasmid was initially predicted by
comparing Flye contigs to contigs produced by plasmidSPAdes. The final confirmation was
found in the different coverage of chromosome and plasmid in the final assembly as the
read coverage is one possible way to distinguish between chromosome and plasmid [35],
Since almost all high-guality Illumina reads mapped unambiguously to the final genome
assembly, the proposed assembly seems to be correct and of a high quality. Although the
prediction of replication origin oriC in the chromosome was unambiguous, the prediction
of replication origin oriV in the plasmid was complicated as no standardized algorithm is
currently available [44], The first from two putative replication initiators was frameshifted
and the second, while having a complete coding sequence, had a noticeably short upstream
intergenic region. As both genes were located relatively close to each other, the start of the
sequence was set according to the first one,
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The calculated GC content matched our presumptions as clostridia form a low GC
content group of Gram-positive bacteria. While the GC content of the chromosome was the
same as for other strains with complete genomes, e.g., NERL B-598 [27], NCIMB 8052 [20],
DSM 154107 [14], the GC content of the plasmid was slightly lower. Another difference
between the chromosome and the plasmid was found in abundances of genes in particular
0K categories, see Supplementary Table 51. ¥While the plasmid carried zero genes from
group (C) “Energy production and conversion”, the same group contained 6.28% genes of
the chromosome. Similarly, the chromosome carried larger percentage of genes in groups (E)
“Amino Adcid transport and metabolism®, (F) “Nucleotide transport and metabolism®, (G)
“Carbohydrate transport and metabolism®, (H) “Coenzyme transport and metabolism™, (I)
“Lipid transport and metabolism®™, and {J) “Translation, ribosomal function and biogenesis®,
i.e., all groups directly or indirectly connected to metabolism. Thus, the plasmid in the
strain C. beiferinckii DSM 7917 does not contribute to the production of metabolites utilizable
in industrial bistechnology. In other clostridia, plasmids sometimes carry genes necessary
for solventogenesis, For example, sol operon in C, acetobutylicim ATCC 8524 is located on a
plasmid that can be lost during the degeneration process, resulting in a loss of ability to
produce solvents [549]. On the contrary, the plasmid in C. befferinckii DSM 791" carried a
larger percentage of genes in groups (L) "Replication, recombination and repair” and (V)
“Defense mechanisms®, which means that the plasmid possessed a machinery capable of
protecting the cell. The latter group contained five genes from which three belonged to the
cluster involved in the production of the bacteriocin circularin A, The cluster contained
genes ofgR (KEC93_26215), ofgK (KEC93_26220), ¢fg02 (KEC93_26225), cfg01 (KEC93_26230),
cird (KEC93_26235), cirB (KECY3_26240), cirC (KECY3_26245), cirD) (KECY3_26250), cirls
(KECH3_26255), cirH (KEC93_26260), and cirl (KEC93_26265). Such a structure of the gene
cluster has been already experimentally proved for C. befjerimckii DSM 7917, However, it
wad not revealed that it is carried by a plasmid [60]. In our sequence, gene cirE, which s
necessary for bacteriocin production, was not annotated by PGAFP. This was probably due
toits short length of only 150 bp. Nevertheless, the gene is present in the sequence between
cirl} and cirls as its nucleotide sequence had 100% similarity to that already sequenced
and experimentally proved by Kemperman et al, [60] (GenBank accession no, AlS66621.1).
Circularin A has a wide activity range that inhibits C. hyrolufyricum, lactococci, enterococc,
and some Lactobncillics strains. It is also highly resistant to digestion by sequence-specific
endoproteinases [61]. For potential industrial use, the ability of the strain to kill other
bacteria is highly advantageous, as contamination of fermentation processes by bacteria
presents a compelling problem that makes the fermentation more expensive [62]. Moreover,
the strain C. beijerinckii DSM 7917 has already been proved to be a robust 1,3-propanediol
producer [63].

The number and cumulative length of putative prophages were approximately half
compared with the strain DSM 154107 [14]. However, this prediction is questionable
as two additional tools, FPHASTER [+1] and Prophage Hunter [65], predicted six and 30
prophages, respectively (data not shown). Although bacteriophage infection presents a
serious problem for ABE fermentation, it has been addressed by only a few studies to date.
Its analysis is not trivial and usually requires a separate study [66,67). Thus, the question
of phages in C. beijerinckii DSM 7917 remains open. Unlike the strain DSM 154107 [14],
CRISPR arrays in the strain DSM 7917 had no cas or ces like genes in their neighborhoods.
This suggests that while a culture of the strain DSM 7917 might be resistant to other bacteria
thanks to bacteriocin production, it might be defenseless against phage contaminations,
as a CRISPR-associated system (Cas) forms somewhat of a bacterial immune system that
provides protection from foreign genetic material [63].

Clostridium beijerinckii is a widely studied species, as the number of genome assem-
blies available suggests. Nevertheless, only a small fraction of them present high-quality
complete genomes, While this analysis showed that the apecies is extremely diverse, and
different strains may contain different genes, it is evident that some strains have been
misidentified. This applies primarily to the strain that was WBS3 isolated from a woodchip
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biorcactor [69], All analyses, whole-genome alignment, dDDH, and a search for reference
genes, presented strong evidence that the strain WE5S3 does not belong to the C. befjerinchi
species and was omitted from following analyses to define the core genome. Similarly,
the remaining two outliers arising from an analysis of the reference genes were discarded.
Although the dDDH value for the strain ASCUSBRET exceeded 7106, suggesting that it
belongs to the C. beijerinckii species [70], its genome lacks the annotation that was needed
since aming acid sequences were used in the following analysis. Unlike WB33, the strain
ASCUSBR6T had a majority of corrupted, not missing genes (see Supplementary Table 54).
This means that its assembly needs polishing by high-quality NGS data for Further analyses,
including genome annotation [71]. Yet, it is likely that the strain belongs to C. beiferinckii.
The last outlier, the genome of the strain HUN142, had most of the seference genes missing.
Together with a dDDH value below T0FG, we can conclude that this strain does not belong
to O, bedferinekii, It should be noted that when caleulating the dDDH value, the dg formualas
was used for complete genomes as it preserves the maximum amount of information, while
the dy formula was used for draft genomes as a more robust way to compare incomplete
data [72]. Genomes of outliers below the lower fence in a reference genes’ analysis were pre-
served for following analyses as these represented strains that are evolutionary extremely
close to the type strain C. beijerinckii DSM 7917,

Similar to ASCUSBEGT, the study discarded other unannotated genomes for which
amino acid sequences of protein coding genes are unavailable, Those were genomes of
strains WB and G117. On the other hand, the study preserved the genome of the strain DSM
6423 [29], thedDDH value of which was below the 70% threshold. First, when considering
the confidence interval, a ADDH value of 200 was reached, Second, its number of missing
or corrupted reference genes did not differ substantially from other strains. Since clostridia
present a diverse group of organisms, this study contends that following only a dDDH
value for their delineation may be cumbersome.

It is not surprising that the core genome had a larger proportion of annotated genes as
it contains housekeeping genes that maintain basic cellular functions; additionally, their
orthologues are known as they are present in other related species [73]. The core genome
can be used to improve a phylogenetic analysis and to correctly assign bacterial species [74].
This is highly convenient for clostridia where the reidentification of strains is still quite
commaon. Thus, the use of the core genome defined within this study is suggested as a
supplement to a dDDH analysis when assigning new strains to the C. befferinckil species.
From a biotechnological point of view, the core genome is not of the main interest as
it contains primarily critical functions, the alteration or deletion of which are often not
possible. This is the reason why the core genome lacks genes responsible for various
brotechnologically relevant phenotypic mandfestations, as the production of solvents varies
among strains. The core genome contains master regulators, for example spollA (Gene34684
in the core penome) that orchestrates except for sporulation also solvent production. On the
other hand, particular genes coding enzymes necessary to form the final products, e.g., adh
(Genedb]1# in the accessory genome) that is responsible for isopropanol production or diaT
{(Cenel153# in the accessory genome) that is responsible for 1,3-propandiol production, are
parts of the accessory genome. Therefore, they are not present in every strain. Mevertheless,
some of the enzymes still present parts of the core genome, e.g., adh (Gene49504 in the
core genome) that is responsible for ethanol production or kil (Gene1521# in the core
genomae) that is responsible for butanol production. This was expected as C. bedferinckii
covers ABE and IBE fermentation strains, meaning that while the ability to produce
acetone or isopropanol varies among strains, ethanol and butanol are produced by all
strains. Mevertheless, other metabolic regulations may suppress their production, for
example ethanol production is negligible in the strain C. beiferincks NREL B-598 under
standard cultivation conditions [24]. Additionally, solvent production may be interrupted
during the so-called acid crash phenomenon induced by cultivation conditions or genome
mutations [75-77].
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The core genome can find additional utilization in the identification of versatile
reference genes for RT-qPCR in C. beiferinckil, as such genes should be present in every
strain. However, experimental validation is always needed, as a neference gene-coding
peptidase T (Gene4499# in the core genome), proposed as a reference gene for the strain
NCIMB 8052 [20], was later proved to be not utilizable for the strain NERL B-598 [75],
where genes greA (Gene25644 in the core genome), zrmp (Genel 191# in the core genome)
and others performed better,

The fact that approximately one third of the accessory genome and unique genes was
not assigned any COG suggests that orthologues for these genes ane not present in more
studied species. These genes might provide desirable phenotypic features, but advances
in the field of functional annotation of non-model organisms are required to reveal these
hidden properties. The accessory genome also contains several sequences of hypothetical
proteins, the sequences of which are formed from repetitive subsequences. Even though
these sequences were found in two oF more genomes, they are probably not real proteins,
and they might prevent the accessory genome from being used in BLAST searches. We
suggest the use of the corrected accessory genome for BLAST searches where 76 sequences
with a single kind of amino acid forming more than 25% of a sequence ane discarded. The
corrected Fasta file was uploaded to the FAIRDOMHub.

Although genes coding bacteriocin circularin A have been described only for the type
strain C. befjerinckii DSM 7917 [60], they are present also in other strains, as the type strain
has only one unigue gene, MNevertheless, the presence of the whole cluster of all genes was
not found in any other genome, nor in the closely related genomes that formed cluster 5 in
the phylogenetic tree. Apart from the type strain, the cluster contained strains NBRC 10935,
MNCTC13035, DJ317, and DJ079, which were found to be closely related in the preceding
analysis of reference genes as four outliers below the lower fence,

Various strains of C. beijerinckii are extremely diverse, except for one large cluster
containing evolutionary closely related strains. The majority of them (D] strains) were
uploaded to the GenBank at the same time by the DOE Joint Genome Institute. Unfor-
tunately, the study deseribing these strains is missing, However, not all of the D] strains
clustered together and some of them even formed particular leaf nodes. From the type
strain, the evolutionary-distant strain DSM 6423 was clustered with an additional five
strains into cluster 15. Although both type strains have different genome characteristics,
they are evolubtionary closer to each other than to DSM 6423, The closest neighbor to the IBE
fermenting type strain DSM 154107 is the strain MREL B-598, a typical ABE fermentation
representative. This is surprising because evolutionary-distant DSM 6423 is also an [BE
strain. The absence of a distinguished cluster of IBE strains is further supported by the
position of the individual leaf node with the steain ©, berferimekdd BGS1, which s another
isopropanol producer [30]. These relations only confirm that the evolution of Clostridium
betfertinckii is not trivial, and novel strains should be identified using the whole core genome
rather than particular genes or a dDDH analysis.

5. Conclusions

In this study, we sequenced and assembled the first complete genome sequence of the
type strain Clostridium beijerinckii DSM 7917, We discovered that the genome of the type
strain is composed of a circular chromosome and a circular megaplasmid that carries a
complete cluster of genes to produce bacteriocin circularin A, which is unique among C,
betjerincki strains. We used the genome sequence for whole-genome comparisons, and we
found out that at least two strains currently assigned as C. beijerinckii, WBS3 and HUN142,
do not belong to the species. Moreover, we proved that some of the genome assemblies,
e.g., the genome sequence of the strain C. befferinckii ASCUSBRSY, are of lower quality and
should be polished before they can be used for comparative analyses. By collecting 237
genomes that met the quality criteria, we defined for the first ime the pangenome of the
Clostridium beijerinckii species. We used the core genome to reconstruct a phylogeny of the
whole species, using the maximum sequence information available. As we demonstrated,
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phylogeny of the species is not trivial, and we suggest use of the core genome when
performing comparative analysis and identification of novel strains. The accessory genome
contained a large percentage of genes with unknown function. This means, therefore, that
many unique properties of the O leijerinckil species might be still unreported.

Sﬂupplmmtqu',r Mlaterials: The Inl]uwins are available online at h Hpe: -"'.'."l.'.'l.\.'.rndpi.r\-:lm_.' articlisf
103390, prodT 1196/ 51, Supplementary tables and Hgures: Figure 51: Boxplot of sum of missing and
cormupded genes, Figune 52: Complete phylogenetic tree of Clastridiim befierimeki straing, Table 51
List of COG cabegories and number of genes present in sach COG in C. betferfinckil DSM 7917 genome,
Table 52: Phage DNA within the C. befierinckii DSM 7917 genome, Table 53: CRISPR arrays in the
C. heviertckir DSM 717 Eu'nnn'hc,'lh]:llﬂ = List of C. jﬂ_ren.rn:l:ﬂs:nmmu.wd for .a.mb}ms, Table
55 Result of dROH analysis for complete O befferincdl genommes, Talle 56: Mumdsers of gemes in
reference genome that ane missing in particular strains, Table 57; List of unique and uniquely missing
gerws in O hefferinckil strains, Table 58: List of COG categories and rmumber of genes present in each
COG in C, beiferrackii core and accessory genomes and unbque genes, Table 59 List of steains inoeach
of collapsed branches in Figure 4.
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Abstract

Tepihmonas tanwanenss is a moderately thermophilic, Gram-negative, rod-shaped, chemoargancheterotrophic, motile bacterium.
The alkaline protease producing type strain T. tavwanensis MG 228267 was recently reported to also be a promising producer of
polyhywdromyalkancates (PHAs—renewable and biodegradable polymers representing an alternateve to comventional plastics. Here,
we present its first complete genome sequence which is abo the first complete genome sequence of the whole speces. The genome
carsists of a single 2,915,587-bpdong drcular chromaosome with G content of 68.75%. Genome annotation identified 2,764
genes in total wisle 2,634 open reading frames belonged to proten-coding genes. Alhough funchional annctation of the genoma
and drsion of genes into Clusters of Orhalogous Groups (C0Gs) revealed a relatvely high nsmber of 634 genes with unknowen
furctiom or unkrown CO0G, the magonty of genes were assgred afunction. Most of the genes, 406 in total, were imahed in energy
productan and comversion, and armird acid trarsport and metabolsm . Moreower, parboular key genes invobeed in the metabolsm of
PHA were identified. Knowledge of the genome = connection with the recently reported ability 1o produce bioplastics from the
waste stream of wine production makes T tadwanenss LMG 22826, an ideal candidate for further genome engineering as a
bacterum with high bictechnological potential.

Key words: Tapidimanas farwanensts, polyhydroxyalkanoates, hybrid assembly, Oxford Manopore Technologies, functional
annotation, alkakne protease.

Introduction

The majority of current plastics, for examgple, polyethylens,
pobyvingd chlonide, polystyrene, and rylon, are made from pe-
trofeurn, Although their production is cheap, the emdronmen-
tal burden and the resources for their production will be
depleted in the future, Therefore, a search for alternatives i
needed. A solution has re-emerged in bio-based plastics
(Kawashima et @ 2019}, A promising group of bioplastics is
ey presented by polyesters of hydroxyalkanolc acids, that i,
pobdhydromyalkancates (PHA), These emironmentally friendby
alternatives 1o petroleum-based pobymers are accumulated

naturally by nwemerous  prokanyotic | microorgansms
(Muhammadi et al 2015 Sabapathy et al. 20200
Unfortunately, less than 1% of the total plastic production
comes from the bioplastcs industry (Shogren et &l 2019), The
main cbstacle preventing wider utilization of PHA in viable
industrial processes & the cost of the carbon resources and
the cost of the fermentation and downstream processng. A
promising strategy which might help to reduce the cost of
PHA 15 the use of inexpensee or waste carbon substrates that
do not compete with the human food chain (Koller 2018) as
well a5 the employment of extremophibc microorgansms

0 The Authoris) 2027, Publshed By Ocford Unveryity Prest on betalf of the Sodety for Moleoulsr Boiogy and Evolution
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Significance

Mext-generation industrial biotechnology is a concept that relies on the biosynthetic potential of extremaphilic micro-
organisms, and which benefits from the robustness of such processes against contamination by common microfiora. In
this context, Tepidimonas taiwanensis is a very interesting, moderately thesmophilic bacterium with great bictechno-
logical potential. it has been reported that it is a potent producer of alkaline proteases, which are enzymes used in
large quantities in numerous fields, incheding but nat limited to the detergent industry. Furthermare, it was recently
reported that T, tasanensis is also capable of producing polyiwdroxyalkanoates, a “green” alternative to petrochem-
ical polymers, from inexpensive waste substrates such as grape pomace. In this work, we describe the complete
genome sequence of the bacterium, which is an impartant step on the route toward complete utilization of the
biosynthetic potential of the bacterium that can be further expanded by approaches of genetic engineering and

{Cbruca et al. 2018), Alhowgh some preotal work: has been
completed and the fact that microorganismes use PHA to store
unused energy and carbon in the cytoplasm in the form of
infraceifular granudes is known (Obouca et al. 2018), additional
knowdedge that can be mined from various genomes of PHA
producers & of high imporiance.

The type strain Tepidimonas tawanensis LGM 228267
{=BCRC 17406", 11-1") & a thermophilic, Gram-negative bac-
terium that was isplated from a hot spring in the Fingiung
area in southemn Taiwan {Chen et al. 2006). The rod-shaped
calls are modile wia a single polar flagellum. The bacterium was
anginally imestigated for its strong alkaline protease activity,
which is usable in different industies (Gupta et al, 2002).
Hevertheless, other important features of the strain remained
hidden, which may be due to the missing high-guality com-
plete genome assemibly and functicnal annatation of the ge-
mome, Only recently was its abilty fo utiize glucose and
fructose to produce PHA reported (Kourfova et al. 2021).
As it 5 a thermophile, PHA production takes place within
the temperature range 45-55 “C, which reduces the sk of
microbial contamination. Therefore, the strain presents an
ideal crganism for utilization wnder unsterile conditions,
known as the “next-genaraton ndustrial bictechnodogy™
concept (Chen and liang 201E) In the article, we present
its first high-quality complete genome sequence. We anno-
tated the genome, identified key genes in PHA metabolism
and in coding extracelular profteases, and searched for pro-
phage DNA and CRISPR arrays.

Results and Discussion
Genome Assembly and Properties

Thie complete gencme sequence of T. fansanenss LMG
22826" was reconstructed using more than 415,000 Oxdord
Manopone Technologees (ONT) reads with average length of
17 kb and polshed by an additional 2.3 million high-quality
(average Phwed score Q== 35) luming PE reads. The owveral
coverage of the fnal assermbly conssting of a sngle circular
chromosorme was 2785, The genome has been deposited at
the DDBIVEMBLGenBank under accession No CPO83911.1,

More than 2.9 Mb long, the genome of T talsvansnss
consists of 2,764 genes, some of them organized into 569
predicted operons that comprise two of mone structural
genes. From 2,700 coding genes, 66 were marked as pseu-
dogenes, which in most cases are made of inCcomplete gene
sequences  according to MCB1 Prokaryotic  Genome
Annotation Fipeline (PGAP). All rRMA genes are present in
three copies and 165 rRMNA copies have similanty >99%,
Further analysis of tRNAs encoded in the genome with
tRMA-scansE (Chan and Lows 2019) revealed the differences
batween numbers of different isoaceptor tRMNAs which can
comrelate with codon usage bias as has been reported (Rocha
2004}, For example, three of four possibée types of alanine
aming acid iscaceptors are encoded in the genome in the
ratio 1:1:3, so the abundance of the codon comesponding
to the third isoaceptor is expected to be higher. In addition,
the tRNA analysis revealed a high number, precsely 42, of
A, isoaceptors that can be affected by relatively high GC
content {Eanaya et al. 1999), n this case, almost 69%. All
genome features of the T. faiwanenss genome are summa-

rized in Table 1, Lsing the complete genome segquence,
Tepsdimonas thermarum was found to be the closest species

to T. tawanensis. Whole-genome sequence-based phylogeny
of the ten most dosely related species is available under wup-
plementary figure 51, Supplementary Material online.
Genome similarity of T, fawanenss to these ten species

Tabds 1

Genome Features of Tepdimonas Bwanends LMG 2782687

Featune [ T P
Length [bp] 1,915,587
ZC eabent %] [
Cripin 2764
Dipsrorm S5%
D5 2700
Pisadoperes 5
rcRMAS 3
rRBAL (55, 165, 235) 333
1RhAL 5d

7 Genome Bigd Fved 13120 hitps:idoi org/10.109 T abeievab 280
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expressed a5 digial DNA to DNA hybridization reached values
from 19.8% to 25.6%.

Fumctional Annatation

Protean-coding sequences (CD5s) were divided into 21 cate-
gones acconding 1o Cluster of Orthologous Groups (C0Gs),
Thie migst abundant known gene function is the ~Emergy pro-
ductian and conversion group of genes (C)™ with 7.58% from
all CD5s. Additionally, many genes belong 1o “Amino aod
transport and metabolism group (E),” which makes up
7.44%. The high numiser of genes in these two groups oo
responded to housekeeping functions of cels but was also
related 1o ndustrially utdizable featunes, for example, the abi-
ity to produce PHA, s production by the stram T, Seaanenss
MG 22826 was proved racently, and the pretence of phaC
gene was confirmed by PCR (Kourilowa et all 2021), Here, we
acdentified koo of phaC (LCC91_055600 and nisghbeding ohaR
ILCC31_04215) genes that are necessary for PHA production
as well a5 a locus of pha? (LCC91_055000 coding PHA
depolymerase,

Unfortunately, almost 17% of coding genes were assigned
1o “Unknown function (517 category and 8.85% qenes werne
not recogrized at all. All categories with gene counts. ane
avalable under supplementary bl 51, Supplementany
aterial online.

The amangement of all genes in the T. tadwanensis LMG
22826" genome is shown in figure 1 where every COG and
every type of RNA & distinguished by a different color.

Althousgh the strain was reponted to produce extraceliular
alkaline proteases, due o the lack of genome sequence the
enzymes were never identified. KEGG searches revealed 21
crthologuees for alkaline proteases, see supplementary table
52, Supplementary Material online. Three of them, sppd
(LCCS1_01535), degPhird (LCCSH1_0980S), and pipl
LCC91_10460), coded for exracellular  proteases.
Moreover, their predicted molecular wesghts 364, 528,
and &3.9kDa matched expenmental evidence provided by
rymography (Chen et al. 2006) These enzymes might be of
great industrial importance. For example, the optimum enzy-
matic activity of protease IV coded by sppd was reported 1o
be at pH 10 and temperature of 45 *C (Engel &1 2 1998),
which makes this enzyme utilizable in the detergant industry
for production of washing powder.

The genome was searched for CRISPR arrays and, as a
consensus from three prediction mathods, four lange arays
were reported in the T taiwanensis LMG 22B26" genome.
The largest array consisted of 42 spacers and was 2,530 bp
long. Moreower, cas genes, such as cas] or cas?, whose pro-
teins are responsible for spacers acquisition into CRISPR arrays
rosef et al. 2012), were found in the genome. Linfortunately,
reither of these genes was the gene that encodes the Cast
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protein well known for its high utilization in genetic enginesr-
ing. The summary of CRISPR amays is included under supple-
mentary in table 53, Supplementary Matenal online.

Finally, the presence of prophage DMA was checked.
PHASTER found three prophages: two of them were labeled
& incomplete and one as intact prophage, The sequence that
wirs labeled as intact prophage consists of 70 proteins, and 46
of them match to phage proteins such as phage tal protein or
phage virion protein. Bight of these proteins correspond to
Escherichia phage vB_FcoM_ECO1230-10, which has not
been reported a5 a phage able 1o sunvive Ife conditions of
thermophilic bacteria such as T, fadwanenss, Altholgh
Prophage Hunter did not label any of the phages as active,
the previcusly mentioned phage sequence achieved the high-
est score and comesponded to Acdithiobacilus  phage
AcahiL1, which has been found in thermophilic, acidophilic
bacterium Acofthiobaciius caldus (Covarrubias et al. 20148),
50 i i possible 10 presume this phage has the ability to s
the life conditions of 7. tamanenss. Overall, the relable state-
ment of whether the prophage & active would need further
anahysis, The summary table of present prophage DNA from
PHASTER 100l s available under supplermnentary table 54,
supplernentary Material onfine,

Materials and Methods
Growvth Conditions, DA, Extraction, and Saguencing

Bacterial cultures of T, fakanenss LMG 22826" were purchased
from Belgian-coordinated colections of microomanisms. First,
the bacterial culiure was culthvated in complex medium (nutrient
broith with 1% peptone, Hibedia) for 24 h at 50 *C with con-
stant shaking {180rpm). Subsequently, T. tafmanenss LMG
22826 was cultivated in @ mineral salt medium composed of
MNagHPOy - 12 HyO 19090, KHPO, (1500, NHCl (1.0,
Mg50y - 7 H040.2 9), Cally - 2 HyO (0,02 g, Fe™NH, citrate
{0.0012 o), yeast extract {0.50, 1ml of microelaments solu-
tion containing EDTA (50,09, FeCls - 6 H;0 {(13.897, ZnCl,
{084 g/, CuCl; - 2 H000.13 01, CoCl - 6 H0 (0.1 g, MnCl
- & HO 0,016} and H380; (0.1 g/ dissolved in distiled water,
and a gugose (20,0 o) as a carbon substrate, The parameters of
culthation conditons on mineral salt medium comesponded fo
the cultvation conditions on compiex medium.

Genomic DNA was extracted using MagAttract HMW DNA
kit {Qiagene, ML) The DMA purity was checked using
MNanolrop (Thermo Fisher Scientific, LI3A}, the concentration
wias measured using Quibit 2.0 Fuorometr (Thermao Fisher
scientific, LUSA), and the proper length of the solated DRA
was confimed using Aglent 4200 TapeStation (Aglent
Technologies, USA). The sequencing library for Oxford
Manopore sequencmg was  prepared wsing  Ligation
Sequencing 10 Kit (Owford Manopore Techmologies, LK)
The sequencing was performed using the B9.4.1 Fow Cell
and the MInON platform (Oxford Manopare Technologies,

LK) The sequencng library for short read sequencng was
prepared using KAPA HyperPlus kit and was camed out using
Miseq Reagent kit v2 (500 cyclesh and llumina Miseq platform
(Murmina, USA)

Genome Assemibly

Long ONT reads wene basecalled with Guppy basecaller v3.4.4
thttpasfimanoporetach comy, a6t accessed Novernber 8, 2021)
and the quality was checked with MinlOMNOC w141 (Lanfear
et al. 2019). Similarky, llumina paired-end neads quality was
checked with FastQC v0.11.5 {(htips. W bioinformatics
babraham.ac ukiprojectsfastad, last accessed Movember 17,
2021) and boww-guality ends and adapters were trimmed with
Trimmomatic v0.39 (Bolger et al. 20:14).

Manopore reads were assembled using Flve v2B.1
(Kedmogoroy et al. 2019). The final assembly was then pol-
wshed with four rounds of Racon v1.4.20 (Vaser et al. 2017)
wsing Minmmap2 v2.17 {Li 201 8] to map kong reads. After that,
o rounds of polishing with Medaka v1.2.5 (hitps.¥nano-
poretech gittubiarmedakal,  last  acdestsd Mowvernber 9,
2021) were apphed. In addition, llumina reads were mapped
o the polished asembly with BWA abigner v0.7.17 iLi and
Dhurksn 2009 and additional correctsons were perfarmed us-
ing three rounds of Pilon v1.24 (Walker g1 al, 2014} polishing.
The final step was 1o rearrange the genome acconding fo the
predicted replication ceagin {orl) wath On-Finder 2 (Luo et al
2014) so that the genome starts with the dnad gene.

Gename Annotation and Analyss

The genome of T, tadwanenss LMG 228267 was annotated
wath the PGAP v5.3 (Tatusova et al. 2016). The prediction of
operons was performed using  Openon-mapper (Taboada
et al. 2018} Proten-codng genes were assigned to TGS
according 1o eggNOG database (Huerta-Cepas ot al, 2019)
through  eggNOG mapper (Cantalapeedra o1 al. 2021).
Genomie-based phylogeny and companson o the most
closely nelated species was done with the type strain genome
server (Meser-Kolthoff and Goker 2019). Furthermone, the
genome sequence was searched for prophage DNA with
the PHASTER tool (Amndt et al 2016), Prophage Hunter
(Gong ef ol 2019, and the ocowrences of CRISPR arrays
and cas genes wene inspected  through CRISPRDetect
(Biowas et al, 2016) and CRISPRCasFinder (Cowan ef al,
2018), The resulis were compared with PGAP annotation
and only arrays predicted by at least two 1005 wine feported,
Finally, the genome sequence was processed with COVeew
[Stothard and Wishar 2005) 1o construct the circukar genddme
rmap. Identification of crthologous genes coding key enaymes
was made by manual BLAST {afschul et al, 1990) searches
and by browsing the KEGG database (Kanehisa and Golo
20000, Molecular weights were predicted from the primary
structure of protein sequence wsing ExPASy (Gasteiger ¢1 al
2003),

4 Genome Sl Eval 13012)  Mitpsdidol org/10.1093befevab 80
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Supplementary data are available at Genome Biology and
Evoiution online.
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ABSTRACT

Sodveniogenic clostridia are not o strictly defised group within the gemus Closridiem but ies represenantives share
soame common feafures, e they are anaerohic, . nan-toxnogenic and endospore forming haec-
teria. Thelr main metaboliee is yplcaliy 1-butancd bur depending om species and culbore conditlons, they can
form other metabolites such as acetone, isopropancl, ethanol, butyric, lactic and acetic acids. and hydrogen.
Although these erganbimg wire peevioialy used for ke Industrial peoduction of sobeests, ey lier fell Imio
disuse, being replaced by more effident chemioal prodection. & return to 8 more biclogical prodoction of sal.
vents thenefore pivquiees & therough ndermianding of chostriial metaboliim, Trarerplone anshais, which
reflects the irmvolvement of individual penes in all cellalar processes wichin a population, af any given [sampling]
mamend, s a vakzble ool for gaising a decper insight o closiridial life, bn chis review, we describe techrigques
ity sy transcription, semararize the svalution of thess techniguees and compare methads for data processing
and vinualivation of solveniogenic chestridia, particularly the species Closinidim ocstobupicem and Clmeridium
befjerinchi Endividual approaches for evaluating ranseripiomds dats are compared and (helr eonribasions 1o
advancemends in the field are assessed Mogeover, wiilization of transcripiomdc dada for reconstruction of
enmpurationsl cleatridial sembolic models B cosdkdered pnd particular modeh are deacrisad, Trasdcriplicnal
changes in ghircse transport, central carbon metabalism, the sponalation cycle, butanol and buatyrate stress re-
ik, the infaence of lignocelhilose-desived nkdbilon on growlh asd solvent poochaction, and other

respective topics, are addresed and common trends are highlighted.

1. Intredluetion

Mainsalning scoeptable lving conditions on Eanh for funene geser-
ations i= a major challenge for contemparary science. As humanity, we
have unexpacted snd surpetsieg allles in meeting this challeege, but we
harve mot yet wsed their help enough. These ane microorganisms, some ol
which have experence beyoed the memaory of the human species with a
dramatically changing climate. Such a group of evolutbonarily ancient
bacteria inchudes chostridia, which have the potential to produce various
chemicals such a9 salvents, acids or hydrgen, and their preluction
wiould not need bo be based on ofl, one of the pillars of our corrend
civiliestion; we could process wastes of many 1ypes o recreate asefol
materials. Acefogenic clostridial species, capable of using Oy and.or
O a8 @ earbon soarce, sich a8 Clopridies Jungdahli, are newadays of
great imberest (fora recent review of their metabolic pathwagys see Koo

* Goresponding author,
E-vinll e prara plinkinvailvach ez (P Patakown )

g ol ae g/ LOL DO 1S/ bigter iy, 2001, LOTRED

and Miller (20200

in this paper, we described the tmnscriptome analysis of native
butanal preslacing clostridia such as Closridizem aceburylionm, Ol
perform  acetane-batanol-ethanol sopropanal-buraned-ethanod  (ABES
IBE) fermentations. In addition bo native butanol producers, engineensd
butanal producing microorgandsms have been developed, soch as Clos-
tridium tyrobutyricam (Bao et al, 20005 13 e al, 2020c) or Closmridium
ceffedovorans (Bao ot al | 2021), transcriptoméc siudies of which are nog
included in this review. The ABE/BE procsses have a histery of in-
dustrial e (Jones and Woods, 19586) but now, despite on-going
research, ane seldom wsed a1 an industrial scale, Recently, the entire
ABESBRE technology stream, from subsirate preparation oo prodec
bolation, Including an overview of ihe compandes [avelved in indusirisl
process  developmesnt, was  reviewsd (Vesa et oal, 2021k The

Recefved 37 Aupnt 3021 ; Recetved in revised Sorm 10 December 2021; Accepied 14 December 3037

Availabile colise |7 Degrember 2001
O H-ATEEE 2021 Blacvier Ine. Al righss reserved,

198



Article XIV: Transcriptomic studies of solventogenic clostridia

F. Pansioa of el

fermentative decomposition of carbohydmees by selventogenic clos-
tridia ooours asa two-slep process, In the Grs phese, sssociated with o=l
multiplication, acetic add, butyric acdd, hydrogen and carbon dicaide
are formed as 1he main products, In the second phase, solvents such as
butanod, acetone or isopropanol, as well as fermentation gases, ame
prodsced from tse carbobydrates and tbe scids. The metabolic swinch
depends on pH, acid concentration, population density and other fac-
tars; for reviews of ABE/IBE metabolic pathways description anid regu-
laBiom, see Ghestilnghi et al. (200%); L4 ot al. (2050b) Yang of al. (2018].
Although the metabobic swinch Is the focus of research Im this fleld, &t is
still not thoroughly understood ard novel findings such as the potential
influence of acetylation and burylstion of cellular proteins on the shift
have been reparted recenaly (X of al, 2018), Sohventogenis can, but
necd not necessarily take place simulancously with spomalation in
clpstricdia. There are also gaps in our complets underaanding of sol-
ventogenic clostridial sporulation, despite progress made in recent years
CAl-Himal o &), 2015 Dialls ot Al 3021,

Transcriptomic stodies complement our knowledge of the genomes
of imdividual straing and give us & much betver jdea of the course of
individual processes (e.g. nudrient iransport, metabalite production, cell
movensent of sparelation) st the level of the cell popalation. Teas-
seriptomics data for individual genes cleardy tell us which genes ane
actually used by cells and which are present in their gencene but are not
used, This review i= focused on the acquisition ard wse of transoriptomic
data of salventogenic chostridia, in particular C acersbupdicum amd
L. beiferinckil because ather selvenicpenic closmidia have pot previouly
been used for a tremscriptomic study with the exoeption of
L. soccharoperbsaylocenonicnm (11 er 8l 2020a), Such a review has never
been compiled, although some published review articles have fooosed
o onkles insighis inio mecrobial butsnol/aleebol ideranes [ Aoy of o
202 1; Mordnouchi &t al, 2008; Sandoval and Papoutsakizs, 2016). The
first part of this review ks focussd on s Brief introductios of techalgues
for obtaining transcriptomes, with the specific aim of techniques ased
for studying transeription in solvestogende clostridin. Data processing,
visualizatbon aml evaluation technbqisss are summarizsd and linked o
pasticular studies in which they were msed. The use of data for recon-
struction of biological computalional models by means of gystems
biology is also reviewed. We also present topics shodied by tran-
seriptoanse echriques in solvestogenss closiridia, In particular ssccha-
ride consumption, centml metabolic patbways, sporalation, metabalite
{51 stress and the elfect of lignoce bubose-derved inhibitars, This review
provides a comparison between C acefobutylicem and © bedjerimckii
specles, shaws the possibilities of using transeriptomic data and may
becomse a weeful (ool for the evalustios of new transeriptomic studies not
andy af selventogenic clostridia,

L Transeriplomic techniques

Measuring 1he expression of genetic information in various organ-
1sms is & stardard research procedure thait revealks microbial bebunvior by
providing information on negulathon of thelr geses, It can even help iefer
nowvel, hitherto unannntated genes, or to explain the functions of poarly
deseribed genes, Transcriptomss af solventogenbe closridis stamed oo be
studied in early 20800s, after the advent af high-throughput techniques
that allowed to perform transcripiomic experiments even in noa-model
arganizms at reasonable costs. Nevertheless, one low-throughput tech-
nbguee, reverse tFAnsCTptase quanttative PCR (BT-gPCR) {Ber ke Andon
and Hahibrock, 19850 has sarvived to the present day. The technigue
foruses only on selected genes by using specific primers. Selected mRMA
is rranseribed into complementary DWA (eDNA) by roverss transcriptase
and quantitative PCR s performed. Although the technique is limited by
the meed o design 8 primer, [ i relatdbvely cheap and &5 still wsed in
studics where only a Hmited number of genes are tracked. In solventos
genbe chostridia, RT-gPCR s wsually uribized bn soudies of mutant sraing
where expression of one or several key genes is altered, such as overs

expeession of the oA gene [n O ecenbunyficum (A wbker ot al, 2004} 08
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i . betjeninckll (Kolek o al, 2007}, or for verificaticn of resals gatch-
ered by high-throughput techniques (see chapler below). For accurate
quantification of expressbon and its comparisen between several zam-
ples, RT-PCR needs a sistable reference geme (Radonic oo al, 20040
Even though some reference genes in the bacterial domain are defined,
cnly & limited pumber of them have been confirmed by 1wo or more
shadies (Fochna et al, 2005 In solventogenic clostridia, suitable refer-
eisiE GEfES MAY VARY even hetwesn two strains of the saee species, &5 (8
the case of C. befjeriacktl NERL B=558, where zmp and gred were found to
b the most sultable reference genes, amnd NCEMB BO52 with pepT bidng
sefected for RT-qPCE (Jureckova e al., 2021; Wang & al., 2011).
Currently, clostridial transcripeomics heawily relies upon utilization
of hgh-throughpue sequencing of transcriptomes, Le BNA-Seq [Wang
et al, 2009), Before KNA-Seq, tmanscriptome profiling was primsarily
performed with microarrays (Schens e al, 1995), To measure expres-
sion with microarmays, isolated transcripis were transcribed into mare
stable eDNA and & Auorsscence marker was added e sach fragment.
These fragments were later hybridized on a chip with complementary
cligonucleotides, Thus, mecroarrays can only measure expression of
gpenes whose sequences are known. Nevertheless, since the chip can
coetain bundreds of cligoniscleatides, microarray analysis belongs tothe
category of high-throughput technigues. The fist completed genome
among solventogenic clostridia was that of © ooenebaylioem ATCC 524,
asseenbled B 2001 (Malking e al., 20001). Omly rwo years later, expres-
sinn of this stradn and its motants became widely stadied (Almaker o al
Z00ay Alsaker Akl Papocimakia, 206058 Tofmas of &l 20034 AT that Bke,
geoomeswide fransoription in other solventogende clostridin was not
possible due 1o thelr missieg genomes and therefore the Insbiliny 1o
propase a suitable microarray. Following advances in next-generation
sequencing (MGS) techniquees, ranseripiomes of other solventogenic
clostridia were studied, mainly by RMA-Seq that allowed the capture of
gennme-wile gene cxpeession by sequencing complete transcriptomses
without the need for any o prior information. This technigue advanced
stisdies of tmnscriptomes |n other elostridial species and strains, pri-
marily ©. beiferinckil amd C. soccharoperiayloceionicnm, see Supplement
Table 1. ANASeq itself covers twoe main steps. The comersione of the
firea svep is [ibeary preparatbon, which inchudes processes such & frag-
mentation, RNA conversion into ciNA, and addition of adaptors. High-
throughpur sequencing of shom ragments is then performed, The ouwpun
of the experiment, frgments or mone asoally referred o as reads, are
then analyzed using béoinformatics, The schematle overview of
currently used transcriptomic techniques i shown in Fig [, while
particular technlques and data processing used wichin particular clos-
ericlial studies are describad in the following subchaplens,
Analysis of cxpression starts with isolation of RNA which s oan-
seribed into more aable cDNA. In the case of RNA-Seq, highly sbundant
rRMA that does not contribute to quantification of expression is remosed
by Abndepletion, Data processing differs between parteular technbques,

=t e T L e e
RLTTEGN sha
-
GOTICSIs, P of coaried s
Fariry bl W R S e R
e e L
T i L.
4 e mad | i N AR
%‘ et o i [ P il s s
_ Fos i L e D S ]
ﬁ o AL GAT A iy S sy
D, Ty el i R
B i o 0 |
il
P———
W -—
TSmO
[Reew - i
IR s mar ol b b i
rEraTYE T

Fig. 1. Overview of transcripiomic techniques used for quancificasion of
raprriiion in clowiridia,
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while RKNA-Seq provides information on tanseription of all genes, dan
processing is the most complicated,

. [hia procesing

2.1.1, Microurraoy

Transcriptome profiling performed with microarrays Is bhased an
st widely wed seamner devices in closteidial studies are: Agibent DNA
Microammay scanmey (Hen o al, 2002 Servinsky et al., 2000; Wang et al.,
2013 Thang et &l, 2007; Jao ot g1, 2006, L e al, 30160 Alsaker
el al, J005), GeneMz 400IB [Crmmber = al |, J011; Grimmler el al,
200107 Hillmene o al, 200%), GS1 Lomonbcs scanner (Tomas o &,
2003, 20030 Tumimala &t al, 2003), Axod SO0 {5hi and Dlaschek,
2008, Fhang and Exeli, 20013), and Tecsn MS200 (Yoo ef al, 2007;
Migyen et al., 2006; Yoo et ol 2016) Mexx, the oupul, in the form of an
imnge, is processed using soffwane such as MimbleScan (Servinsky of al.,
2010, GenePix Pro (Grimmler et al, Z001; Geimmber & al, 2000
Hillmann et al., 200 Shi and Blaschek, 2008; fhang and Exefi, 2013),
Agilents Peature Exprection Softwane (Wang of al,, 200353 Jlao o a8,
A006; Lim et al, 3006b), Genesiy (Schoears et al, 3012), Mobscolar
Anniation System (Xhnng @ 6l., Z00T7), or SSansmay rTIII'!'III'a .,
2000, 200A5) with the aim of extracting raw data

Haw datn nommalization s peeded 1o efiminate differences between
sanyples that eriginate from technical aspects of microarray bandling
that may hias biological differences in a given experimental setup
(Jaksik ot al., 2005 There are several methods: quamtile normalization
using the whode et of genes as the reference set (Lo et al |, 201 9) used in
studies by Ren e al (200120 Liu e sl (201640 and Servineky 1 al
[2010); zetting the arithmetic mean of the ratios equal 1o 1 (Grimmles
et al., 20171 Grimmler of &l,, 2000 Hilbmann e sl 2009 seprmentsl
nearest=neighbor kogarithmic expression method (SMMALERM) (Vang
e al, 2003) osed by Alsaker and Paposisakis (2005% Wamg ot al
(20138 Alsaker ot al (2010} asd Alsaker ot al. [2005),

Subsequently, additional analyses are procesesd based on the stady
goal. Usually, gene expression is evalusted using logaritheic teans-
Tormation In the artichk: of Ken o ol (2012, fold changes in expression
of selected genes were investigated by dividing the pomaalized signal
intensities of the same gene at esch time point with a threshaold for
differential expression equal to a 2-fold chasge, Seevinaky o al, (2000]
penemied and subsequently logetransformed gene calls and considered
meean expression levels of arraye. In onder o select significantly regu-
lated penes, several studies [Schware of al, 2003 Janssen o al., 200325
Héndcke et al., 200 4; Grimmiler ef al,, 2017; Lin et al, 20065) describe
camputation of logarithmic sxpreszion ratios, seiting & threshold > 1.6
and < =16, = L0and < =1.0; or = 1.3 and < =1.3 o define upregu-
labedd o repressed penes, respectively. In several sadies (Wang of al,
2013a; fhang et al, 3017; Dash et sl 2004}, Significent Analysis of
Microasays (SAM) wad uted 1o analyes data by pakrwise and polat-te-
point comparison with the aim of revealing differentially expressed
genes for metabolite stress or gene expression profiles. Tn the pext sisdy
{Alsader =t al | 20000, differential-gene expression was identifisd using a
segmeenial neasesi-nebghbor approach. Tumemals er ool [2002) used
principal component analysis (PCA) inorder to clean data for clustering.

Finallly, clusters or groups of expression sindlasides are companed by
average-linkage hierarchical clustering., k-means clustering, and self-
arganizing maps (S08s). Two former methods are ussally processed
uding solPwane Clustes (Ren ef al.. 2012 Tomed of al., 20036 20030
Alsaker et al, 2005)or TIGE MeV (Alsaker and Fapooiakis, 2005; Wang:
et al, 2003 Alsaker el al., 2010), 50Mz are genetated by an ns-
pervised machine leaming techmique usually wing GeneCluster soft-
ware [Alsakes and Papogizakiz, 2005 Toemags & al, 20008, 2003h;
Turmmmadn et al., 20030

Fdlowing visualization of gerse chusters in hear plots or Eisen plots s
ussially carried oal using Java TreeView [Alsiker ef al, 2005; Liv e al.,

201 6a; Ren e al, 201% Tomss of al, B00Ga, MGk Tummada of al
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DM fhang and Ezejl, 20003) or THIR MeV (Alsaker nead Papoaieakis,
2005; Wang & nl, 201 3a; Alsiker &t al, 2004: Shi and Blaschek, 2008)

A2 RNA-Seq

The HhASeq technique is based on sequencing using highs
throughpur devices, angily [Mumina. The mos frequendy ussd
himinak platforms are the followdng: HiSeq 3000 {Lio e sl 20E6k; Tan
i Al 2005 VenkatArAEARSD & al,, 201 5; VemkarsrRimenas & al., 20133
Wang et al, 2001 5b; W et al., 3015); HiSeq Z500 {Diallo et al., H030 Lua
et al, 2020 Ralswon and Papoutsakis, 2016 Venkataramanan et Ak,
B015), HiSeq 4000 (Herman et al, 2007 Li et al., 20208 Sedlar e ol
2014), apd NextSeq S00 (Germane et al, 2018; Patakova o al, 201%
Sedlar & al., D018, 201% Sarvinaky & al., 2018), Ouher differences e
tween chostridial studies are given by library prepasation, the read
bength varyieg from 50 bp 1o 250 bp, the sequencing depth ranging from
4.7 bo 32 million reads per sample; reads, which are gingle-end or paired-
e, of even strands specifle (see Supplement Table 1) In addition,
differences are alm cavsed by bininformatics data processing. perfonmed
in four basic steps daia preprocessing and resds mapping; counting of
reads mapped o individual genes; normalization of counted reads; dif-
frrential expression analysis of genes.

Preprocessing step covers adapters and quality trimming of the reads
and usumlly i performed by Trimmomatic (Bolger =6 al | 200 4] software
[Fermane of al., 2018; Patakova &t &l., 2019 Ralsen and Papogisakis,
201Y; Sedlar et al., 2008, 201%; Servinsky et al, 3018). BEemaiming
comtamination of 165 and 238 eRNA after ribodepletion can be removed
by thee SontideRMNA (Kopylove «t al, 20020 tood (Patekova et al., 2015
Sedlar et al, 2008, 20019), Cleansed reads ane funber ased for mappiong
i a reference genome or for de rove assembly of transcrpts{clzer and
Mare, 2019, Selection of the rghs alignment tocd s an lmportans step in
transoriptomic analysis, but one umiversal aligner doss not exist and the
right choloe always depends on specific sequencing data and the goal of
the study [Banaed et al, 2017 Musich et al, 2021). In solventogenlc
clostridia, most studies map reads directly to the reference gepome by
warious ool such as STAR (Doben & all, 2013) alligmer (Patakova et al,
24; Sedlar et al., 2008, 201 5), Bowtle (Langmesd ot al., 200%) aligoer
(vjakie ot al, 20200 Tan #f al, 3015), Bowibked [Jin ot al., 2005; 11 o al.,
200a; Liv et al., 2020 Lio et al., 2013; Ralston and Papoatsakiz, 2018)
or Toephiat (Trapecll oo al., 2009) solffrware (Venkataremanan eg al,
2005 Yenkalaremanan e al, 20013).

Following quantification of expresston proved 1o be a very Imporant
Hep in BMA-Seq data analysis, becsuse counting can underestimate ar
ovenestimate the leved of gene expeessdon (Corchete en al, 2020, There
are two papalar guastification tools ussd in clostridial stadies: HTSeq
(Anders of al, H15) python package (Li et al., 20000 Liv et al., 2030)
and sinilar B Bicoonductor feanureCounis fanction {Liao et al., 2004} ia
the Subread package (Patakova et al.,, 2019; Sediar et al., 2018, 2019)
both performing well In benchmark iests (Corcheie e ol 20205 Liaa
ef al., 200140

Following normalizatbon of rew count deals with differences in 0l
brary sizes and lengths of the genes, expressed as BFEM (Reads per
Kilohase Millkon) (Liu et al, 2016k Pambova et al., 200%; Sedlar et al,
2018, B Servinsky el al., 2018 Wing etal, 2011, 2002 Waiig =1 al.,
2013k; W et al., 2005) or TFM (Transcripts per Million] (Jureckova
et al, 2021; Sapdoval-Espinola of al. 2017). Baoth apprasches ane of
different nature ard cnly TPM, allows comparing expression between
differeni samples [Wagner et al, 2002 Alternatively, a populsr
mormaliation techinbque i€ a budlt-in fumsction in the B/Bicconductor
DESey2 package {Love oo al, 2014}, which is based on the negative
binomial distritbution and is used in a majority of clostridial svodies
(Riallp et al., 3020; 1 ot al,, D020a; Luo ot al, 2020 Matd de Gérando
efal., 2018; Padnkova e al., 3019; Ralsion and Papouwtiakis, 3018; Sediar
et al, DOTH, 2007 Servinsky o al., 200 5 Vendataramanan ot al., 20013,
H5)

The geal of trmnscriptomic studies is usually differential expression
analysis, which determines and susidstically festz changes in gene

200



Article XIV: Transcriptomic studies of solventogenic clostridia

F. Pansioa of el

expresson between different samples or conditions and identifies
uprgildated and downregulated genes. Commonly used algordthms for
differential expressicn analysis are B/Bioconductor packages edgeR
[iabvinson o &l 20000 DESag2 (Drealla et al., 20208 Juresckoya el &,
202 1: L oef al, 20208; Mabk de Gérando et al., 2008 Patakova ef al.,
200315 Pacakows eg sl,, 3019 Ralson and Papoutsakis, 200 8 Sedlar e al,,
2008, 2% Servinsky e al, 2018; Vasylkivakn et al., 2009; Venkatar
mranam et al, 2013, 20151, Both tooks are mode]-hased lmm UEkng
negativesbinomdal distritution, yet their perdformance differs based an
pammeiers of RRA-Seq experments such as sequencing depeh or nam-
ber of replicates (Zfang et al, 2004). Similarly 1o microarrays, gpene
exprossion profiles are often visanlly represerited by heatmaps (Hrnskn
& al., 20Z1; Pabakovs o al., 2009; Vasybkiveks of al., 200% Wang ot al.,

200 2

213 RTqgPCR
RT-qPCR dats |5 transcaiptomles ane oftes used for valldation of the

data from oiber genome=wide technigues, in solventogenic clostridia wes

CEsllo et al, 20207 Grimmiler ot &l 2000, 200 1; Jine ot &l 200065 Jones
elal, 2008 Res et al., 2003 Schwarz et al., 201 2: Servinsky & al., 2000
Shil and Blaschek, 2008; Tan =1 al., 2005; Wang et al, 200 3a; Wang ef al,,
2001, 2012 Wu ot al., 2005 Yang = al., 20204 Thang ef ak, 20017;

fhiang and Frell, 2013). Validation s condocied by ET-gPCH experi-
ments of sebected genes together with appropriate reference penes,
which are used for normalization of expression of tested genes. Relative
qusntification of expresion can be performed. for example, by the
matbematicn] mode] of Dr. PEaf {PinfEl 2000] as in the case of several
studies (Diallo ¢ al., 2020 Griemmler 1 al.. 20040, 201 13 A tl_l|l' ke delia-
delia Ct method (amndesompele et &l 2002) in the stody of (Schware
e al, 200 2) or by the comparative Cp method [Schmingen and Livak,
20E0E] I the stisdy by (ZBang and Preji. 2013). Estimaded fold changes
are then companed with data from other transcripiomic techriques and
their validity is proved by similar trends in gene regulation (Tan o1 al.,
2015) or by high positive correlations between data (Jlao et 8l 2004;
Reiehy el ., 2012 Shi &l Blaschel, D008; Wasg & al., 2011, 200 23 Zhang
et al., 3017 fhang and Exejl, 30130

2.2 Data interpretation and coemparison of reslls among sudtes

Fug several comsiderably diffesent Lab echnigques, varbous machines
o measane expression and a wide mnge of bioinformatics toods to pros
cess the dams, comparisons of resals from differest studies ane
cumberiome. Moregver, the simple fact that the sequence of 4 particalar
gene can differ berween two bacieria muest be consSdered, The sodusion
can be found in funciions] snnatstion, Le. every gere is asigned a po-
tative function, The very basic, yet widely used annotation i to assigna
gene 1o a Cluster of Onbobogoas Genes (O06G), sometimes also meferoed
to as A Cluster of Orthologous Groups of protedns {Tatosoy o1 al., 200,
The transcriptional responde cam Usen be summariosd by counting up- of
down=regulated genes in each category. Such s strategy was utilized in
chostridial studies for mbcronrrays (Alsaber and Papoursakis, D005) B8
well as for RMA-Seq (Sedlar e al, 2018}, Responses of different strains
ar specles are done by simply comparing absoduse or relative abundan-
iches of regulated genes in particulsr calegories. Annotation can be done
by searching for anpatated ortholegous genes in various datahases, such
a5 the recently updated COG database (Galperin e al., 2021} or BggNOG
(Huerta-Cepas e al., 2019), Desplte the fxct that COG annotation s
ussially performed when & novel clostridial gerome B published (Molling
etal, 2001; Sedlaret al, 202 12, 20021 b}, its utilization for comparicon of
various ranseripioenie studies is nol widely adopted. The reasca prob-
ably lies in the design of particubar studics, While there are several
transeriptomic sadies mvolving salveniogendc clostridia, they measurne
transcription 1o different stimuli snd under different conditions; see
Supplemenitary Table I While a comparison of these resulis asieg 004G is
techmically possible, it i aften not meaningful. Nevertbeless, this pro-
cedure will be of great use when more transcripromic stadies are
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published.

The simple counting of genes in different categories might be very
Hmiting sinee the total nomber of genes may vary amang different
stisdies, especially when microarrays are used The solution B 1o
calculnte if a fumctional group s statistically significantly represented in
dara with the hypergeomeric 1est [= one-gided Fisher's exact test), This
can be used 10 confinm some presumpdion, eg. some COG categories are

ed ameng putative housekeeplng genes in O befferinckil
BCIMEB BO52 (Wang et al., 201 1). Similar, so called enrichment anal yees,
are moee comman 0 Gens Ontalegy (GO) (Harrs et sl 2004}, While
CIOG provides only coarse-grained annotation, GO offers general as well
as a pumber of mare specific terms o be wsed. A similar analysls was
sl b sumenariee the ranscriptional resposse of C. beferinekd NRRAL B-
5598 to botancd shock ard to chamcterize potative housekeeping genes
utilizabie as relerence genes for RT-QPCR (Jurechovs o al, 20213 Sedia
e al, 200595 GO annotation can be constructed in i similar manner to
CONG gnnotation, by seaschieg for annciated omhologues using, lor
example, Blast3GE0 (Conesa ot al, 2005) or QuickGO (Rinns ex al,
20, Thens are also caber ways to perfosm A functional ansoation, for
momes [EEGG) dEanchisa and Goeo, 20000, used to And enrched bio-
bogical pathways in Coacetcdtalicasn (Liv =t al | 2020) and 16 construct &
bindogical model of © bedierdackd (8ine ef al, 20070

23 e of eranscrigtomes in biokegical modeds

Mowel high-throughput techniqaes were game changers for the feld
of biological modeling. Modeling of biochemdcal systems that would
explain o fully deseribe the mersbolism of living organizms has it
roots in the Michaelis-Renten equation (Srinivasan, 2021), which forms
the hasis af every kinetle midel, Howeves, these kinetles presume thar
the comcentration of an eneyme remaing constant during the whale Hme
o the remctiom. This is only schievable for a limited set of reactions and
wery shart modeling time, and not for lange genome scale models (GEM)
comtaining tems or hundreds of reactions, As onzymes ane products of
proteasynthesis, their concentrations are changing eontimueusdy among
others according to changing expression of genes encoding these en-
gymes, This regulation was pever nitally considered in GSM of sol-
venbogendc clostridia (Senger and Papoutsids, 2008a, 20085), Cnly
Lster, was (ranseriptomic regulition taken lato sooount for the kineric
modelling of clostridial ABE fermentation (Millar =t al. 201 35a). As the
activity of varlous enzymss changes durieg acidogenic and solvento-
gemic phases, the suthars presumed that the total concentration of en-
rymes was nof constanty, bat mther 8 functlon of pH. Neverthebess, the
midel was ftted uking only fermsentation dasa and no ranserpanic
verification was done, This mode] was further augenented and the pH
shift was linked with cell growih (Milas of al, 200350, Regarding gene
expression, this model alse considered antagonistic expression of adhEl
amil nihE2 genes encoding aleohal/aldehyde debiyidrogenases. Similar o
fts previous version, no tmescrptomic data were used, This applies also
tir other kinete mode] thel combines metabalie reactions, gese regula-
tion, and environmental cues without experimental verification of gene
expresslon (Llao e al, 2015), While the previously described models
were propoded for the frin C. acetohutylicem ATCC 824, ancther GEM,
CMO25, was derived from the O bellerinckil NCIMB 8052 genome
(Plilne =1 al, 200 1) Im that case, due to missing ranscripiomic datz far
the strain im that time, mo changes in gene expression were consldensd in
the fidel.

Thanks to the gemome seqoence and a coupls of tanscripbomic
datasets available, Closrridium ocerobaatylicam ATCC 824 became a model
crganism for solvenicgenic clostridia and other kinetic models were
propased for the srsdn, The medel ICacRO2 conséders BOZ genes, 1,137
metabodites, and 1,462 reactions [Dach e al, 2014), snd considerably
cxpands the previous model ICaed90 (Metouly ef al, 2012), Tran-
scriptomic regulation is fully incorporated into CacA0R thanks to a
method called Corefeg (Tiash et al., 2014), The method weights fluzes of
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metnabolites by changes In expression of genes pamicipating in corre-
spending enzymalic reactions. Transcriptomic data used for adjusting
the mode]l were gathered using s set of microarrays cxamining tran-
seripthonal changes in response 1o chemdcal stress (Warg ot al, 200 3a),
Another mode], iCac® ¥, considers changes in the trmscripbome (Yoo
etal, 200 5) This model spans %67 genes and inchades 1,058 mesatolites
participating in 1,231 resctions. An analysis of the transcripiome was
cafried oail using microanays under three diffesent mable metabalic
states: acidogenic, solventogendc, and alcobologenic. The awthors pers
formed precise quantificacion of particular miNAs and sopplemented
the study wilh protecmics analyses. The model was marually sdjusted
seconding to the calculated numbers of particular molecules of mRMA
el

wﬂrﬂdﬂﬁ.‘i!ﬂs.tnnmﬁtﬂmhdltnmh:uﬂﬂuﬂ ta infer sdditional
types of meodels. Ax RNA-Seq echnobogy measanes transcriploin of all
genes at once, and other omics data are powadays easily acoessible,
inderene of gene pegulstory networks (GRMS) capiurimg regulation
amang parthoalar genes, became very popular (Mercatedli of al, 2020].
Albousgh seme closariddial GRNs were already inferred, almaost nooe of
them spanned sohvenbogenic clostridia (Ihekowalba @ al, 2006; Ohitani
and Shimleg, 2006 Saujet of al,, 2014), The only exception was in the
gene poexpression petwark of C ocetobundficum, which was wsed o
reveal movel metabolic mechandsms (Lo of a2l 2020) Additicnally,
micrarmay data for C. ocelcbutylicum ATCC 824, which were used o
adjust the G5M, were also used to propose a siress response petwaork
{SEN) (Wang o1 al., 2003a), This serwock consists of eight core, sibes-
related regulons and can be considered a5 & pam of the
. acerobsylicum GRN. Moreover, since the stress-related genes ame
highly conserved, the proposed SEN is widely applicable 1o other sol-
vensogenlc chostridia,

3. Transcripiomic ingight Into solventogenic clostridia
physiclogy

A scheme of glistose ransport, glvoalysis and the maln scdogenic
and solventogenic pathways are shown in Fig. 2 for better orentation in
the text. Carbsohydrate uptake in bacteria e<cums via cither the phes-
photmnsferase systemn (FTE) or via non-PTS mechanisms such as ABC
transpormers of sympomers (Michell 20161, I carbahydrate is rrans-
ported by FTS, its phosphorylation = carried out by the PTS sysbem, but
Tor pon-FT5 epiake, anctber kinsse activity (s needed for phosphoryla-
tion. The central metabolic pathway of ABE fermentation was described
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bong ago and beamches thar lead fo the most commeon products are
known. However, trmseriptomic stodies enabled the idemification ar
verification of the major genes involved in the ABE metabalic pathway,
their coondinsted ar differing forms of regulation, suggestions or verl-
fication of patative operon strochares, implied metabolic fluxes, and the
nvolvement of altemnative routes emploving varous isceseymes. This i
chviously different for £ aceibutylicem and € beijerinckii; however,
froen A global polet of view, durieg scandard ABE fermentation, gen
expression of the main metabalic pathways follows a similar pattern.
FTS - phosphotransferase systeny; EI - FTS cnzyme EL El=FP — phos-
phorylated PTS enzyme EL Gene prodwcts: ock - scetate kinase; ade -
acetancetate decarboxylase; adhEl . NADH-dependent bifumctional
albewhol/aldehyde dehydrogenase; alif - aldehyde Sshydrogenase: afl -
abrohol dehydrogenase; bod - acyl-Cod debydrogensse (butyrylCoA de-
drogenase); bl - busamol dehvdrogenase; buk - Buryrace kinase; o -
crofonase; cifd and ofl - CoA trapsferase subumit alpha and beta,
respectively; FILA, EIR, ENC, FIND - PTS eneyme BIL A, B, C, D sabaniis,
respectively; eno = enolase; sifA and atf#l - electron transfer Ravoprodein
subunit aipha &nd hets; e - fnoctose-1,6-bisphosphate aldolese; gap -
glvceraldehyde-F.phosphate dehydrogenase; gupN - NADP-dependent
glvorraldehyde-2-phosphaie dehydrogenase; gick - glucokinase; gpm -
phesphoghycerate mutase; hhd - 3-hydrosybutyryl-Cod debydrogenass;
fyd - hydrogenase; gk - G-phosphofructokinase; pfo - pyruvateferme-

buryryliransferase; padl - histdipe-containing protein HPn pyk - par-
vate kinase; oW sthiolase; i - triose-phosphate isomemse. Fd -
ferredomin,

Clostridia are knowm for their great metabolic flexbility and
eaoepiional ability 1o gronw on differen kinds of substrates, The abiliny to
i gaseons subsbrates swch as mixtures of CO5, Hz and CO are con-
eected usually with © [umgdallil (for the transcriptomic stodées
comparing autcirophic and heterstrophic growih of the species see
Aklajkareral, (20175 Tan o ol (20031 and similar chostridia, howeves,
it e s eonfrmed at the transeriptional level in C beflerimekii SA-1, 4
mudant of £, hefferinckdi RCIMB 8052 with a butanal tol=rant phenotype
[Sandoval-Espinods e al., Z0017k

It is common for solvenlogenesis o occur simultaneously with
sporulation, 1 neither solventogenests mor sponidation occurs, ar both
processes are sipnificantly impaired, we can speak of so-called cultare
degeneration. The permanendy degenermed phepotype is exhiblied by
mitants of production srains due 1o varous causes, for example after
boss of the megaplemid in the case of C acmobmplinem ATOC 824
(Combllon er al, 1597 or after musdtiple sub-culruring withoul sporu-
Intion in the case of © befjerdackd (Lv o1 al, 20060 A short charscter-
keation of #raing, described in tbe text, is given in Table 1. For a
phylogenetic tree depiciing distances among most of them, see Crue
Mossles o &l [2019), and for comprehensive and current charsetes-
izatiaon of C. beflerinckil straing, gee Sedlor =t al. (20210). In some tran-
scripiomic siudies, muianis of parent sirains with deactivatbon o over-
expression of ane or mrultiphe genes were used and these are pot included
n Tahle 1,

In the trasseriplomic studies of salvenlogenic clostridia, not anly
different techrdques and data evaluations were used, described in sec-
tien 2, but alse different experimental and cultivation designs, Calui-
watbon was performed edther in batch or continuous chemostat modes
where hoth aprions have their sdvaniages and disadvamiages, The cell
cycle, including gpomulation and the two metabalic phases, acdogeness
and salvestogenesis, ag well as the metabolite(s) mress nespoase ¢liclied
by both acids and solvents, can be monitored during batch oolture.
However, ransition of the populaticn from one phase te another and the
omnset of sporlation offen overlap, making it difficul? 10 evaluste both
processes independently. In addition, both acidic and solvest stresses
are frequenily coupled with a drop in population viabilicy, which com-
plicates chizining mANA from live cells. A typécal example of such a
stady was performed weing C bejiertackil NRRL B-598 (Paakova et al
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ABE = acetone, butanol, ethanol; 1BE - iscpeopanol, bertanal, etbanol; MNRG - M-
Ml - plere-N-pitredogiiankiline: LY - ahraviebs

209), On the ather hand, continisous phesphonss-limited chempsaar
cultures with pH regalation were wsed for separate studies of acidn-
genesis (pH 5,70 and solvenogenesis (pH 4.5} in C. acencbuy licum ATOC
E24 (for a typical example of such study, see Grimmler et al, 2011) In
this eositinusas cultvation, spomulatbon was suppessed, which scnanlly
facilitated the stody of bath metabalic processes and excluded change of
pH a3 an additonad sress, As the contnuous cubiare with separace
metabolic phases was performed wing only C. ecetoburylicum, there iz an
open question whether it would be possible to perform the cxperinsent
under sinilar eonditions with £ bejlerinckii. In sddition, ssmpling plans
are nid comparable within the smudies. In some cases, mumnils)
behavior was alio compared with ther of the parem @amin For an
overview of transcriptomic stiudies in solventogenic clostridin, as well 2
teanscT ploanic techaigues snd daabases where the data ane stored, see
Supplement Table L

31 Glicose rarpory and phospharylanicn

Ghecose imanspart mainly ocoars via the PTS |n solventogenic clos-
tridia (Rdicchell, 2006k In €. acatobufylicom ATCC 824, two sets of FTS
Ell iransporters belonging 1o the ghicose family FTS EIl prteins, were
dentified. Whils the genes encoding one of the g5 were expressed
comstitutively, expression of genes encoding the second set was indoced
only in the presence of ghscese (Servinsky of al, 2010), Dewn-regulation
of FI5S Ell genes was reported for a mutant stradn with copd (gene
enceding the pleiotrople regulsior of carbon metabolism Cepa) inacti-
wation, suggesting that CopA may be necessary for efficient expression of
FTS B gemes i the stradn (Fen o al 20020, Mopeoves, & role of §lsooss
FTS EIl gemes in carbom catabalite repression (CCR) whas sugpested (Wa
et al, 2005 Xiso e al, 2011), Miferental wpeegulation of genes
encedling the glucose family PTS Ell genes was repocted in the strain
when medivm was supplemesied with zinc or sodium sulfide {1in e al
RS W et al.. 2015), On the other hand, genetic manipalation af the
strain, such as inactivation of cepA or deletion of buk and peh genes, (Fen
ef &l 2003 Yoi & al;, J017) or acid stress (Als=er o al, 20100,
resalted in their downregularion.

b thie ease of pon-FTS uptake, gk encoding glucokinase exhibited
high expression throughout the cultivation in C. acetobutylicem ATOC
B4 [Jomes of al. 2008), Alveragion of s expressbon observed bn different
sladies was triggered eitber by acid/ solvent stress (downregulation)
(Adspker ef al, 2000; Alsaker amd Papouisakis, 2005; Janssen e al,
000, Z00 2 or by medium supplementation with zine ar sodiam sulfide
(npregulation} (Jin et al., 23015; W et al., 3015),

Although ghicoses family PTS transporters lake part (5 sugar uptake
during exponential and carly stationary phases in C bellenimckn’' NCIMB
BOS2 [Wang o1 al., 20032), it peems thae for the stealn, a8 well &3 for sosne
other . befjerinckil strains, glucose upinke by FT5 mainly ooows wia
mannose [amily FT5 EI proteing (Vasy vl ef al., 2009 Wang e al,
HH2) Mareover, different, independent studies {Lio et al, 20068
Parakowa ef al., 201% Wang et al., 200 2} show ihat ibe swiich from PTS
tor non-FTS uptake can be observed for glecose utibrstion by different
i, beiperinckii straing, with a prevalence of FTS during acidogencsis and
ATP-dependent glicose phosphorylation during solventogenesis. The
same was true for the butanal-overproducing mutant srmin & befjeninckd
BALON (alfspring of C. befjarinckii NCIMB 8052 obtained by andom
mutagenesis), however, expression of genes encoding mannoss famiky
FT5 EN prot=ing in the mutsnt was reposted po be much bower tham n the
wild type (550 and Blaschek, 2004), This comretponds to additional ev-
b that in C bedferimekil BALOY, FTS transport is panily impakeed (Lee
ard Blaschek, 2000) and non-PFTS uptake might play an impartant mle
in the pvesproducing phenotype (Lee 1 al, 20050, O the other hand, in
. beflerimckii BA 105 (nffspring of . beffarinckil NCIMB 5052 obtained by
random mutagencsis, exhibiting a glucose derepressed phenogypel,
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elevared expressbon of genes encoding maneose family FT5 EX proicins
was observed througheul the fermentations, significantly higher than
thnat of the wild fype (Sea et al, 2007) Such expression of FTS E1l genes
i the mutant resulbed in inereased glucose aptake and acid preduction
and, ultimately, contributed to an ackd crash when pH was not regualated
(50 o1 al, 2017}

3.2 Corbon cetobolite represdon {CCR)

Carbon catabolite repression (CCR) wsually means preferentinl uwse of
glacos from the mizune of saccharides and this prefenencs is regalated
by tranescriptional activation or repression, or by translational control in
hacteria, Effective utilizstion of all carbobpdrates, e, madnly glucoss,
wylose, arabinose and galactoss present in hydrolysabes of Hgnocelli-
losic bbamsass, an abundant waste substrate, can he a key poing for mose
efficient ABE/TBE processes. Mixtures of saccharides can also be foand in
seawend or sorted mundcipal waste hydrolysates, which represent ather
frequemtly studied sounees of carbon, As diauxle willizacion of mes of
the saccharides in the presenoe of glucose is one of the bottlenedks for
clostridia jermenting these subsirates, a study of OO regulanory
mechanisms is very important.

Alrhaugh mest transeriptomle sudies of solvenogenie choseridia
s deglucose ax a sole carbon sounce (see Supplement Table T3 then
are n few excepibons. For exnmple, tmpscripioméc  date  of
. acetoburyficum ATOC 824 exhibiting a typical disuxic growth patbemn
in defired minimal mediem containing d-glucose and d-xylose revealed
that amanig the genes sabjected to carabolite repression by ghucos: wene
one of the two putative operons involved in dagylose degradation, genes
encoding sugar trarsporters, xylanases and endoglucanases (Grimmler
el al, 2000)% It was shown that dismaption of copd in £ mcetnbunyficum
ATCC A24 elimdnates catabalite repression of xylose wiilization i che
presence of glooose (Een et al, 3010). Ddsmaption of copA inoa mugant
stradn pesulved in higher expression of geess encoding transporters asd
enzyies catalyzing metabalism ol non-glooose carbobydrates, incloding
penicses (Ren of sl 2012}, Moneowver, copd was shown to be invalved in
the regulation of key genes of solventpenesis and sporulation in the
straln (Rem ef al., 2002)

In C. acetobutylicum ATCC 824, CCR was also observed for growth in
a mixtare of arabinose ard xylose, with the former being utilized pref-
enentially, sugpestieg that the strain has a hberarchy in pentose utilizs-
thom (Aristilds =t al, 2005). Transcriptional analysis of sumples taken
alter addition of d-arabinces 1o a cubtare growing on d-xybase revealed
madulation of Ernscription of genes involved in xylose utilizalion and
ather ccpA-coninalled genes (Servinsky et al, 2008) It was suggested
that the catabolite repression phosphocartier, histidine pootein Crh, may
take part in the peocess and that ambinose can activabe the peotekn,
Mareover, & shifl in pemtose metabollsn from exprestion of penbose
plensphate patbway genes o phosphoketolase pathway gemes was
obdsrved in this sy, resulting b inereased aoetate producticn,

Expression of genes encoding different metnbolic pathways was also
obwerved for O befferinekil DEM 6423 cultivated on d-gluecse or |-
rhamesse as a sobe carbon source {Diallo ef al, 2025 IBE was produced
on glucos: medium, and 1, 2-propanediol, propanal and proploaane were
prodisced on thamnose. Interestingly. the same study reparts simulta-
necus wilization of substrates when O betlerinckil DSM 6423 was grown
on a mixtire of d-glsoose and I-rhamnose, mimicking the hydrolysate af
the seaweed Lha letuca.

Ia C. bejjertackii NCIMB BO52, prefenenial utilizabon af glaoowe was
observed during growth on glucose and glucitod (Fangney e al, 1954],
&3 wiell as on A combinathon of glecose, ybose, celboblose and arabinose
{thnng et al, 2002a), but when glocose and fructose wene used as car-
hon souapees, no COR was ohserved (Mochell, 19%0), It seemms that OCR in
. hefferinckii species might not be as strong a5 in C. acatobundicnm ATOD
824 as, for example, addition of glucose to wybose-contalnimg growth
mediam for the culure of C. beiferiacksi NCIME 8052 resaleed in the oo
utilization of substrages (Blyea o1 sl 200 Bl Simubnneows utllizaton of

B Pnolaggy Advasces 58 (20330 [TE50

glucose and xylose was alse observed for C. betjerinckill SE-2 isndaied
from shedge (Fhang = al, 2016) O soochoroperburylacstonicum N1-4
alzo did mot exhibit OCH when grown inoa mistore of ssocharides
(Mogpuchi er al, 201735 Unforanately, rranseripthonal analysss of these
strains growing om the mized substrates are still not available.

23, Murinomal sesds besed on manscripromis dare

Uptake and wilization of non-carbobydrate componesis of & culiare
midium are equally important for ABE/IBE processes. While hacteria
are able to synthesize maost of thelr required notrients, for example, vi-
tamins of amino acids, thels aplake from the culnane mediem B o
energetically advantageous for the cell (fschme and Slothoom, 2015
Different types of membeane iransporiess, such as ebectrochemboal
potential-driven transporters, primary active transporters amd group
translocatoss, take part n outrbent wpiake (Vasylklveba oo ol 20090,

Mutritional requirements of salventogenic Clostriditen strains change
during each stage of growth and production, as well a5 usder soress
comiditions. This is reflected in the expression patterns of genes encoding
wpiake and utilizatiom of different mutriemts (Heluane ec al, 20171;
Vasylkivaks ot al, 2009 &m’dlﬁg ta the differential expression of
genes conmectied to nutrent Erangpont in O beerinckdi NRHL B-598,
glutamiee, methionloe, zine, adacin, thiamine and bbotin seem 1o play
important roles in batancd production [Vasylkiveka et al, 20019L Por
Clogeridium acesaburicum ATCC 824 vimmin By, siboflavie, rvpoo-
phan, ghitamine, asparagine, cysteine amd histidine may play impartant
roles under wianol stress. These finding wene based on ranscriptomic
analysis of diferentially expressed penes conmected 1o the transport and
metabollsm of nuirients (Alsaker et al, 2000 Heluane et al, 20010 A
pew mediom composiion based on these findings was proposed
support growth amd butanol production in contimsous oultare. This
midiiim wad bested on O beljeriacki SA-1 and under test oomditbon,
stable tano! production and prolonged vegetative stabe were achiewed
(Heluane & &l 20113,

34, Central merabolie patlway

Glycolytic genes ane quite stesdily expressed withoul appanent
temporal regulation (Jones o1 al, 2004} or slight declination towards
Lwte Mwu [Parakova &0 dl., 201 Shi and Blaschel, 2008
‘Wang et al,, 2002) with a high namber of transcripts (Maie de Gémando
#t il 2018, Ina h}lj'l_lm-grﬂ.rln;g cubmare (Liu er al., 200 6a) or zime-
supplemented cultare (W er ol 200 5), thes: genes were upregulated,
and this was simulianeosly aconmpanied by a higher moe of glocose
alilization.

Within the pant of glycolysis pachway that serves for transformation
aof glyceraldehyde-3-F o phosphoenolpynavate, an alternative route for
direct 3-phosphoglycerate formation from glyceraldehyde 3-phosphate
producieg NADPFH can be found (see Fig. 21 I g hypotbesized that
this by-pass might represent the possible source of NADPH for NADFH-
dependent bustanol dehydrogensse, Upregulation of the gapy (NADPH-
dependent ghyceraldebiyde-3-phosphate dehydrogenase]) was detected e
g in a biofilm growing C ocerdufylicem ATOC 824, Howerer,
comparing the level of poplN amd gop gene transcripls suggesis anky
limiced flux through Gaph, accounting for less than 5 % of NADPH
reduined (Yoo of ol 200 5) which seemis insalficient 1o provide NADPH
for buryraldehyde reduction using butanel  debypdrogenasze. In
. ocetobifylicem ATCC B24, two bifunciional aldehvde/aleohod de-
hydrogenases, AdhE]l and AdhEZ, are believed 1o contribute b solvent
formation, First, sdhED gene, which is part of the sl aperon, was verified
in transcriptomic studies to encode & major butyryl-Cos debydrogenase,
P‘-E!iﬂ-ﬁl eale kn mlmw: |'l::r||I||1||l'.' &f al., 3010 Jasssen of Ak,
B Yoo et al, 2006k Nevertheless, this “bifunctional™ dehydrogensce
exhibited high buryraldehyde dehydrogenase activity, bur only marginal
brutanal detnedrogenase ability (Voo o0 al L 2005), suggesting the need for
an aliereative butanol  dehydrogenase (Bdh) dor  batyraldehyde
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reduction, Both odhET and adhi2 seem to be regulaied in an aniagonlstic
manner, with odhE2 bedng the major gene expressed in acidogenesis
(Girimmler et al., 2011) and aloobologenesds (Yoo of al, 20161

Unsder solventogenests, mare than ene butane] delydrogenase might
contribute 1o the final step in butanol formation and at least three of
them ane possible: Bdha, BdhE, and BAhC (Yoo e al, 2007) with the
highest flux abtribubed bo BdbB. The incresse in expression of bdfdr
cofncldied with the nesier ﬂ[iﬂ\mmﬂ (Manssen e ml., 20105 Johes
et al., 204180 as well o bdfA (Alsaioer and Papoutsalds, B005) Boal babd
and B were down-regulaced (sogether with adhEl1, cpfAB, ard adk] in
pomsolventogenic O aceobutyficum with Enactivated spodd (Tomas
et al., 2003a) Howewer, ancther sudy {Coolaley o al,, 2012) digpuies
the imporance of these two butsnel dehydrogpenass because their
murtations did not alter salvent formation. The conirtbwison of Bdh in
., befjerincks is even less clear. Only aldebyde dehydrogenase activity is
assumed for profein encoded by the ald sthaated in the sol operon. There
are peveral penes coding for Bdhs with elevaisd expeession of some of
them from the beginning of fermentation [(Mare de Gémndo ot al, 2018;
Wwang ot al,, 2012) through bate acidogeessis (5hi nnd Blaschek, 2008} o
Iater solventopenesis (Jino et ol 2006; Patakova et al., 2019}

In bath species, the core solveniogenic geees am identically up-
regulated with the onset of solventogenesis. Unlike C arembuayplicam,
in C. bedjerincki, the expression of solvent-related genes was observed
from the early stages of fermentatbon (Mae de Gérando et al, 2018
Patakova et al . 20049), and mighi be accompanded by low but detectable
palvent production. Expreession poofile of scetans (pr, ack) and buryrae
(peb, buk) synthesis=-related genes was apparently influenced by the
chosen sampling podnes and the reference manscripiomse. Both paa plus
ock and piir plus buk form bicistronic operons with coardinated expres-
shors in these pairs, In O belierimckd DEM 6423, no diffesentinl expres-
gion af ary of these genes was recorded throughaut the TRE fermentation
[Adiee de Gdrando ot al., 2014), A similar pattern was reconded for ack-
pta in C. ocetobubylicum 824 (Jones e al, 2008]) but not for pb-buk,
which peaked during late exponential phase and declined afterwards,
Alsaker and Papoutsabis recorded a transient up-regulstion of peb-bik in
Labe exponential phase and both pro-ock and pifebuk in early stationary
H‘lﬂﬂ{:’l.l'.'\.h'l il Papoussaiis, 005k ﬁwmﬁmﬂmm A1
Lale acidogenesis, ollowed by a decrease after entering solveniogenesis,
wis observed |n O befferinokdl (Wang o1 al., 20012), The lsportsnce and
interconnected comcpression of pth and buk in mbrentogendc clostridin
wene werilbed by difficulties in sitempis (o obtaln 1be respective muiants,
Viable pr mutanis confained sdditional mutations in the thiclase gene
(Coaksley ot al, 2012) and the single defetion of bk was ansuccesshal
witheuit simislianeons disruption of peb (Yoo 0l 2007) Muatston of
mck did not infloence butymee formation (Cookadey o1 al, 20020 sugs
gesting & cenaln degree of fegulstory independence of acetate and
butyrate formation, The pib-buk banch of the ABE pathway was akso
ghivwn 1o thke ower part of the metabalic activin i the stationary phase
when solventogenesis was disrupted duoe to the absence of the pSOL
miegaplasembd (Tomas et al. 20008), Increased sodd formatbon by the
degenerate strain . befferinckil DG-BO52, or the C. bejferinckii BAL1OS
mutant exhibiting the se-called ‘ackd crash’ phenotype, was accompa-
fied by ap-regilation of bolh operond {Seo et al, 2007 Ehang 1 al,
7). In the Intter simin, the authors specolate that the Increased
expression of these genes |8 caused by the mutation in gene encsling
Abrl regulator, which was shown to affect the expression of many genes
in the ceniral meiabolic pathway of C acemburplicem ATCCR24 by
suppressian of SpoldA phosphorylaton (Cue et al, 2006k

Finally, higher expression of most genes [mvolved in bunyryl-Con
synthesis from acetyl=-Cod was observed in both acidogenesis {Grimm
ber ot al, 2010; Janssen et al, 2010; Patakovs ef al, 2019) and sod-
ventopenesis [Alaker aml Papoutsakis, 2005) or & the oniet of
salvemtogenests [Shi and Blaschek, 2008 Nevertheless, these changes
were relatively mild and depended on the experimental dedsign and
sampling setup, The stability of expression of these gencs was confirmeed
by mo obwious change even between the parental strain O begferinekil
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NCIME 8052 nedl its mutant DG-8052 exhdbiting & degenermte pheno-
type with impaired solvestogenesis (Zhasg el =1, 2017) or caly mild
upregulation  im & better-growing  and  peroducing  culture  of
C. acetnbutylicim sapplemented with sine (W o0 sl 2005)

Hydrogen formation is an interesting, usefil, bat underestimated
peanare ol solventogenie closridia, which they use for maintaining redex
balance by regeneration of the reduced ferredoxin complex. While in
. mcenobeanyfioum, the wse of Bydrogensses for this puspose (2 the only
passibility, im C. befjerinokil there i also the possibility of proton tramss
locatbon by the Ref complex (Pochleln ot al, 2017), Addidon of methyl
viologen, an artificial electron carrer substituting for ferredoxin, 10 a
culnare of C acerobiryhicsm (nhibited hydrogen production, increased
the atanckacetone matio and allensd the tramseription of sal operon
gemes  (HMomicke e al, 2012). Recemly, [MiFe] hydrogenese of

C. aceaburrficum was proposed w be ipvolved in bydrogen cveling
[gemeration uptake) and solvent formation via the production of NADH

andl pegeneration of ermedoodn under solventogenests [(Cormane o1 al,
201H). In € bejlerinckii NHRL B=-598_ a similar rale of [MiFe] hydmoe=
genese b5 probably based on the transeriprional profile of respective
peoes during ABE fermentation (Fatnkovn ef al., 20190,

3.5, Transcriptonal regalanrs

There are a few C. acebutylicem transcriptomic shudies of global
metabolic regalators i which suhors compared the wild-type scrain
ATCC 824 with a mutant containing a deactivated regulator gene. In
these studies, copd (Ren et al., 20120, rd (Tan et al,, 2015), capddFF
(Mguyen of al., 2016); fr (Vasibeva ef al, 200 2} per® (Hillmann e ak,
2004) and spolA (Tomas e al, 20054) genes were deactivated. In all
cases, transeription of ceniral metabolic geoes as well as thoss regu-
lating mutrient transpart and other functions was significantly altered in
ARt strains in comparizon with the parent strain. Moreover, differ-
ential expression of genes encod ing tramscriptional regulators LexA, Hex,
Perlt, Asgh, Hish, CymR ard Purfl and ihelr segulons usder acid and
butancl stress was mapped (Wang of al, 2013a). Expression of genes
eneod|ng somee trnscH prional segalaton(s) have alse been deseribed |n
transcriptional studies performed not only for C acefoburyficum but also
for ., beflerinckll which were not speckfically targeting transcripgional
regulators.

Srudies  of small regulatory RMAs  are  also limited to
. aosadnalylicum, amd their trarser plomic analysis [s scarce, with only a
few wislonary articles being published. Recently, a small BRA (srH3H4)
wig found and s significant effect on O ecetaburylicum growth was
described (Yang et al,, 20200} Purther, a key role of the small R3Nome in
thie siness PESEHESE was deseribed (Venkararsmanam of al., 2003 301 5]
and involvement of small antisens= RMAS in final gene transcrpthon was
revealed (Ralsion and Papoutsakis, 20158), This area of work, not pre-
viously examined at the transeriptomic level in £ befferincki, awaits for
mnee in depth reseanch at all levels

3.6, Spormalanon

Solvenicgenesds in ABE fermentation takes place frequently, but not
mecessrily simultanecusly, with sponalation. Sporulation of solvento-
genic closiridia is a simibar process 1o thar of the Bocilhs bacieris (Riley
cloal. 2021 but differs in certain aspects, Le. accumulstion of siock
polysaccharide, granulose, prior 1o spondacion, exploitaton of species-
specilic orphan histidine kinases for phosphorylation of the masier
spordlation regulator Spodf (instead of the phosphorelay cascade
kmown in bacillid, and other smalles varations (Al-Hinsi e al, 20015
[Mallo et al, Z021). Recently, the effect of orphan histidine kinases,
iavolved in Spold phosphoryladonsdephosphoryladon, on sponslation
amd Butanol production bhas been stsdied in the asporogenic
. acetpbunyicum ATOC 55025 (Do e al., 20304, 20210) and s mant
JEIO (X el al, FOT5]; in o beflerinckii NCIMB 8052 (Xin ot al, 2030)
ansd - befferinckii BA 101 (Seo eral., 20217, (inkike bacilll, solventogenic
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closiridia usaally do not sporalace without excess carbohydemie sub-
strutee, ardd suppossd signals for sponulation include & combination of
species-specific low pH of the colture medium, socomulation of organic
acids (mainly scetle amd Butyrich and & cemain populatien density,
Recently, the level of acetylation amd batyryiation of proteins have been
revealed o be a significant signal for the mewbolic shift from ackdo-
genesis i solveniopenesis, bat also for sporolation (Xu o al, 2015). The
popalation dessity ls sensed vin quoruen sensing mechanioms, which
were mainly studied in C. oomobubyficum (Kothe et al, 2000; Steimer
et Al 2012) and . soccharoperbundocensnicem (Ferg et al, 2020),
bowrever, they are prabably also funeticming in C befieriacki (Patakovs
et k., 200%, 20X ),

For (he first time, the complete trapscriplionsl view of sponalation
was published in 2008 for C ocefobugdicom (lones et al, 2008]),
abbough some pankal msdies were published previously (Alsaker eonl,
Hipd; Alsaker amd Papoutsakis, 2005 Tomas e ok, 2003a), In
. betlerimckil, sporulation was fisst described in sirain NOCIVMB G052
(Wang et al.. 20012}, and bxter in strains DSM 6423 (Maté de Gérando
et il 2018] and NRRL B-598 (Fatakaova et all, 20019), Stadies bave also
bz published describing mutant strains obtained after random mua-
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€ ecesobunyficum M35 (Alwbker and Papowsakis, 2005), G belleriackil BA
105 (Seo et al., 2007), C bejleriackil BA 101 (Shi and Blaschek, 300:)
and € befjerincll Dl 8052 (Jiao et al., 2006; Fhang ot al., 2007), in
wiliich eranseription af the sporulation gene s is mentionsd but was pot
the focus of the work. A summary of interventions that have resubted in
signillcant changes in sporalation and were studied an the transerip-
tiomal devel is showm in Toble 2. The most frequently studied gene is
probably gpodd, encoding e ghobal transeripabonal regulanes.

Unfortunately, in many transcriptional stadies of solventogenic
clomridia, the phencmenon of sporulatien s not mentoned and,
therefore, remained hidden regardless of whether the studied sirains
sporulated o not, On the ather hand, some sporslation changes have
been studied at non-transeriptional levels sisch &5 metabalic engineering
of histidine kinase in C beiferincledl NCIMB BOS2 (00 et al, 20200 For
the future, pverenpression of spold in O bellerinckil NRRL B-598 (Kol
eb al., 2017}, no sporulation in the same strain during the cultivation in
RCM culnare madium [Branshs o al,, 2008 Kolel &1 al, 20161 delenion
of the sutodysin-sncoding gene in C. acetobufylicum ATOC 8234 (Liv et al |
201 5h) and othsers awalt ransertptional siudbes that would enable an in-
depth view of sporulation in particular sirains.

geeesls, Lo O ocerobunyfioum EA 2008 {Hu eb oal, 2011, Solventogenesis need ot be coupled with sponsation, Even in the
Table 2
Isterventions affecting spomulation deteribed ar the manseripeional level
Interrention Sira iafs raneriptionl changes Marphodogy changes Eedrrenae
Charge in gemarms
saallF deletics £ beiferindy MoTWE feslvealogenes:; e pmrulation bl pranuie Cldeiln o al., Hi30)
{SpallE - phisphacais mvalved i 8052 grarilise Formtion, grefl, dwl!, fral I.'('_hlti
S phonpharylaiios) meny, el meaberation of aseymriric
LpFanuhiie degEadalion, fubserylliin sepium, cells with rwo sepin,
elomgared celly
] C eccteburylioss ATCC  Taming schd sanapest, Dicezemic in aparalation (Hernan e al, 201T)
deletion; Az bl megabaliom, strem respone s grarmioes sroummbation
(e 1 single module FEX) searbalipdeile Ennper] and mciabalis
A, e Eriin C. acoedanfionm ATCE  fehemotans matiln. ghreopdaten. ol oo pponilariion ETemilir &1 al , 200k
regubiion ) reena bl
Lis o mepaplacmid® C ecvishutioss ATOC 0 od Smatility, <l g ne spearulatios EAleakrr arad Pamsuimskis
A2 £ salvenligencis, s4eF, oA, 005 Tronen ot al, 1003)
carbobydraie metaschiem, i bumilly penes
weolld, gvezTpeEm £ aeclabuerlissn ATCC 7 ey acidi hissyndbeain, heat sbock Inereme in aparsiatisn fidsaben ol al_, 3004)
Azd s
§ Magells formation
om0 | 30 LT g £ leunmie] prodaction Tl & 3wl rhic [T BT )
[ Biwtidinr hinase ATCE RS0 § wporulation irdEntion
bt < 11
rEcHATED  evvinbusfioen 1 snrly auimiyen e ppemrulation £ #t al., FT1E)
[Hulerifire Winass ATOC 55028 § Irarasa] prsdection
Il casty gramsloae Formation
(Hher change
Buanel addirion & belenincki NEEL B- £ ome of theee Agr quorum pyeem, hest e sporulation, ra gramilose EPaiabava e sl 30T Sedla
L1 ahecll probris praea, cfa scvurmnls o ol al, 2000}
£ Tumy aickd Higvarhess, polyketide
benrynibruiz o
Bledtli grawih . e Ly, iR Cikl f-eann, ardll bk e iilaliin, Fad gramilise L 1 al, BOIASY
after 150 & LT 534 walphle prooniza arvursula thoeg
filansent forosslizn
Ricdllm growih = pedabutyfioam Separulation genes, gramuloss farmation gpesrulailon [liu et al., 3006a)
aftes 54 h CGAIOT 5304
. bejferincil 4G BO52"  fchemotds, W pponilation, e graralose (Thang = al, 2017
CaC0y addidom . beblerincy [ #0652 1 v Lo e e s b mgenruilarho, i grarialise Lo g ml . BOLGT
I fpadd. spmmlaiins mges darines sccursulatios
1 upregulation, | dwmeenialion

Grene products abv® « repressor of sigma (ector H, binds with Spola-F which resuls in derepresaion; ofo = cyclopropanes fatry-acid-synchetases; dml - molerudar
caperose [mal; fix, fief - oell division proseiss; groFL - chaperonin GroBL; ssniy - MnD, ParA fesily proteisc pfk - G-phosphofinactokinass; pha - polyketide synthasy;
k< pyruvane iease; rel® - forespere caphere TNA:bindieg peoteln RefZ, reguiaior of Fes?; ogF - sigma faowr F; aght - s facior K, actve in mother cell; gpodd -
masier sponalation regulator, polestially also repeemds of chemotaxiy/motilicy; poll¥ - phosphatase, dephosphorylation of SpallAd, sspreetric division regulstor,

Inwnlved in feematics sgF, sigf, olpfd.

* Wild prpe strain Carstedufylirom ATOC 824 containg a megaplasnid on which are $ol operon genes. Floweyer, qedld gene resides on the chromosome,
 Sremin derived e O heilninekil NCIME 2052 exhibiting perssanent depeaeracive phenorype (£ sperularion, no salveniogenssds),
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iconde €. ecrsoburyficum ATCC 824, their simultaneogs oooarmence was
observed oaly when cullivation was performed in batch mode amd pil
was ot regulsted. However §f the same strain was cultimted in
phosphorous-lmited chemostm calnere, acidopenic and salvemogenic
non-sporudating cultures wene obtained by maintaining pH at 5.7 and
4.5, respectively, The oiserved phencmenon of sbolished spomalation
ursler continuwous cultivation has mever been explained. The phenome-
nisfi af separani: butagaol fommeation withou sporelation was alio found in
the asporogenic Coocefolutylicum ATCC S50Z5 and its mutant FB200 (00
o pl, ZHS, 2007) The cause of the inability to sporulate n Coomo-
butrlicum ATCC 55025 was recently found to be a point mutation in
histidine kinase gene cond437 invalved in dephosphorylation of Spoli-
P, while sverexpression of the histidine kinase gene o] 39, invalved in
Spola phosphorylation, restored the spomlathon (D e al., 2021ak In
C. befjerimckii NRRL B-598 [deseribed in this smdy & C. panensianum
becauses the strain was reclassified bter (Sedlar =4 al, 2007)) under
continucus eultivation, suppressed sporilabon was ot obsereed (L
aysky et al, 2016), possibly because pl was not regulated. However,
sporulation was also nod suppressed in this stradn even under pH regu-
lation and preferential production of acids (Drabakoupil end Patakova,
20200, Howewer, butanal formation withour sporulstion was obserend
in reinforced clostridial medium supplemented with glucoss in this
stradn (Branskn ef al., 2018 Kolek of al,, 2006}

B.7. Stress response

Acoumubation of metabelives, especially dusing batch calnine, remilts
in stress caused by unfavorable envimonmental conditions; these ame
sensed by differens mechanizms inclading incramembrane hiscidine ki-
nases, par of & two-component signal transduction system (Mascher,
2006), The stress resporse might be quick or slow, untargeted ar ar-
peled on a specific strestor and B aim is 10 enhance chances of sordval
for & single cell or populstion. The mechanisms of sress response
include re-modelling iranscription, damage repair and minimization.
While in Bacillus subrllis, the recently reviewed stress resposise (Boallls
20207, and the response goal B the sanse 8 in sobventogenic clostridia,
its regulation and mears of achbevement are different, An aliemative
sigma factor B, which is believed 10 govern the stress response in G*
bacteria such as Becillis subiifis and Stophylococous aureus, is missing in
w:m‘:ll\.uﬂ e al, 2010 Patakava et &l Elﬁ':'l'}m
its regulation, as well as components, are different. The most frequent
and prompt stress fesponse, which Is shared beoween different cell
kimgdoms, is production of heat-shock proteins or chaperones. Further
cell esvelope re-modelling and changes in regulacion of meqabolic peo-
tefin production represent other common types of Siress fesporses,

ABE fermentation of solventogenic clostridia is the protess respon-
sible for production of myvo kinds of woxde produects, scids amd sebvents,
Amaorg them, botyric acid and butanol exhibis the highest toodciry,
henvever others metabobives or medinm companents such as Hgndoesllu-
lose dierived iphibitors, or enviroomental factors soch as pH may
strengthen the overall stress. While butyeate siress can be studied
independently of butanol, butanol was wsually added to the mediem
with a cenain concentrathon of hutyrade. In addition, it s necessary o
consider that metabolite stress responses are a natural part of almost all
transcriptomic studies and that their significance increases with an
incrensed concentration of the toaic melabolite(<). This means that the
stress response can be studied not ondy after deliberaie addidon of a
stressng bisl alio &8 a narusal part of all ABE/TRE fermentationd. 0 is
estimaied that about 1520 % of genes im the total genome of
. aceobimylictrn and C. beerimekil spacies (A lsaker o2 al, 20005 Pals-
ko et al, 2004) are differentially expressed under stress.

A7 1. Dedyrofe (ocefmie) stresy response

Transcripbomic analysis of the acepabe stress respanse after dellberaie
accdate addition has only been studied in O ecetabutylicum (Alaker
ot al., 2010) and, therefore, it 5 maore comman to consider overall acid
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siress, which is affecied nog only by the som of ceganic acids presena, bur
abso by the environmental pH. Overall acid stress was studied In
acidogenic chemostat cultures of C ocerodbegylicum (Grimmler e al,
21y Janssen ol al, 20100 at a8 eonstant pH of 5.7, or duriag acldo-
genesls in batch cultares of C, bedlerinckil under anreguolated pH (8600e de
Ferando o al., I016 Patakove o1 &l 2009 Wang o al, 2011, 2013
Separate butyrate stress was studied after its deliberate addition to
acidogerlc contlmeous culmires of C. soeraburdicum ar a piH above 5.0
(Venkntarnmuman # al, 2015) or 10 acdogenic batch cultures of
. acesohunylicm (Alsaker ¢ al,, 20000 If we compare C, aceobaydicem
arud . befferinckil acidic stress studies, we can see thar C acenobuatylicum
b8 more ackd stress tolegant and can gordive st 8 lower pHo than
. hefferinckii.

Understanding the stress response elicited by production and accu-
mudation of organic acids is very imporeant for constmaction of tobersnt
microhial producers in indusinial microbiology. Begarding this point of
view, microbilal acid stress pespomse was reviewed fecently (Guan and
L, 2020 Liu et al., 20015a) and many mechanizms, including mainte-
mance of pH homeostasis, exhancement of proton pump setivity, aler-
ations in cell membrane composition, changes in metabolic regulsion,
apd protection and repalr of macromodecules were confirmed by tran-
wriptomic studies as funciionding in solvenrogenic clostridia. Por their
brief overview, sere Table 2, The main event that follows the acounyu-
Estbon of acids in the oaltwre medivm during ABE fermentation is the
tranzition io solvent formation. However addidon of butyrate to a final
concentiation of 40 mM e the medium pricd o noculaton with
. Bedlertnckdl (Wang of al, 2013h], led 1o an eardy trigger of solvenbo-
gemests amd wncoupling of sponslation and solvestogenssis. This study
showred similar effects on salvemtogenesis as earlier research (eg. Lee
et al [20041] focused on feeding mixed subsirates (butyrate, glucose or
obers] a8 carbon sources (these studies were partially summarized by
Parakowa et al. (20137],

The most Erequent]y described acd stress response is upregulation of
beat shock protein (HSF) genes, especially HSP genes from class §,
muammely operons dralll and groESL, in both © acetobimylionm (A lwbe
etal., 2010; Grimmder et al, 200 1; Wang et al., 200 3a)and C befferinokii
(Famkova 1 al, 2009), This stress response i3 probably a general re-
action of bacieria to acid stress and the chaperoses and their gene o-
ganization seem o b comserved (Duan and Lia, 2020, Imerestingly, in
Aceinhacter pasterioaum, an industrial scetic acid {vinegar) producer,
the mme chaperone genes were wpregulated during acetic acld pro-
duction from ethanod (Vang e al., 2019), The importance of chaperone
production is underlined by their Ainding among extrace lhullar pobymeric
sailtanded (EPS) in biofilms af C. acetobafyficiom (L o al., 20184), with
the culture exhibdting higher stress resistance, The producticn of heat
shock proteing is closely related vo the axidative stress response, prab-
ably regulated by the peroxide sensor Perfl in G acefobutylicem, How-
ever, the described resposse of this regulmor o acidic sress s
ambigsous, see Table 5. Inthis regard, a single transcriptions) stody of
CEYEEN siress on O acsfobunyiioum ard s Aper® mutamt (HI0mana ¢ 0l
Zrd), confirmed the influence of Perl on transcription of reverse
nabreryibring (rbwiA-rbrid), desubioderrodoin (), rubredaxin (rd),
NADH-dependent rubredosin oxidonsdisctase (NROR), and the oxygen-
reducing FOPs FprAl and FpraZ under O stress,

A classical microbiological mesdel that explain suppression of bus-
teriad growih in acidic foods by organic acid preservatives (e.g. acetates,
Isctates ar propionates) (Tavior of al, 2014) ghows thar at low pH,
undiseocinted acids that can pass throogh the cell memboane by diffu-
sdon, are dissociated Im cells, This sesults in acdve pumping of H™ by Fer
Fi-ATPases coupled with consumption of ATP {Lio et ol 200 55) and a
shrwrdown  of growth. Althcugh the pump was deseribed I
. ocetobutylicum (Exiembrink = al, 2000), and iz functioning in the
mctabodic switch was assameed (Goops and Gorschalk, 19920, it was pot
specifically identified in the trangoriptomic siodies. However, upregu-
lation of genes encoding ATP-binding cassebte (ABC) Eransponters was
described both for O aceminmylicam (Alsaker er al, 2010; Grimmler
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mﬂnnﬂﬂuphﬂluﬂ SIFEE rekporae foased in ﬂwml:mmm bl

L vl groep o bailic Chasge @ peoes/grne chademy (MG Sewrdind wpncion: A
oo dewsipiam Yrzsziptizn
- 1 dnakl, del, profS, grofl, huedd, C avicldylingn  [Alaker 62 ol 2600 Geirnler e al, 2000; Wang ot ol 201 3a)
Hest F Mgl ol A c . difjerin i [Fambores e ul. 201]
£ icmlabtylicoi  [Ahwmber of al, 2000 Gomaler of al, 3005 Jansem ol ol J000)
VeI T abll ot el C [hliid ile Coermoiade £t al , 3H &) Petaliove o 6l JORT; Sellan ool SO 1E;
e i Wang v sl 2013)
[ perit C svrtobutylicon  [Alwier o al. 20100
Cucincivg sovom gl L - ecniobupfioen  [Wasg o1 6l 200 Ta)
1 apodi neel il aparil stion B " (hidee de Gérmads ot nl, 3018 Farabors of sl , 308 Sedlas e al | 3015
'Pﬂ‘hh Fii.] w Wiang e m1, B33 Wang et sl J01I0)
(Adimlier o2 al, 301 Criveenler rr nl, 3010 Joneen ol al |, 3080V ang
Efux f ABLC {ramspomens (1] € wonmduryticam £t . 3}
=, bnjorincki [(Brarnha # al., 7030 Vasplhivaion =i al, 3009}
rfah operin C. eovtobutylimm  [Wesg o1 al 201 Xa)
Faizy aridy biogyrabeniy bl 4 -
[ [Pasalorrs el 2219
Lish opezon Swpiring iTl
AMA e EMA A c E:nlr::::.:;:l.““.:!:;r: Moo endd Papoamakion, JHA Venkatarsamismnar
., a eyl [Grmmler = al . i1k
ilcalllry, chemntarli J micatbiey, ChemSTl gen L £, brgorincki [ndden slr Grraoda ot o, 3098; Wanyg et al, 3013}
1 apregulstion, | dinveregulation

Gene products: ald - aldehyde dehydrogenase; ofs - cyclopropane. fatty-add-synthetass; clpt . ATP.dependent Clp protease ATP-binding subanit Cpls cifd and o -
acely-Cod-aceboarelyl-Dod transferss fabaaed] alplo and bota, respectively; deal - molecilar chageiese Dnal; dnak - molecular chaperess Dinak grofl, - chapentmin
GroEl; grofS - chaperonin GroES; fispl 8 - small beat shock famdly protein; hepS0 - heasshock protein, par of the ORCE (controlling inverted repeat of chaperone
expression] heat shock regulon; hirA - high-temperature-requirement protein A family protesse; pari - peroxide pepreisorn; gpolid - measter spoanalagion regulator

- O0G casegories — se hnpas’ Swinw_ el slm nih, gov /researchy oog

et al., 3011; Innssen et al, 2000; Wang et al, 3003} and C betlertmeii
(Hermnsks e al., 202]; Vasrlkivika & &l 3019),

3.7.2 Betarml sifesy Fesponse

Butanol stress is more equently studied than acid stress in sols
ventogenic chostridia, see recond reviews Aoy o ), (20215 Gao e sl
{20159 Patakova e ol (20IEE Vasylkiviks and Patakova (20200, and
has a mare proncunced effect an the clostridial popalation. An increase
in butane] concemtration in the culture medivm slows overall energy
metabolizm and natriens traesport, assembly of flagella and chemoians
and may even negatively affect sporalation. Om tbe other hand, it resulis
in re-maodefing of cell membranes, capsuls formation, an increase in beat
shock prodeln production and an inteacellular secumualaticon of peotec-
tive compounds such as ghroeml. An overdew of the most Frequently
deseribed processes and cell functbons that are up/down regulabed under
utaned Sress i< hown in Fig. 2. Mareover, some mechanisms of butamol
sirexs are simdlar o those described for acid sress, such s upaegulation

of heat shock genes in both . acmabunyficum and O beferinckii (Aluaker

et all, 20007 Tanssen et al., 200 2 Mité de Gemndo et al., 200 8; Paiabow
el ak, 2015% Ralston and Papoutsalds, TO1E; Schwars et al.. 200 2; Tomas
et oal, 2003, 2004 Puriher in this section, will be described tran-
seriptional changes that ane undque amd significam for butancl siness

= There i one unexplained and uninmuitive stress response that was
described in both C acefobutylicem and £ betferinckii after deliberate
husanol additkon - upregulacion of butanal synabesls genes (Alakes
et al, 2000 Sedlar of al., 2019 Tomas of al., 2003, 3004). This
probabdy indicabes that solventiogenesis, and especially butanal for-
maticn, are seen as a stress pesponse by clostridial cells and are
regulated by the same tramscripiion regulaboris) as the stress
respona,

# PFfflux pumps seem o contribate fo botanod tolerance and their
synabesis is activaced urder tutanol stress in both ©. aoetaburyficunt
(Alsaker et al., 2010; Yang et al, 3030a) and C. beflerinckit (Branska
&l &l 2027 Pacakoswa et al., 2021}

o In o soccharoperintplocetonicum, a secondary metabodite synthesized
by the pon-ribesomal pepeide, polvketde syathase, was involved in

ghyoerol acoumulation after butanol shock (11 =0 al. 202 0ak Glycerod
accumulation was alse described in C acerobuylicns (Alsker eoal
H10;, Schwarz = al., 201 3L

= Upsegulation of By scid biogynthesis and phosphaliglhd genes was
found both in C. eoetobuieficum (Jancien o al, 2002; Schware et al,
201 2) end G beffeninckll (Patakova e al,, 2019, 2021 )

= Upreynlation of amino add biosynthetic genes by butanol was re-
ported for O acnobundicim (Alaker et al, 20007 Jenseen o Ak,
T0L2T).

# Biofilm growth amd EPS excretion have protective effects oo
C. ocetobmiylioum (Liv et ol., 200 6ag Thang = al, 2021} Under bio-
film growth, sporulation was abolished and heat shock profeins
(GroEL), &9 well as ooygen responde proteing (rubesyibirial, wem
found in the EPS.

= Dverexpression  of spodd  gene  (Alaker o al,
C. arembufyliceem resalted in incressed butanol tolerance.

2004) m

Theere iz no doubl that transcriptomics enables insighis into the
population processes on & specific level and that fo obtain a complete
picture it is also pecessary to employ other techniques. In this regand, it
is fair to admit that comparisons of proteomic and transcriptomic ana-
hses do pot abways match. Especially ander butanal stress, bisl alsa
under acld sress, differences between the transcriptome and the pro-
teome im O mbﬂlﬂ Wi ﬂ:ﬂ]ﬂfﬂ“ [V erkcararamanan & al,
2015} and were attributed 1o post-franscriptional regulation, in paric.
ular, specific Abcsomal ransletkon machinery upregulated under soress
and also 1o regulation of small RMNAs (Venkatarmmannn o al., 2015
Both studdes [venkatarnmanan e al,, 2003, 200 5) evalusted population
reactions (o deliberately added butanal {or acd) and funber stodies
under production conditions ame necessary. When proteamdc analysis of
. acetedbtylicim was performed during ABE lermentation [lang ot al,
2004 Yoo eq al, 2005) the conclusions deduced from transcriptomdc
analysss were mosly confimeed, A comparison of produced verss
added butanol in €. beflerimckl (Fatakova et al, 2009, 2021; Sedlar et al,
2008, 2019) shows ggaificant wranseriptional differences under both
circumsiances and highlights a drastic drop in population viability,
determined by fow cysomerry arl double fluorescent staining [Bransis
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A Butanaol upregulation

Pig. 3, Hutasol sipess. Endhuced upregulaion (A} and dermeegudarion (B) of genes codisg for phenasaena ind merabolic fusctions
Fab: = fatty acid biosynibesis, EFS = extracellular polymeric substanoes.

Table 4
Trassoriptionsl pesponse 1o the et commen Enhihinny
Trhibenar wrad Chalsnge destgn Sirain Grasth and [Emenmosn pamem Highdiphied wp-dasn segalarsd genes or Refemeairs
o
Vanillic acid + p-hydreasbenasds acid decrease in growih, ABE prodwctkon rmlmlm#m
0.2 + 0.2 gLy and lowes rate of ghcow '
widiriom 8 OO = 3.5 (13 h) CHON; redpoed derneas in mmm, preific beamporiey
Py acide nubuik (4, ghosplioglyeerale moalike:

g . poemburylioes ATCC B larn (ios eral,
Vanillin + ppdrorybensatdebyde (02 00 decrease in prowth, ABE productin.  10¢ ABC amwperiers: ghyeobysk: WP )
£ 0380) el v i o "_“‘;m )
midithon at 0D = 3.5 (12 &) carungnon; redured decresse in AT,
snerepling aftes 12 b ey Wli""'“"'""

Wheal seraw hpdeolysare (152 /L HWF,
1,96 g/ furfural; 0,13 271
iyeingaldebyde; 0,18 gL vasdllin, | > Vorliobiner nol syl gt sxlme
837 g1 femalis achd) T, eyl CHOT 4= prowence of Ka s e me el el [ et o,
comgernos of sijEreiios profil = oz ghrealyik gries; schimi aad ackd formation 2 %)
metlhim with s withost idition of coimption snd rodect vidd Lprnuvaze Kinde
Mk
sampling 0 asd % b aftes addition
fInstantsseous response: argiring and
proliee meabelise: clllus felatod peaei.
Ferulic achd (0.5 g/1.) Mlld-terme clasy | sod 171 HSPy; réosoperaie-
additicn, st Bie beginzing of callivation delaped growih, decreaied ABE. related proex; iron-alphor clnter amembly,  (Ler ot o0
o, pe-culnge peead it ABC praneponiers, mulphior pembolbm, Leag. 2015
rampling 10 mdn, 4 h, %.5-124 h frrm: DA topological chazpes (SAST )
reaponee; ATPaie aetiviny
Mlid-germc chemotaxs; fagellar activiey,
1SDE family geror; Bydregosaion’
Ferulic acid (0.5 1) FMN reductaaes, MADIH- i
Addities 52 A b sl rvmbaaied quineee neidareductae; TUS - chrmotath; ﬁl_‘]"
samipling 13 h Ao chslbenge beginiing i, dwferinc il MCIME BOGE HEFs X
LATP mymithair: TCE- 05
analvered growihe b s e
Furfursld (3 £/ i E::.hh Predon: ARG DErHpoeters, Coball rarsper
asdilion in aridogruic phaw mm ml LT TS - chesiotats
o conisnl [Thang and
predor: iren-milphur ol smembly; ABC Eeafl, 207§
trunmpeetery; HiM
Furfural (3 g/} enaliverd growih, decreaw in ARE LPTS: TCS - 05 - O
addilion, i sebvestogele phase proltinn. poudy grrameletin H_nmmd#m_h"_d"“’
deye i edn
Comgpartm of expremben profile of mutant  C beferinl X3 ing i ’li u‘ wcd “hlu.il ARG Irans ey
ard parent drad KEIMB 8052 in 12 (tagher Inbemanee in piies IIacumlmH-Hm | phioapiiate ABC trar scld and
[ R T T T Pl asad vanille sekl) o, solventd e hen s =l
Ferulic acd (0.5 £/1) €. beferindal NOMB b
Additicn at B h Atrxint ot rvaluated FGE: chamamn

sampling 13 b o challengs beginning

Cmiigtant « FA sslemng)

LATP synthaw; TCS - (5 H5Py

ABC « ATP-binding camette; HSPs - heatshock peoteins; #TS - phosphotramsdernse system; SA5Ps = small acid soluble proteins; SDR - Shore-chain debydrogenase
redurtiss: family protelnd TCS - twe-cnmponest dlgnal ieardhection sisems OF - quonim sessss
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ot al, 2008 Kolek er al., 20046) afier butano] sddition, which actually
interferes wirth the assessment.

Transcriptional differences between butanol produced and added
buanod in C. befferinekll (Parsbovs or al., 2021) inelode: suppression of
sporulation after butanol addition, differential regulation of heat shock
prodeing in both sinaations, upreguladon of the fob operon during
butanod production bat not after butanol addition, differential regula-
von of Agrquorum  sensing  systema,  Differemces  within  the
. ocefobutylicum botanol stress studies growp (for a general overview af
all snadies, sor Supplement Tabde 1) are also remarkable aed probably
reflect specific physiological states of the culture and popalation density
at the fime when butanod was sdded, the amount of Butannl added apd
ather envirenmental factors swch &5 pH, total acid concentrations, redox
potential etc. Taken fogetbher, 1@ can be noted that the nntural butanol

siess pesponss i probably mose cormectly caprured in undisturbed ABE
fermentation babch shoadbes.

A73. Response fo Mgnocelfuloee derfved inhifitors

One of the requirements for susthinable biotechnidogical production
af bulk chemicals iz the selection of cheap, renewable, and easily
avallable subsirates. Lignocellubose biomass meets all requirements and
C. befjerinckii or C. sovehareperhufylacstonicun are very promising spe-
ches for s utilizaton (Hranska et al, 200207 Yao et al, 2007 Unforio-
nately, processing lignocellulose inmo fermentabde sigars inevitably
leads o the simultanecus production of substances that could deferio-
fate fermentarion parameers (Amin and Kariml, 201 8; Baral snd Shah,
201a) The number amd spectrum of lignocellulose-derived inhibitors
are wide anel are dependent both on processing technalogy amsd on the
composition and characteristics of the specific biomass [ fineon and
Martin, 2006) Generally, there are four groups of sabstances considered
&t patential fermentstion inhibitors furans, phenols, carboxylic acids,
and inorganic salts (for a comprehensive list of Inhibitors see Klinke
e al 120047, Most shadies proved a negative effect of these inhibivors
on ABE fermentation (Zhang and Ezedl, 2014), predominantly on sup-
pression of solvent prodwction, while susprisingly, growth might be
unaltered. In a few cnses, an opposite stimulatory effect was observed
(E2efi et al, 2007; Qureshd et al, 2012), Mechanksms underlying these
phenomens are poorly understood and up tonow, only a limited cumber
of studies affer insights inio the transeriprional response 1o the mest
common inhibitors (see Table 4L As the spectrom of individesl in.
hibitors ks diverse, the cellular response to thedr additon b5 also brosd,
although seme comnson feabures can be discerned, Many of these ane
shared with the general stress response of the cell, such as up-regulation
af genes for HSPL. lncreaded expression of HSPs belongkng 1o «las 1,
including the duafd and groFESL operons negntively regulsted by HicA, is
most commonly observed. Thess: HSP 1 family proteins seem 1o pre-
dominate cver HSPs 11, which 5 in agreement with the response to the
presence of inhibitoss, bat the Incresse (s expression i3 less pronoanced

[Lee ot pl, 2005
Anather common featume is the Incresased expression of genes
encoding redox probeins (Liu et al.. 20075 Thang ot al., 2015) tsat an=

irvalved In antloxidany activity, suggesting caldative stress caused by
the generation af reactive oxygen species (Allen o al. 2000) in the
presence of phenolic and fumn inhibitors. In ooloures challenged with
farfural, & speci e group of oxldoreduciases wis up-regulated, inchading
penes for aldosketo reductase (AKR) and short-chain dehydrogenases
redactase (SR [Fhang ard Exejl, 2003), which are pd'ﬂbﬂ:lh' Imvolved
in the eransformation of furfural to less toxic furfuryl aleabal (Zhang
et al, 2015) ar other Inhibdtars (Okonbwe et al, 2009), The appacemst
upregulation of NADH-quinone oxidorsductase in wild type simin
. beljerinckl NCIMB 8052 is also of interest, This increased expression
was ool defected in the more ferulic acid-toderant mutant, © bedjerimekii
int: 4683 (Liu =t al, 2007). MADH-quinoee cxidoreductase Is known o
participate in oxidative phosphorylation, nevertheless, it might have
ather functions such as participations in the reoxidation of NADH, thus
maintaining the redox @ate of cells (Spero o al, 2005) Insctivation of

13

B Pnolaggy Advasces 58 (20330 [TE50

cne af the sabunits (rucd) of this electron transpon chain complex in
€. beiferinckii significantly influeneed gene expression, with 1538 and
929 genes being differentially expressed in acidogenesis and solvento-
penesls respectively, as well as increased butanal production L e ol
2016k n relation 1o the parent strain NCIMB 8052, Keeping redax
balapce, coping with oxidative stress and rapid wransformation of in-
it bors { Bui ef al., 304 5: Lo et al, 2001 Bb: .-"'|||| g and Exefl, 7013) 1o beix
toxic pobatamees (L ot a1, 201 7: Fhang o al,, |I2I:-}mm1mhemul’
the survival strabegies. The decrease in redox pobential achieved by the
addition of NagS Improwed growth performance and promoted ihe
expression of solvent production genes n O ocetodutylicum grown in
mon-detondfied Hgmocellulose hydrolysabe (Jin ot al, 2005) which
confinms the cultare's need 16 maintain a cenain redox potential and
deal with oxidative siress that inhibditors are 1Eeely to represent. When
the C, bederiackii culiure was challenged with ferulic acid, an inerease in
the expression of genes related 1o proline metabolism was observed (Lee
2115} The exmernsl additlon of pealine, as well &5 the oves-
expression of fis related biosynthetic pathway, was shown bo effectively
cope wiith lgnocelhibose-derived sress in ©, ocerebesylicum (Lino of ol
H1149), possibly due to the participation of proline in the mitigation of
cxidative sness (Wang of al., 2005

Unsurprisingly, together with up-regulation of proteins imolved In
redox reactbons, genes responsible for their synthess showed higher
bevels of expression. This was especially wrue for genes enooding the inon-
sulphuar claster assembly (Lee et al,, 200 5; Yhang and Exeji, 2013) with
higher expressson when the cultere wad challenged during selvento-
peoesis (thang and Exeji, D013).

A commen feature of A clestridiuen  cultuee  pesponse 1o
lignocellulose-derived  inhibitors is the enhanced expression of
transpori-related gemes, This was more apparent when the cubar was
challerged by Furfiral in solventeogenic phase, while ATP-binding
cagsefte transportess (ABC) were widely repeesented (Shang and Feefl,
2019). O the other hand, genes related to the phosphotransfernse sys-
tem (PTS) were, in many cases, repressed (Loo oo al., 2020; fhang and
B, 2013), The sctivity of teansmes brane (ranspocters is oonsddesed
to be involved in resistance to vadous substamces. Lo = al, 2008 {Lio
eral, 2016 sabmiteed 1o transcriptomic analysis, a enstaat strain thar
was lolerant o ferulic acid and which had inactivated a hypothetical
membeane cranspomer, Comparison of mutent and wild 1ype showed
significantly increased exprestion of genes encoding  transferases
belonging to the ABC famdly in the mutast strln, presamably o cover
the missing Functionality, especially in acidogenic phase, where there
was A greater oeed for them (Branska et al, 2021). Another tran-
sriplomic response observed in cultures challenged by lignocellulose
inhibitors was aliered reguolation of genes belonging to n twoecomponent
signakl transdisction system (loe &1 al, 20055 L e al,, 20068 L et al,
BT Ehang and Eeejl, 2013}, giving bacterin a tool to sense stimuli and
respond to sigeals. This rao-cosnponent sysvem includes, amsong othess,
genes refated to chemotaxis and motility, whose expressian is probalidy
arbenysted (acieg the inhibitor challemge; nevenibeless, s ap-regulation
was also observed (Luc el al, 20200

Onee of the most recemly published studies of the effect of lignogel-
huladic inhibitors on the ransoriplosmie profile of solventogenic dlos-
tridia uses protein-protein interacton analysis and shows some
differerces in the effect of differend nhibitors by detecting intes-
comnected gens seds related to selected phenolic inhibitors (Lo et al,
H020). While ealneres chalbenged with evrigaldehyde, vanillin, and
ferulic acid revealsd] only a limited number of subnets in the coex-
presshon netwoek, the response 1o the challerge with coumare acld led
to the identification of nine dense regions with high intemal conmec-
tivity, Adthough the analysis showed different respomses in clasters of
. eceobubylicum genes o selected inhibitors, similarities were apparent
with other studles, indicating that, in somse respects, the acton of all
inhibitors investigated induces a similar cellular response, For example,
the: influence on purine and pyrimidine metabolism-related gencs under
wanillin stress was also described for furfural 5O befjeracktl (Zhang and

o1 &l
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Bz, 2003) nedd mamy other genes found within engiched groups ane
responsible for otber described activities. An interesting group of genes
up-regulsted in cultures streswed by artificlal addition of inhibitors are
peies relared 1o the melabolism of cellalose, xybose, and pectin, This
feature is also connected with the entry of unchallenged oaltures into
stationary of salvemogenic phases in mediam comaining & sulficiest
quantity of ghicose (Alsaker and Papoutsalkis, 200%; Grimmler et al,
200703 Janesen ¢t &1, 2000 Yeir ot 8l 2005), alchough this phencamenon
has mat yet been sstisfactorily explained.

4. Future cuiline

Transcripticnal studies of solventogenic dostridia animate and pro-
vide proof of functien to genoméc data. Thelr impormace in the
advancensent of the field is undeniable, and one can only hope that as
the cost of RMA-seq analysis decreases, their use will increase. 5o far, the
iuain wWeakeen in their comprebensive evaluation 2 huge Fragisenta-
Hon, Basic phenomena, e.g., ghooose transport, central metatolism, the
feneral striss responss, have been studied many limses and individual
studies confirm others and demonsirate unequivocal common trensds in
transeriprion of cepiral metbolism, glecose wansport and sress
responss genes. Flowever, other important processes, ez, hydrogen
productbon, oxygen stress, catabolism of casbobydrates oiber than
plucose, quoram sensing or spenalation, as well as regulation of all other
phenomenn, have boen scarcely siudied, Tmnscriptomdc studies have
been carried owl in oaly two speches of solvemtogenic clostridia,
. ocerobuyhcum  and . befjerinckdl, while others such as
. saccharopebulyicetonicum or C. pasteurioniam have been left aside. For
these reazons, consimoction of more general metabolic, sporulaton or
other regulatory nes from available transeriptional data is not yei
possible. Nevertheless, advances in béoinformatics tools and constant
development of datahases for functlonal apnotacion, driven by genoms
and transcriptome sequencing of various bactera, will certainly make
pessible the reanalysis of older daca for comparative studies with pewly
gathered data. Movel techaigues will be used lo infer additional
keowiedge about regulatory elements, e.g. sHNA, a5 the necessary n-
formsation is hidden in the majority of carrent datasess, bt as yel, is
impossible io be visuakized by current computational fools.
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ARTICLE INFO ABSTRACT

Palvbydrosyalkanoates (PHA) are microbial polyesters produced by pamerous prokaryoies. These matesals are
generally considesed o be renewable and hiodegradable alsermnatives o perockemical polymess In numesess
applications. PHiA are acrumulsted by microblal cells in form of intracellular granules primarily as seorage
coanprind; Exrverthhic, BisSerous foonsl report Al highlgh the imponsce of PHA for the Sires robumnios
of bacieria. Therefore, in this review, we fons on summarizing osress knowledge on FHA acoammulation in
Ealophiles and (kermophile - prokareolic misneorgenitm adapind 1o high salisity and high temgeratune,
respectively. Utilization of extremophiles for PHA prodocton brings momerous benefits stemming especially
freen the enhisord rolasitneis of the proces apadnn costamination by common messpiilic sderoflors & a
basement of the MexGeseration [mduwrriad Biotechaology concepr. Further, recent adwances and fonre pers
ppectives. tn metabelic eagineoring and smthetic bolegy of halophiles and ifermophiles for FHA prodisction
mproserment are alu summarieed and suggesied. Facts and ldess pachered i tids review hold 3 prossise than
bdotechnological production of PHA by extremophiles can Be sustainatile and sconomically feasibde sabling
FHA 1 ensee he matkel masively asd compete with con-bladepradable peroclemical pedymes is asiable
applications.

ienpdicaticns not enky for constdering the onigin of life oo owr planet, bet
alea for the search lor execaterrestrial life. Furthermore, a5 we hamans

During the bang history of oar planes, life has managed 1o penetrate
all, even the leasy hospitable environmental niches, Namre has devel-
oped plenty of diverse mechanisms how 1o push the boundares of life,
s of which cersinly remadn hiddes froe our knewledge sifll. Pro-
lcaryodes from the domains Bacteria and Anchaea, wilnessing the histony
aof evelution since its wery beglaning, repeesent the mest sieable study
subjects in cur quest for understanding of how life at the extremes has
ewalved, Prospering in the harshest habiats imaginahle, from extremely
hot hydmthermal venis 1o deepcald Antanctic soils, from the Dead sen
ultra=saley water to ackdic mire dminages, they display bmpressive ex-
amples of haw 1be perrestrial life is constrained, providing crucial

* Carrespnding mithor.
E-erundl -nadress; obnocadifchvut.cz (8. Obcuda).

Bitpac /S doborR LU LD R &) MoberSacy IR LIRS0

have been employing microbes for cenfuries io improve our lives,
research of these extreme-thriving microorganisms alio apens up new
haorizons in varous fields of science and techoology.

Mumers prakaryoles - Including the enremophilie ones - soea-
mulate intracellular granules compossd of polyesters of hydroe.
yalkanode ackds — podyhypdeoxyalancates (FHA), These grasules are also
termed _carbosonomes o stress out their complex structure and mul-
tipde biclogical functiong. The PHA polymer represents the core of the
carbonpsomes, while the surface is coverad by aumeroas PHA granules.
associated protelns representing an interface between the hydrophobic
polymer and hydrophilic cvtoplasm. Mareover, these proteins sre also

Eroelved 14 Seprember 2021, Reoelved bn reviged form 15 December 2020, Acoepled 7 January 2022
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imvedved in PHA syothesis, degradation and regualaticn of these pro-
oesses [Jendrossek, 2009), FHA may represent a substantial portion of a
prokaryatic cell, with PHA contents reaching up 1o 90% of cell dey mass
(CDME nevertheless, PHA accumlating cells regulate their diameters 1o
control the valumetric fraction of the PHA op to 40 vol®s (Mosec of al

2016), The primary biclegical fanctien of PHA is the sorage of carbon
and energy; nevertheless, PHA are alm invalved in other bdological
processes sach as feelling sporulstion in Bocill and selated species
[Sofvkow =1 nl, 2007, ar establishment of symbiosis between pros
karyotes ard plants (Alves o0 sl 2009 or between insects and pro-
karyotes (Eim = al.. 2013). Mareower, pumérsas mecent publications
cmphasize that the accumuladon of PHA enhiances the robusiness of
bacteria against varicus Siressors such & cemotic pressure Aectuatbons
{Crbemca ot al, 2007; Sedincek ot al, 200%), oxidative pressume (Batisia

e &l, 2008; Koakimdkd of al, 2006} UV brradintios (Slanlsbvi ef al
H018; Tribelli et al., 2020 or high {Abves et al., 2020; Gongalves o al.
2019 and low emperamure (Mowroth o sl H16) or even repeated

freezing and subseqoent thawing cycles (Cbroca ef ol 20068k The
currest knowledge regarding the inmerconnection of PHA and siress
survival and robusiness of baderia was also recently summarized by
soveral reviews (Obnacs of al,, 2018, 20020, 2021: Maller-Samios o al
201207}, Apart from their biological imporiance, PHA afrsc the atentbon
of the sclentific community and industry due to thelr properties.

L1 Chorocterization of polyiydroomnkanoates

Geerally, PHA are versatibe polymers that ane considersd o be
bépdegradable, biccompatible, recewnablde and sustainable altematives
o perrochenieal polymsers (Koller of al.. 3017, The mechanical and
techinological properties of PHA are genemily dependant upon maonamer
compositlcn of the polymes. Sinee prokaryotes are capable ol Iatm-
ducing more than 150 various hydrosyalkanoic acids into the polymer
chakn {Park et al, 2002), FHA maierals reveal a great variety of peop-
erties amd functionalities. Generally, FHA are classified acconding to the
numsher of carbon stoms per meosamser wnit: shor-chadn-length (scl-)
PHA contain 3-5 carbon sloms per manamer wnil and reveal thermo-
plastic propertics, most of them are crystalline, rigid and fragile poly-
meric materials with high melling vemperature amd low glass iransition
temperature. Scl-FHA are the most abundamt type of PHA among pro-
kasyotes, Medium-chaindength (mcl-) PHA consist ol monomers with
G114 carbon atoms per monomer umil; these materials are elastic,
possess |ow crymallinity and rensile strength and substantially lower
melting and glass transition temperature as compared bo scl-PHA. Pre-
dominantly Preudomenas specles are capable of mel-FHA biceynibsesis,
Some acteria, eg., Asromonas covioe or Asromonos fydropheilo are re-
ported to synihesize hyhride-type copodymsers conslsting of scl- and mel-
PHA bullding blocks, Generally, PHA monomers are usually chiral 3-
hydreacynlienade acids; nevertheless, even chiral and achiml 2-, 4- and
S-hwilroxy acids can be incorporated into the polymer chain. Imper-
tantly, due to the strict stereospecificity of PHA synthase (Fhall), the key
enzyme responsible for ibe bloaynibesis of the PHA palymer chain, all
the monomer units are in B configuration (Moee ko-Cieskelska &1 al
201599,

FHA synthases are, based on their substrate preference and subunit
compositicn, divided into four classes, Class | accomenndabes enrymes
cansisting of a single subunit (PhatC) with molecular weight between 60
and 70 kDA and preferring scl-PHA monansers, the PHA synthase of
Cuprividit necotor (formerly Alcalipenes eutroplas, Wintersia sutropisg
and Ralstorda eurrapha) represents the model ergyme of Class [ syn-
thases. Moreaver, enzymes belonging 1o Class 1T gynthases also contain
oaly one subunit (FhaZl or PhaC2k however, these enzymes catalyoe
the polymerieatbon af mel-PHA monomers, therefore, they are very
commaon among Fsesdomonods. Unlike Class | and Clas [ synthases,
Class M gynrhases are heterodimers requirieg nwo subunis - Fhac and
and FhaE {Mw of aboul #0 kiDa) for full activity. The FHA synthase from
Ablochrommium vincdem (orginally named Chromanim weomm) s a

Bistrehvmodinty Advamces 58 (HEED) HIPES

representative of the bacterial Class Il PHA synthases, but also
numercus Halsarchos possess special trpes af Class 11 PHA synthases,
Class IV of PHA symthases includes enzymes contaiming two sobunits -
PhaaC and Phal (Mw of PhaB i about 20 kDa) and are cypical for Bacilli
amd related species; these enrymes are specific for sckPHA polymeri.
zaticn. Such symihases of Class IV reveal & unique characterstic - in
presence of alcobal, the Phal sobuanit catalyzes alcohol cleavage of the
PHA chain. The majes purpose of this sctivity s probabdy the regalation
af Mw of produced polymer. This phenomenon can be used 1o modify
ik carbony termieus of PHA chain and incorposate sctive groups such
s benzyl-, thiol- ar hydroxy- group which might be beneficial for further
modification and functenalizaton of the palymer (20w ool 2007,
Henwever, this long-established classtesion of PHA synthases in four
Classes is currently o stafus of getting adapted; rew synthases not fitting
in one pod the four described Classes were recently salated, such as a
potentially new class of PHA synthase, which was recemtly idendified
from Antarctic bacteral isodates (Tan = al,, 20200,

The substrabes for FHA synthases are generated in three major
pathways, The first pathway, which leads to scl-FHA synthesis, is based
om the condensation of two acety]-Cof mobecules, which is catalyzed by
-ketothlolase (Phat: formerly known as fketothbolase) and results in
the farmation of acetoaceryl-CoA. The sscond step i a stensospecific
reduction of acetoacetyl-Con by NAD(PIH-dependant acetoacetyl-Cod
redluctases (PhaB); thiz “peeudofermentation” regenerates the oxidized
form of NADIPIH", and generates B-3-hydrooxybatyryl-CoA, which is
finally comverted by the action of PHA syathase o the polyiser chain of
polyi3-hydmooybatyrate)  (FHE)L. When molPHA are  synthesized,
particular 3-bydroxyacyl-Cod acids can be obiained either from (amy
acids de-novo synthesis or from p-oxidation of fatty scids. Purther, it
should be sisted thay PHA metabollem is of eyelic natum sknos PHA aee
intracefularly simultaneoushy synthesized and also hypdrolyzed. Thene
fore, the PHA metabolism |5 also temeed the “PHA cyele™ (Fricto e al,
2016k The main metabolic pathways of FHA synihesis as well a8 the
merphalogy of PHA granules, their properties and localization in bac.
terial cells are shown in Fip. 1.

1.2 PHA - polymers for numerous porpoeses

Apart from their complex bdolegical ard evolutionary rle, FHA haye
comtimioisty been researched also as highly promising polymers with a
wide range of potential applications. As the (microlplastic palluticn
became o of the major envircnmental conteras, the production of soo-
friendly bio-based and bindegradable altemnatives to conventional pe-
troleum plastics has emerged amosg dhe most insensively add nessed
technobogical issues. Current global production of béoplastics (2.11
million tens in 20200 ks expected 1o increase by more than 35% by 2035,
still representing less than 1% of the tolal annisal productios of plastics
(368 million tons in 2020 pocording to Beoplastics market data, 2020),
Amang the cusrently idemified Bioplastics, PHA stll repressnls a minor
contributor to the market (1.7% of the total amcunt of bdoplastics pro-
disced kn 202001 nevertheless, the marker share s expected 10 Encrease
sigmificanily fo 11.5% by 2025, The foressen growwth is promeoted maindy
by the outstanding versailiny of material propesties that can be provided
by various members of PHA family. Depending on their monomer
composiiion (ar leass 150 neonamers are knosn currently {Sieinbiched,
1595} and polymerization degree, PHA can be produced with a large
variery of mechanical (from brinke 1o fexible, bighly elastic), themeal
(wide range of glass and melting temperatures a3 summarized in
(Mubammad] «f ol, 2005)), chemical and physical properties. In coms-
bimation with theic high biodegradability, industrial- and home com-
postability, and mon-toxicity, this makes PHA 8 promising candidate for
replacing (or being blended with) the mesl imponant conventional
petroleame-based plastics, such as polyethylene or polypropylene (Chen,
201,

Ohver the past years, the range of end wses that FHA has been pro-
posed or tested for, as well as che | of PHA producing andsor
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Fig. 1. The main metabolic pathways of FHA synibesis, morphology of PHA pranules and their lecalization incells of alophilic bacterium Nolsmenns fydrotharmadic,

researching companies has steadily grown. A detadled overvdew of the
currenily opermting PHA manofscneers wgether with thelr production
scales and application specialization is [5ted eloewhene (Chen, 2005
Kourmentza et al., 20200 Probhably the most often propossd use of PHA-
based plastics it in the packaging industry, in particukar in the produc-
thon of packaging materials with a shart lifespan, incleding food utensils
and dafly consumpbles, whene the blodegradabiling and good gas barries
properties represent the main benefit of PHA. Az the inherent brittleness
and wighding of PHE limits the usability of the PHE films, the efforts in
packaging application have been targeted mainly to oopolymers (=g,

the copolyester poly{3-hydroaybutyrate-oo—3=hydromvalerate) (poly
{FHE-co-3HV)) ardd mel-PHAs and PHA-contalnleg polymer blesds or
reging (Tsrand amd Shivakumar, 3019 YVandewhingaarden e al
fhang and Thomas, D0171])), AR ik oiher bew-cnd uses I.HL'”:].I'@
primarily fast and complete decomposition of FHA, agricalturs] appli-
cations (inclading production of blodegradabde malch films, growth
bags or pesticide controlled-release systema (Grillo e al, 20117, and
production of single-use disposable items (such as battles, cups, shop-
ping bags, cosmetic contakners) sheuld be emphasized.

Mevertheless, specific biobogical and material properties of PHA
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make them beneficial also for varkous high-end applications. FHA are
biocompatible, Le., non-harmiul 1o human bleod snd dssoes, rendering
them attractive for a wide mnge of biomedical uses, targeted madnly to
tissise engineering (production of medical implant malerals (rom PHA)
and dmig delivery systems development (A0 and Jamil, 2006
Furihermore, FHA have alse been concerned &3 the bulk materials for
the synthesis of fine chemicals. Due to the chiral pusity (all
are i (Rl-configuration) and to the comtest of easily modifiable by-
droxyl and cashoxy]l groups, monomers of FHA repressnt attractive
peecursars of intermesdiates for the symihesls of vagsiows fine chemicals
such as antiliotics, vitamins, drags, or pheromones (Huth ef ol 20073
and aldso for the production of novel taibor-made polyesters (Lakshmanan
efal, 20190 Last i ol Jeast, alsa i versatile application potential af
PHA grunule-associated proteins biosynthesized together with PHA
vive, was proposed by several aathors (Chen, 200%; Mezzeina e al,, 2015,
6L

Newertheless, malaly in the feld of low-cost applicathons, relatively
high production costs compared Eo other (bio)plastics still represent the
madn kmd tation kirdering the further expansion of FHA in the makes,
Therefare, strong effoms are curmently targeted on searching for povel
trends in the bictechnological produection of PHA that woald increase
the economical feasibility and competitiveness of PHA uses,

L3 Curresy mends in FHA produciion

There are numerous approaches to FHA prodoction. The mosi
iradlitional scenario inclades the employment of an axenbc microbial
oalture caltivated aseptically in submerged colture using defined media
with pure carbon substrates, such as glucose or saccharose, However,
the maost imporiant Esctor which prevents PHA from entering the market
A thee low-end application (e.g.. packaging, single-use iema, ere.) is the
high price of PHA as compansd 1o petrochemical polymers. The oost of
carbon soarce in the above-mentionsd scenanic represents Aboul 40% ol
the fimal cost of PHA (Koummentza ef al, 20075, therefore, there ans
atiemps o omit expensive carbon substrates and weilize cheap, abun-
dart, and husman-food-chain non-compeling resources such a8 waste
streams of agriculiure or food industry, which can be psed as the carbon
sodance for heterolrophic axenic cultune (Koller, 201 9 Medeiros Gareia
Aloanmtara e al., 20200 Apart from organic substrates, it is also possible
1o e OOy as & carbon souree when photocastotrophic micrabial cul-
tures, for instance, cranobacterda are weed (Panuschka et al, 2009)
Maore recent endeavnss 10 save sbaraie costs invalve the suse of syRgas,
which can be produced a5 a homogenously composed carbon soarce
from various arganlc waste sireams by microblal specialisis like Rho-
dospirilfvrn ruibvum (Aot and Zinn, 20200 In addition, several
methancirophs are reported to readily use methane, present, e.g., in
Digas o narural gas, as C1 feedstock for FHA biosynthesis (od e
et al., 202407,

Furiher, abio the aperation of the fermentation |8 expendive, stpe-
cially the mainteremoe of aseptic conditions i encrgetically demanding.
In this perspective, aiilizathon of mized mborobéal consortla which ane
cultivated without any sterility precautions seems 1o be a very promising
approach. The culiivaton s operabed in a speclal epen cultivation soe-
naris which emables enrichment of mized microbdal culture in PHA
prodicers. The mesi frequently used strategy - feast/famdne cycling - (s
based on the periodic allermation of intervals of carbon subsirale excess
{least phase) and relatively bong periods of carbon substrate deprivation
(famine phase), The miceoles which ame nol capabe of soring PHA ane
seriously dissdvantaged during the famine period and are, therefore,
elimbnaed from the sysoem (T4 Caprio, 20203 Oliveira et al, 2007, The
bottlensck of PHA production by mixed microbial cultures are low
volumetric productivity asd Inconstamcy of properties of produced
materisls (monomer compogition, molecular weight and palydispersity
indlex), which mégha be limiting for some applications,

An altermative rowe towarnds sustainable production of FHA but also
ather microbial metabolies was recently proposed by Prof. Chen as a
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comeept of “Next-Generation Industrial Biotechoobogy” (NGEB). This
concepl ix hased an the employment of extremophiles as chasiis nstesd
of traditionally used mesophiles. Due to the application of extreme
conditions which are required by extremephilic culmire, the prooss is
profecied from contamination by commonly ommipresent mesophilic
mbcraflora which enables redection or even complete omission of sve-
rility precastions, and the process can be operated inhighly productive
CORTBINES oF semsl-continucus seenarios (n cheaper ceramic, oement of
plastic bioresctors. MGIE should enable sustainable and sconomically
feasible production of PHA competitive with cost-effective chemdeal
production of petrochemical palymers (Chen and Jiang, 2008; Tan etal,
2021; Yu ¢4 al., 3019),

PHA production bas already been deseribed for numerous prokary-
ol microbes including variowes extremophdles (Koller, 2007; Kumar
et nl, 2020 Dhulisamy snd Mehariya, 20210, nevertheless, due o high
PHA yields, mnoge of niblrable subsirates and other advantages {dis-
eizssed Fumbser i the nexe) the most prosmizing evtmemophiles conceming
FHA production seem to be found among halophiles and thermophiles.
Theeredome, this review focuses on the deseripition and discussion of the
current statas of PHA symihesiz by these microonganisms and provides
alwy pocendial outcomes and perspectives,

2. Ealt abowve gold - PHA production by halophiles

‘Salt above gold® is not caly the thibe of 8 Bamous Czech follkstory, bus
also & lejtmotil sarprisingly widespresd in nature. Halophilicity, beoce,
the adapeabidlity of life formes 1o high salinity, is described for all domains
al ke, such & for cukarvoes (e, halophyies o marine microalgae) of
for halophilic prokaryotes (hacteria and archaea) (Oren, 2002) Hence,
the group of halophilic species is phvlogenetically highly diversified,
and have one feature in common: they prefier or even require yperss-
liree eevironmeniz for opeimal growth, whese MaCl wsually acts s the
main sall constiteent. In this coolext, a steadily growing oumber of
halophilic aschara and hacteria, identified in diverse saline habizats, are
currently Envestigated as polential PHA-producing cell Fsctories
(revlewed by Enller e al., 30020E Sonley o al, 20210

21, Adaptarion of microbes oo figh salindly environments

Tir cope wiith extremely salime (hypertondc) conditions indeed is &
challenging task for organisms, and requires specific adaptation strate.
ghes, Therelore, paure developed several fundamemally different ap-
proaches to support halophiles to manage high salt loads. The existence
of these mandfiold approaches in nem substantiates che broad ocourrenee
of halophilicity im nature (reviewed by Fathimas o al, 2017)

The presumably most frequently occarrng strategy involves the
intracellular sccumlation of solable compatilide cemolic compands,
such as the organic kosmotropics ecioine (first described as an os=mo-
protectant in the parple milfur becterium Evsaisorhodogpirg hafochlor
(Lippert of al, 1999, nowndays known to oocur in both Grm-positive
anid Gram-negatlve bacteria), the glycine-derlvalive betalne (prevents
loss of intracellular water) (Deole and Hedl, 2020], the csmoprotectant
techalose (described to be plvotal for yeast fermentations (Majama e al,
2008) and sdaptation of bacteria {Dinnbler et al, 1988), or divers
aming aclds.

Generally, the sccumulstion of these compatible organic solutes
serves (o stabllize the imtracellular osmotic pressure; importantly, this
pirategy does ol hecesarly imply that involved organismd alio need o
adapd their protesme (ennymatic machinery) o the high salt loads. The
intracelkilar secumulstion of these compounds i hased either on de
reove psmnodyte bicsynihesis by the acoumulating cells, or cells are sup-
plied by them from the environment and transpoet them o the cell’s
interiar. After the decline of the environmental salinity, these compat-
ihbe golutes are exereted by the cells in onder to balance asmotic pressure
inside and outside the cells, which in tem allows for conveniend isalation
and purification of these often techrologleally relevant prodoos (W nod
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ot nl, 2000): becmuse of their wide-mnging protective function and
chaperons-like rule, they are ussd in bistechnology, cosmetics (products
for skin care), food industry, or the medicinal and pharmaceutical field
(Enuer and Gallmskl, 1 5980 Reganding PHA-socumalating miceobes, this
formation of osmolytes is a typical feature of adaption among hal-
opplerant and halophilic eubacteria, sach as Hafomonas spp, (Cummings
and Gilmour, 189%; Shivanand and Mugernya, 20110

Such sccumulation of compatible solutes considerably differs from
the alternative “salbin® strabegy, which is based on intracelular salt
sccumalation, often potassiun chloride, as a ool to balance the nper
and owler cemolic pressure of cells, This “salt-in” strabegy s the
preferred approach fedlossed by extremedy halophilic halosrchasa, such
&8 well-kpown PHA producers Hie Hfy, mediterranel, This sirategy was
first described in 1970 by Gineburg e al for a “Halobooterieem sp=, a
Dead Sea solate; in this organdsm, chamges of the intracellular fons
composition during different growth conditions were observed (Cine-
bizrg o1 Bl 19701, As reporved Ister, this stealm, a1 the samse time &
habophile and thermophile, belongs to the genus Holsoncule, and was
fknally classified as straln Haelogroda mariomormul Volcand {Oren o al
159004 In contrast to the sbove-described accumulation of organic sol-
utes, the “sali-in~ strategy indispensably goes In parmlle] with an adap-
tation of enzymes and other universally conserved macromalecules
inucleic acids) by hamessing them with: sali-resistance features; gener-
aled engyme variants are termed Sexiremesymes” of “halozymes”
{Darson and Hough, 1994), Mechamistically, this enzyme adapiaiion is
mmadndy characterized by the formatkon of a sirplus of acidic amdno scids
on the enxymes’s surface, which allows the enzyme o work even under
cemditions near samaetieg salndty (Eeenedy o 5l 2000, For instamce,
Hifx, meditermonei gloacose dehpdrogenase (EC 1.1.1.47), an enzyme
catalyring the reaction of glaccse 1o f-o-glucono- 1, 5-1actone, s repomed
o posses no fexible side chaing on is surface, thus, it oocrs s highly
ardered, multilayered selvadon shell well adapied to avold attachment
af jors and thus to prevent damage (formation of insctive ereyme in-
clusion bodies] by milt (Bomete ot al,, 1996; Britton of al., 2006

Besides the prateane, also the penofme of cxtremely habophiles dif-
fers significantly from that of osmo-mesopidles and often requines spes
ciffe editig, This is mandlested, for example, by the high number of sali-
resistant genes found im soch halophiles (Das er al, 20050 As an
example, Bolbuds er gl describsed thar the gencme ol the squase-shaped
PHA-producing haloarchason Haloguodratim walilyd, which is found in
NaCl-saturabed and MgCl-rich squathe environmenis, feanares several
exceplional adaptive pansoularities, enabling this steain 10 thrive well in
highly saline environments. The probably most remarkable of these
genamis particularitied i8 the presence of a gene encoding & high mo-
lecubar mass halomucin, simdlar to halomocins protecting animal tissoe
lrom desicention and harsh chesieal conditioas, These halomueing with
a negative overall charge reach from the inside to the cutside of cells,
thus forening & “water shield” gheltering ibe coll (Bothuls o1 al, 2006}
Thie genomse af Holabacteriim sp. NRC-1 also reveals several remarkable
phiysical adapeations 1o kigh slinity, such as the encoding of predomd-
nately acidic enzymes, which is recognioed as a crodal strategy to pre-
vent salting-ow of proteins in the hypersaline cyioplasm (Keenedy eral.
20003 My b al, 20001 disch pronoanced megalive surface charge of
folded proteins to overcome salting=out of hypersaline cytoplasm was
alsn deseribed for the haloarchaeon Hafosreuds martimenur (P ligs o al
2014

In sdldivion, the change of pigment panerms aloo constinses a bool for
arganizms to adapt to changing salinity. As amply described in the
lneranene, many eukarvotle miceoalgae adapt their pigment paticrn
under comditions of luctuating salinity. This was reported by Masojidek
e al for the green microalga (chlorophyial Chlaracoccum spp., which
drastically increased the intracellular cambtenodds- yils ratic
durirg exposare of the culare to nkrogen deficiency, kigh salinloy and
illumination stpess (Massdidek e al . 2000k In addition to eukaryoles,
this pigment patierm change was also reported for extremely halophibic
prokaryotes like the haloarchaeal FHA producer Hfte, mediterrans. The
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hyperpreduction of the C50-carptenaid bacteriomaberin, which is typd-
cally produced & a reaction to extreme UN-irradiathon and excessive
oxidative stress, for instance, provoked by HpO; additbon (Giland and
Mariner-Bipindsa, 2020), B alsa ph:lﬂl.l.h!d al sighopiimal sall conen-
iratlons (IF Souza ef al, 1997 Fang et al, 2000 Montero-Lolaboe & al.,
200 B, I this ease, bacterioruberin i suspected toadapt the Gexibilivy of
the cell membrane and thus to maintain cells’ viahility {11 Soaza et al,
197) Indeed, @ was demonsirated by Chen er al thar for Hix. medi-
terrovet, when cultivabed on extroded rdoe bran amd starch under optimal
aalininy of brined mediem, there exisia an indirect reladonship berween
the level of salindty and pigment formation, amd a direct correlation of
salinisy and PHA bicoynthesls; these authors demomstrated that the
pigment becteriorubserin, & compeound of patential technological appli-
cation, for fnstance, &s colomnt on cosmctic prodocts, can be produced
by Hfx. medirerransi a1 high throughpur (nore than 0.5 gL pigment) by
adapting the salf concentration of the cultivation medium. Importantly,
mentiomed iBeepensive carbon sourees were successfully wed as feed-
siocks for product formation, both for PHA and pigments (Chen et al,
2015k

22 Role of PHA in the adaptation of halophiles to hypertonic conditions

I thee comtext of halophilic FHA producticn strains, it is of inberest 1o
reveal how biosynihesis of PHA and above-described compatible soluies
is inverlinked, and Bow these anabolic progeises relate to the organisms’
strategy to cope with high external salinity. in 2006, Quillagaamsén and
colleagues noticed fee nsdden change of the morphalogy af FHA-
accumulating caltures of the halophilic subacterinm Holomonas bali-
viensis LC1, & saln lake isolate, &t suddenly increasing saliniry; the aw-
thors proposed that the switch towards the accumulation of organic
solaies perves 1o withstand the csmatic pressare belore the onser of
increated PHA biosynthesis (Choillspuamin o al, 2005). Maothes af al
repoaned the paradlel prodisction of PHA and ectolses by the halophilic
bacterium Nalomonas eforgure. At a salinity of 10 wis NaCl, the sirain
accumulaed 0.5 g PHA per g blomsss plus ap to 14 wi%e of ectoines,
which substantiates the theery of the paralbel formation of PHA and
compatible organic sobotes [(Mothes e al., 2005), Guemin e al. studied
b paralled PHA and ecioines biosynthesis by tbe balophilic bacterum
Healomonos bolfviensis in two fed-hatch cultivation experiments. 'While
b et cultivarion was performed o145 g0 of NaCl without altrogen of
phosphate limitation 1o obtain a high concentration of active biomass,
b salininy in the second cultivation setup was ncreased oo 75 gL MaCl
in order o increase ectoine sccumulation; moreover, in this second
cultivagion, pdirogen- and phosphate sources were supplied exclusively
chering the imitial growth phase and were later depleted o booss PHE
frrmation. [ntracellular FHE fraction and volumetnic PHE prodoctivity
amoinied 1o aboul 096 gop amd 1 gAL-h), respectively, while the
ectoine conceniration and content were reported with 4.3 g/ and 0,072
£ ﬂﬂh&t‘lih‘ﬂr [Origamiaan of al., 200%%

Importantly, it was shown that the presence of PHA granuless in cells
prodects them againg damege caused by hyperosmatic shook (8 sadden
increase of salinity). This was for the first time demonstrated by Soio
#f af,, who exposed the halotolerant Gram-negative PHA production
sirain Peeformanas sp. CT13 and Bs PHA-negative mutant to hyper-
camsatic up-shock. bt twmed out that the presence of FHA granules boosis
the intracellular level of 3-hydronyatyrate (3HB), the monomer of the
homopodyester PHBE, 3HB, in tum, acts as a kind of “chapermoes™ by
inhibiting protein agglomeration, which i a typical lethal consequenoe
for FHA:-negative colls when exposed to high salt concentration and./or
elevatel] temperatare, A5 demonstratad by increassd PHA productivity
at imcressed salinity, PHA and 3HB constitute compatible solutes, sup-
poeting the bacieria to counteranack hyperosmotic stress (oo of al,
20012 More recently, Obruca ef ol substantiated thess oulcomes by
illuminaring the Indeed expedient chaperoning efficlency of 3HB, These
atithars shawed that 3HE's protective effect was competitive with the
effect described for well-keowm compatible soluies such &s ectolnes or

221



Article XV: Polyhydroxyalkanoates synthesis by halophiles and thermophiles

& Obvwla o al

trehalose. From the mechanistic point of view, this effect can be un-
derstood by the fact that the presence of PHA granules, which are water-
imsodubde and of & high degres of polymerization, does not increase the
imtracellular cansoric pressune: Boweser, they acl & a storage of water-
soduble compatible osmolytes (3HE), which are mobilized by the oells
under comditions of sudden hyperosmotic pressure and other environ-
meental stress factors (Obricn =i ol 201656). Later, it was detected by the
sams pesearch team that the presence of FHA graoubes in bacterial cells
presents massive damage of the cytoplasmic membrane (Cplasmolysis™),
thereby supposting cells to maintaie integrity under hypercsamotic
conditions {Obruca et al, 201 7). These snadies evidence that significant
amaounts of FHA are commaondy found among halophilic species due m
their praficiency 10 overcame the pegative effects of ssmotic up-shock.

This adaptive role of PHA in halophilic microbes is fundamentally
different from the effect of salinity on PHA bicsymbesis for microbes
imndustrially msed for PHA prodoction, such as the best described PHA
producer Cupricddis necaror (used for PHA production an, &g, PHR
Industrial 5.A. Brazxil, Biomer, Germany, or Bio-On, Haly), tumed oul to
b hilghly sensitive against inceeased salindty; as reported by Mozumider
e al, cell propagation and PHA biosynthesis by £ necaror were
completely stopped ar sodium concendrations in the natrient broth of
8.9 /L and 105 gL, respectively, In fod-bateh cubtivation ssiups car-
rled out on & biorescios scale, these shodies showed that longer biomass
growth phases under nurilionally balanced conditions, characerized by
the permanent supply of MaOH for maintaindng a neutral ph-value,
canises sodium accumulation in eells, which resulis in decreased PHA
production mies in the subseqoent product formation phase (Worumder

et al., 2015),

2.3 Pros and cons of PHA production by holophiles

Oecurring both ambog eabacteria and haloanchaea, such halophdlic
arganisms are expected 10 render PHA prodisction mose cost-elfielent in
i nod b disgand futune. This expectation is mainly based on the fact that
halophilic PHA production strains can be cultdvated at resinicied sterility
precastions, of even without any erilization of the biorestior sguip-
ment or the nutriemt broth, which in tum saves energy and time during
the upseiream processing.

Alzo PHA recovery, hence, the downstream processing step, can be
faclivaned when using extreme habophilic PHA prodisction steaim, Dise
o their kigh intraceflular osmotic pressure, cells of extremely halophdlic
specles can convendently be disinegrated by exposing them o hypo-
tonkc media (deionized water), which offers a comvenient approach o
recover [ntact FHA granules of emarkable padny by centrifugaiion. For
mesaphilic FIA production strains, recavery of PHA as an intracelbular
product requires cumbersome cell disintegration by chemical (use of
strong oxbdams), enzyvmaiie (hydrokise) or mechanical methods, o
solveni-dniensive exoraction of the product from bdomass (reviewed by
Kother, 2020

A particular aspect of many PHA-producing extreme halophdles is the
peesenoe of certain metabalic patkiways 1o produce PHA-Bailding Blocks
different from 3HB, predominantly S-hydroxyvalerate {(3HV) Starting
froms different siemple raw materials like carbohydrazes, the intracellular
carbon flux in such metabolic specialists pets shifted towsnds production
af PHA copelyesters of improved processability (decreased erystalliniiy,
brosder temperatisne window between melling and decomposition
temperatare] when compared (o PHBE homopolyesters, for technically
used, meophilic PHA production straing like C ascator, PHA copo-
Iyester biosynthesis requires feeding the cells with precarsor compounds
chemically related 10 3HY, such as propionic, levulinle or valerie scid.
These precursar co=substrates are fypically expensive and/or toxic, and
are niod needed in the ease of copolyesier blosynthests by extreme had-
ophiles like the haloarchasa Ffr medieroned Halsorculn hispamico,
Halohocteriom moricense, Haloprometricum borimquense strain E3, Halo-
grmaum  aervialyiicum, or Natrinema aiaswensis (reviewed by Boller,
20190}, or, as shown caly recently, also for some moderaiely halophilic
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cubacteria like Haolomonas pacifics or Holomonas salifodione (£1-malek
et al, 20200, For Hfx. mediterrame, this SHY formation from unmelaved
substrates was well elucidated by Han er al, who discovered muleiple
active pathways in this seeals, which supply propéonyl-Cod, which in
tum acts as IHV-precursor; propionyl-CoA couples with acetylCod,
foeming of ZHY, which gers incorporated imo growing poly(3HB-co-
AHY) copolyester chains (Han of &l 2013}

Miteover, A mege of techralogically relevasi by-products see peo-
duced in parallel to FHA bicsynthesis by various both modemte or
eatrem halophiles; Important cxamples ane, besides above discussed
arganic semalytes (Mothes et ol 2008; mtional fux taning for fne
nmned co-production of PHA and eciolnes was ondy recently reparted
by Ma e al. for Halomonns Muephagerenis (ha o1 ol , 20200, pigments
Hiox bacteriomaberin (Giand et al, 2015 Gland and Martinez-Espinosa,
2020, antibacterial halocims (Kawar and Tiwarl, 20215, of special exo-
polvsaccharides (EPS) with xanthan:like properties, which might be of
pobential medical and focd-industrial wse (Cul o al, 201748 Pacholak
et ad., 2021L

Herece, application of such halophibes for blotechnological prodsc
formation offers several beneficial options: firstly, the high =alinity of
the culture media minkmizes the rsk of mbcroblal contaminaticon
{“inlection™) by forebgn organisms, which makes the cultivation batches
stable and less emergy-demanding (Vin o0 al, 2005k Secondly, the
cultivation of halophiles in saline media leads 1o the inuscellular
accumuladion of salt, hence, the excessive sali load geis partially
memoved Fom the medium (FRodizues-Conrrerai of al, 2006k Thiz is
advantageous in the case of wltrich waste streams o be ased as a cul
tare mediem (e, ackdbeally hydrolyzed Hgrocelluless materials, whey,
efe.]; halophilic production strains used in soch production processes
need the salt genemmied by the scdic hypdealysis and the subsequent
niutralization as an indispensable media component, and are therefore
th ideal candidates for such bloprocesses. After the process, B consld-
emable Eraction of sals, which was highly dilufted in the cultivation
mediem, iv pow stored in & liméted volume of generated microbial
biognas, which can easily be handled: benoe, less zalt remaing in the
spent  fermentation beoth, which is am enviroonmental advantage
ﬂﬂj‘dﬂ'ﬁ]u dw [Oierich ef al., 20055 Obegca o al, 2004

Despite all these positive aspects of PHA production by halophiles,
we need o consider thar this sill is kind of 8 “double-edped sword™; as
the downside of the medsl, highly saline caltivation media ane agpres.
sive towands bloseactor equipment and eleciredes wsed for bioprooess
control Therefore efforts are deseribed in the literature bo generate
robuast bioreactor facilivkes o farm sach siradns, such as reporied by
Hezayen & af. . whe constrscted a cormotion-resistant B L composile-tyvpe
biorescior made of poly{ether ether kbetone) (PEEK), siliclam mitrite
ceramics and lech glass, sthred by eormosion-resisant magnetic
coupding, to cultivabe the PHA producing haloarchaeon Mofopiger
arwimnensls Al & salinbty of 25 wiks NaCl (Heeaven o al, 2000], Alter-
natively, high-quality nickel.mohbdenum-based Hastalloy alloy can be
usid 1o produce sabi-corrosion resiatant hioresctons to fanm extremely
halophilic sirains, as shown by Mahler of al, who developed a cormosson-
reststant bubble column mads of this magerial for this purpose (Mabler
et al, 200 L Of eourse, such high-quality materials oake the boreactor
eqquipment more expensive: alternatives, namely open, non-sterile
cultivation process, a5 described In the previous pasagraphs, might
economically outperform processes requidng such expensive equip-
mend, especially on a large scale. Moreover, in mosl cases, volumetrie
productivities for FHA and specific grosth mfes are still lower for hal-
carchael processes when compared o estabiished processes wslng
. necator; promising exceptions are provided by genetically engineened
Holomongs blusphagenensis stralng, which are described I the subse-
quenl section and summarized in Table 1.

2.4, Oreerview of PHA preducing halophites

A comprehessive lHiersture review on diverse PHA homo- and
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copolyester production processes by o date described eobacterial and
haboarchasal hiopolyester sccumulaging organisms of different hal-
aphilicity, using different carbanacesas fesdstocks. wat only recently
provided (Koller, 20195), For classification of halophiles based on thelr
salt polerancerequirement, literature distinguishes st least thres
different clusters of halophilic microosganisms; this classification s
hased o the minimam sall requdied for goowil and the maximaim sl
level these organisms are able 1o folerate (reviewed by (Rodrigues
Comlreras of al. 2006}

The first cluster of ~“halotolerant” microbes are insersitive towands
up x L5 M MNaCl (upper salinkty limit strongly fuctuating berwoeen
different species), bat are nod dependent oo such sxcessive salt cons
centration salinity, Halotoderant Bocilli, such as the expedicns molasses
converter Bocilles megaferium uyund 529 isolabed from a Bolivian salt
ke (Rodriguez-Contre s ot al., 20016 Schmid et al., 20214, 2021 b), ane
the prototype PHA-producing straims among this cluster, in addition to
species like Vibrlo proteolytious (Hong o2 al., 2015]),

Mhembsers of the eluster of “moderately halophiles™ pot anly oberaste,
bust indispensably require 1-15 wite (0.15-2.5 M) MaCl to thrive well;
regarding PHA producers among them, Hofomonas spp., such ag
M. boliviensis, M. campantensis, M elongore, M. salima, M. profndis,
H. vemusta, H, nepturda, H. Fypdrochermalis, B mardsg, H, smormeni,
M. pacifica, M. salifodfane, or M Busphogenenss (genetically engineered
arganlsm oaiginating from the wild type ancestor straln Hirlomonas sp.
TDN) are prolotype onganisms of this custer, besides ather represen-
iatives like Sprisding sp, (Jau e al, 2005), Solimbabeio sp. (Tao e al
2015 Van Thoor of al., 20190 or Yoregia sp., &n expedient conyerer of
crude ghyceral from bdodiesel production (Van-Thueoo et ok, 20015)
(reviewed by Koller, 200900 Techrnobogically, genetically engineered

H. blurphagenensic currently attracts attention as the only commercially
implemented halophilic PHA production strain in several new blotech
companies such st PhaBudlderD or MedPhal; these recombinants are
comsiructed 10 accumulate PHA copodyesiers  paly(3HB-co-3HV);
PHEHV) amd poly(3-hyd roxybutyrate-co-4-hydroxybatyrate)  (pely
{ZHB-co-4HRY, PHB4HE)) at high productivity st minor sterility cond)-
ticnz, &nd can be cultivated on inexpensive raw materials like corn sbeep
lquog {Tan e al 2020 It was shown before in pilot-scale experiments
theit genetbcally modified M Susphogernesis can be readily cultivated n
pilot-scale (300 L) open fermentation setaps to PHA concentrations of
e tham 70 g1, corresponding to volumetrie procectivities excesding
1 g/il+hd, which iz already approaching reported data for pilot-scale
PHA produection by mesophilic strales (Honato e al, 2001), Lager, the
same group of authors reported the production of more than 60 2/1 poly
(3HB-o-15%-4HE) by . bluephagenensis on a 5 m® scale using glucose
amd com step liquar as subrstrales plus y-butyrolacione as 4HB-related
precursor substrate, The productivity of this process amounded to an
impressive valae of 1.67 gil-R). Aumbors calculared the production
costs of pody{3HB-co-1 3%6-4HE) by this process with 2,57 € per kg; ac-
cording vo caleulations performed based o data obnained by 7.5 L scale
cptimization experiments, this cost could forther be reduced by 064
€/ (Ve o al, ZOEE), These serups ane described by the authoss o be
espedally energy- and freshowater saving, which opened the door for
mentioned Ingdustrial endeavars for PHA production by differently
modified B Musphogemenits siraing (Fu et al., 20014%

Impomantly, also for PHA production by Halomones spp., there |s a
srong trend towards utilization of inexpensive raw malerials, as
recenily shown by Liv er g, who cultivated both a wild type AL slonpein
Al, isolated from & Chinese saly lake and its recombinansts on glocose,
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reaching intracellular PHBE frecibons of 2281 wiod% and 90,76 wit,
respectively, Recombinant strain K. elongar P2, subjected 1o further
genetic modification, was able to eadily accumulate PHE even from
waste steaw hydrolysate a1 a salinity of 50 g/L {1 eral, 20217, Inthis
context, Salinfwibrio sp. M314, xolated from fermented shrimp paste in
Wietmam was recently cultivaved by Wan Thues e ol on a mixtare of fish
ail and glycerol as & carbom source, while the fish waste ssuce was used
&5 & pitrogen source, In this process, A volumemic PHA peeductiviny of
6 g Lah) was obtained (Van Thisoc ef ol 5019), Other inexpensive
raw macerials for PHA production by moderaiely halophiles wers ased,
for example by Pemidcova et al, whe described the sucoessful conversion
of waste frying oll by M. hpdrechermalis and M. nepeunia, isolates from
Deep-sea  hydroibermal-vent enviroaments, 1o PHE bomopolyester
{Fermicova of al., 201%9), Moreover, Kucem ef ol described the conver-
siom of A varbery of inexpensive hydrolysates, such as irom cheess whey,
spent coffer grounds, sawdust and cormn stover, as well as pogar beet
maolasses, 1o PHE by H. halophife, & strain feanaring & salininy optimans of
60 gL The salimity of cultivation media was comveniently adapbed by
newimalizing the ackdic kydrolysis cockialls of applied Inexpensive mw
maderials {Kucern ef al., 2018

The third and phylogenetically most anclent cluster encompasses the
so-called “extreme halophilic” microbes; these microbial specialists
medquire excessive salinity of 15-30 with (2,5-5 M) and even more for
optimam growth, Within this cluster, some liveratune also classifies the
soCalled “borderline extreme halophiles”, which thrive best in media
coftalnieg 1.5-4.0 M NaCl (Park =1 al, 2006). PRGoype ofganisms of
extreme halophiles prodwcing FHA& are haloarchaca; exclusively scl-PHA
preslection s reposed for haloarchaca, while for cubacteria, both scl-
and mel-FHA production is reported {reviewed by Koller ez sl 20200,
Extremely challenging habdiss are those environments, where such
highly adaptive survivalists are typically isolated are, & g, the Great Salt
Lake, the Desd Sea, hypersaline aroxic deep-sea basing, salar saltern
crystallizers, hypersaline soil samples, sall mine boreholes, salt pro-
duction pans, or even alpine dry salt rocks (reviewed by Kaller, 2019h0)

Extremely halophilic haloarchacal species reported 1o accumidabe
FHA belong to the families Halohacteriaceae (example of PHA pnos
ducers: Falobacseriiem noricerde), Haloarcubaceae [(FHA producers found
among the genera Haloarcnle and Holorfehdus), Haloooccaceae (PHA
prodiscers cocurrieng among the genus Halacoocns), amd Halorubraceas
{PHA producers among the genus Halsrubrum], Haloferacacess (mem-
bers of the genem Holoferax, Holsmuodramen, Hafogranum, and Fal-
ageometricum are reported o accumiilate PHAL, amd Ratrialbaosse
{members of the generm Haloplger, Haoloperringene, Matronodacrenium,
Halabiforma, Maromacoccin, and Natrinema reported 1o produce PHAY
{reviewed by Kaoller, 200%b, Koller et al.. 2020), Remnarkably, most of the
PHA production processes by thise extreme habophiles ane reported oaly
for small shaking flask setups; exceptions are the stesdily growing
nurnher of desoribed bionesctor fermentatbon sequps lor Hi, mediierana
on glucase, starch, hydrobyred whey permeste from the dairy industry,
extruded riee bran, rce-hased stillage, mixtures of fatty aclds, albae ol
byr-proadacts, or crde ghyeenal phase as side-product of biodisse] pro-
duction. In this context, Hfy. medirerranel was also cultivated on s pllot
scale (200 L fed-batch setups in stirred tank resctor) on hydrolyeed whey
permeates this process was described and evaloated by a techmos
ecomomic assessment, which concluded thar PHA prodhsction from sar-
plus whey by extreme halophils is at least competitive from an eco-
nombe and life cycle perspective |n comparksom 10 competing
technodogies for whey ubilization (Koller o2 al, 2013 Among the scance
sssessenenis of potential processes for PHA prosloctbon from inexpensive
waster and surplus materials, the Fifr. mediters process on bydmalyzed
whey permeate was estinuaied with a prodoction price per kg PHA of
about 3 €, bhased on resulls fromn 200 L pilot scale, and including a
pelymer recovery by hypotoalc oell disnopiere and recyeling of the
Termentation side streams (spent fermentation broth, zaline cell debrish
{ioller et al, 20070 Similardy, Bhattachanm ef al emphasized the
need 1o close material cpcles in Hjix. mediterrans-based PHA productbon
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processes based on waste stillage originating from rice-based wihanal
production b improve the process economically amd emdronmentally
(Bhwtncharyya et al,, 201£), Notably, In all these set-ups using Hfe
mediterramel, the sirain accumilaled PHEHY copolyester, sven withaua
the addition of 3HY.related precursor compounds. When adding 4HE-
related precursors (GBLY, poly(3HB-ce-3HV-co-4HB) terpolyester was
produced (Hermann-Ermus eg al, 20090 In addition to Mz sed
rerrine, thite 12 & small namber of liverarure feports available foe PHA-
production prooess with ofher extreme halophiles ander contralled
comilitions on bloreacior scale, such as for Holegranum ammicdyicem on
gliscose (Thao et ol 2001 5), Holopirger aswanenss on acetate ared buty-
rate (Hezayen of al, 2000}, or the thermohabophitic organlsm Hal-
oterringeTad higuinicd on & complex carmol-wasie medium (08 Donnto
ef nl, 2011 these processes are summarized in Table 1. However, the
indusrial-scale application of extreme halophiles is mill waiting for its
realization.

Tabsle 1 provides sn averview of selected PHA production processes
using different halotolerant, moderately halophilic and extremsly
halophilic PHA production strains on diffesent casbon sowrces; the so-
lection of examples is focused on most recent reports amd, for hal.
oarchaca, on processes performed under controlled corditions in
hioresciore. Cultivation scale, eyvpe of PHA produced, PFHA productivity
and intracellular PHA fraction, as well as the location of isolation of
“iraing, are compared.

3. Some like it hot - PHA biosynthesis by thermophiles

Thermopiyles are microorganisms that are natumily adapted to the
high temperatun of the environment; Brerally, they ane defined &5 mi-
croarganisms with optimal cultivation temperature above 45 “C They
bave usually been classified (s the thiee mals categores L madesae
thermophiiles with opdimal growth temperaiume in the range 45-65 “C, il
eatrems: thermaphibes with opiimal growih tempenanune between 65 and
70 “C and il Hypembermophiles, which reveal the best growth at
temperafures above 80 “C (Zeldes et al, 20158 Actually, from our
human peripectived, thermophiles can b regarded as exobe microbes
codonizing rare niches with conditions close to the edge of life, never.
thedess, habitats with high temperatires are surprisingly ol uncommon,
They are usually associated with volcanic activity, eg., geothermally
Bieated lakes of despeges ventd, Also, solar activity can substantially
enhance the temperature of some niches and other constantly hot hab.
irats muight b asseeisied with haman setivity, such as household or
agricultural compost piles (reaching ap to 30 “C) or thermal effluents

froen wastous irdusirlal peocesses (Urbdeia e al, 20051 Thermophiles
play alss an important ecolagical rale, for instance, they were lkely the
first microorganisms capable of thriving an Earth (Lask, 201%) and they

are alkso im i focus of astrobiologists as mbcrobes thal coulkd survise ansd
prosper at surfaces of plancts that are kotter than the Earth (Hickey and
S, 2004},

The adapiation to a high:stempemtune envinonment s a complex:
process (hat usually includes several steategies such & accumelation of
compalible solutes {serving as maolecular chaperones preventing bio-
modecules from heat-induced denaturatbon), changes in phosphaliplds
siructares [ensuring membrane integrity at high temperatures), and
afternation in ouclebe acids (prevalence of GC pairs) and protelns
stiruclure, which enhances their stability a1 elevated lemperatures
U clsbeta =f al., 200 5),

Also, FHA production by thermophiles provide: aumensias advar.
tages as compared o mesophiles. Similar (o increasesd media osmolarity
in halophiles, also high cullivation remperatuse represents a hurdlbe thag
prevents fhe most common microflora froen contamination of the
histechnobogical process, Thenefore, also thermsophilic processes can be
comtidered  being  contanvination-resistant.  This  sssumplion  was
comfirmed by theatim and Sreinbieke] (20000 who performed long-tesm
cyclic caltivations of the PHA producing thermophilic microorganism
Chelaroccus sp. MW10 esing A non-sterilized mediem and the cultivaton
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temperatare of even 50 °C prevested the process from contamdnation
{Ibrahin pesd Steinbilchel, 200100 Purther, ncreased cultivation tem-
pemture provides also other advantages, for instance, it enhances the
sofubsility of substeates (apan from oavgen), redueces the visoosity of the
cultivation medium, and improves its homogeneity. Moreover, accond-
ing 1o Arrhensus, high rempecarune enhances resction rates (Peleg et al
2012}, hence, it accelemates desired metabolic processes (Eniger of al,
A01RY I might seem thet culiivations operated a1 elevated temperanines
ane energetically demanding sinoe infensive heating is requined, but the
opposite 15 tnoe. When the process s operated as bigh-cell density
cultivation (which is the desined scenario in FHA production), the
renctor b at least panially self-heated by metahelic heat of the employed
microbial cubiare, and, imponantly, po energetically challenging coal-
ing is requdred. It should be pointed out that cooling 15 asully peob-
lenaaidc (high enengy and cooling water conssamption, additbonal eooling
systems might be needsd which raises the cost of the equipment] in
mesophillc processes operated &n blgh-cell densitles atl large scales,
Therefare, both heating and cooling demands are lowered when ther-
maphibes are employed, Since also epergy demands for serlization ane
decreased, the thermophilic processes might be of beneficial energy
balanoe (hrmbim ard Swelnbachel. 20000 In halophiles, the kigh madt
concentration in cultivation media represents a serious problem for
wastewaber treatment management. An impostant sdvantage of ther-
maphilic processes is the fsct that the application of high temperatune
dioes naot bring such consequences and complications.

Hewewver, anlike in halophiles, PHA prodiction by thermophiles is
not a deeply investigated ficld and was reported ondy inoa wery lmited
number of cases. Therelore, we performied & depiled loerabure search
for reparts on PHA production in thermophiles as well as in-depth bio-
informatics analysis of available genomes of ithermaophilic microorgan-
ismy. In this case, we were looking for genes encoding for PHA symthases
&5 the presence of phal s 8 necessary prerequisite for the capahility of
PHA synthesis. The results are demonstrated in Table 2 and desply
discussed I the following text. We primasily searched throwgh the
database of nos-redundant sequences standing for particular species,
thus, whene possibde, accesston numbers of Fhat synthases in NCBI
FeefSeg darabase (0 Leary e al, 200 6) wene used, Sinoe nod all genomes
were stored in BefSeq database, in several cases accession numbers
lending 1o GenBank database [Sayers of al, I019) 0 sequences of
particular straing of selected species were used. Moreower, we took all
amdng poid sequences from Table 2 and peconstrucied & phylogenetic
tree af all available Phat synthases in thermophilic species (see Fig. 2).
Twa major clusters were fosmed In the phylogram, The smaller clustes
containg three different Aneuriniisaciilis species and additonal seven
hacteria carpping patative Class (I PhaC; synthases. The Larger cluster is
formed by putstive Class | PhatC synibases. However, there are five
species  (Rubeffirdcrobivm  thermophiliem, Preudomomas sp. 564502,
Inreiranin thermohionhile, Pseudonocardin thermophile, snd Thammomomns
hydrodermaodish that each form a distinguished branch. These might be
diiferent, even unkeown, classes of PHA symithases. Thedr clrssification is
problematic, which is further supported by the low bootstrap suppart af
these branches, Also, the inabdlity to fed PHA synthases in the genome
af Geobarilli, T, thermophdlus, and T. alongare indicate that thers might
b some yei ndiscovened classes of Phall synthases, Even kentification
berween kenown classes based on sequence similarity i impodsible and
has to be supplemented by the prediction of maolecular welght (Koar-
llervm et &, 20216,

A.1. PHA prosduction by Grom-nepatiee dermophifes

PHA accumudation s likely & common feature typlcal for the mem-
ters of the genus Chelarocorcia which inchindes several thermophilic and
thermotolerant strains. [brabim of @l isolated PHA produocing thermos
philes arad obiained pix gram-negative thermophilic solaies capable of
PHA accumulation. Five Zolates formed stable star<haped cell aggre-
gntes, only the strain MWD grew s free-lvieg rod-shapsd cells. By 165
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rANA sequencing, the isclates were tnxonomically classified as members
al the Chelamccous genus with an optimal growth pemperature of 50 °C
and stradn-dependent preference for glucoss or glyoerod (Thmbim et al,
10} The sirain MW was fanher sysematically classified as a 1ype
strain of a novel species < Chelofococous Hermaostellanes and §s curmrently
available in public collections of microorganisms (DSM 28244} (Ebrakim
et al, 20160 The strain MWI10 was sucoessfully employed for PHA
production in the sdvanced high-cell-density cyelie fed-baich calelva-
ticns in & 42:L biaresctor under semi Sterile conditions which proved the
wiabdlity of the thesmophiles-based FHA production (Thrabim aed
Steimbaichel, 2010), Chelorococcus desguenais TADL represents another
thermaphdlic member of the genus Chelarococens which can be consid-
wred hefng & potential candidate for induwsrial production of PFA, since
PHA symthests in this baoerium doss not requine Hmitadon by any
murbent and b growth-associared. Hence, this strain was capable of
reaching high FHA content (about 84% of CDM) ina relatively shor
pericsd (24 hl an 50 °C using glueose a5 the sobe carbon subsirate, Apan
fromm ghocose, the strain is also able to utlize cheap substrates soch as
glycerol or sarch (Xu en pl, 2014), FHA productien from glyoerol
employing Chelofococcus darguensds TADT was further in-depth stodied
and optimised; utilization of two-stage fed-batch culthvation strategy
resulted in a wery high valumetric productivity (0.434 g/{L-h}) which
cold be s basts for econcenically feasible FHA production (Cuol et al,
15

Anather thermophilic Gram-negative genas for which PHA prodoc-
then wias peported on phenotype level and also confirmed on pemonpe
bevel by the identi feation of phal gene in available genome databases is
the genes Caldimonas, This genus contalns pwo validly peblished sirains
amid bath were sucoessfully used for PHA production. Coldimones marn-
ganoaidans wag solated from & hot spring, aed, noerestingly, the bac-
terium was capabde not anly of accomulsting PHA granules but it also
revealnd the Hhﬂl‘l‘}' [Ty} dlﬂgm-ﬂt: extracellular PHE (Takedas o sl 2002),
Later, the PHA accumulation potemtial of O mangesoridon: was inves-
tigated in degall; it was observed that it can achieve high product titers in
shorl periods (5.4 gL PHE in shaken Qasks within 24 k) (Heiso e al,
Z6) In a follow-up study, © manganooddans was employed for PHA
production from blodiesel-derived glyeerol with promising resulis
{Hsian et al, 2008} Also the second validly published member of the
genus — Coldimome mhwaner - can be owsed for PHA bosynthesis,
Thamnks to its amylolytic activity, Shew ef ol used this bacterial strain for
PHA productbon from starch, The chevared culdvatbon emperaiure
provides, in this case, not anly a hurdle for microbial competitons, thus
preventing the process from contamdnation, but i akso enhances sole-
bilizatbon of starch, decreases the viscosity of the mediem amd, there-
fore, enhances homogeneity of the batch. When walerate was used as a
JHY precursor, the bacterium socamulated & copalymer consisting of
IHE and IHV. The concentration of valerate im media was used 25 a
regulatory faator Influescing the smonomer composition of the eopod-
ymer, 3HV fraction could reach a valoe as high as 95 mol®s (Sheo =1l
20019,

PHA synibesis is likely a comman feature alzo in the closely relabed
thermophilic genus Tepldimomes sinoe the presence of phal gene was
determnined in pumeroas genus members fuch as Tepidimona: afioe-
lphilus, Tepidémonos aqustica, Tepldimonas foneicald], Tepidimanas char-
ovatis, Tepidimona ignaen, Tepidimonas sediminis, Tepidimeras Iowanensis
or Tepddimomas chermarum (e Table 2}, Mevertheles, studies describing
PHA accumilation in Tepldimonas: spp. are stll lacking. The exception is
the work of Chen et al., who isolated a thermophilic alkaline-protease.
producing bacieniuem from Bot spring in the Pinglung area in Southemn
Tabwan. The bacterium was systematically classified as novel species
T. taiwanensts and strong PHA accumulation was observed as one of the
important physiological charmcteristics (Chen o1 al, 2004000 Generally,
froan & hiotechnodogbeal paint of view, the potestial of Tepidimonas spp,
for PHA production is limited by a relatively Jow range of wtilizable
subsirates since most Tepidimomes speches wiilize nelther carbahydmtes
nor lipids; they ane restricted to onganic acids and amino acids (Moreim
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Table 2
Lis of thermephilic bacoeria in which PHA synibesis was iencifled on pesctype and./ce plenotype level,
Giram Optimad cultharion PHA blorgmithenis  Phal geoesdion FRLA ppmtheein Epfereacy
mainisg  Semperwtete [*C] Slerntifed bt deseribved of
an geratype level phenatype level
Amphipionnas rerkthermgibis G+ ATl Yex W, DB 16501 K
Amaurinthactles downn [#F8 A954 Yo W 4eR0R01.1 1]
Aneuriniaciles rerraneTAs G+ 55 Yei WP DITAIsaR ] LU
Anrurinsharite durmessrophibar G+ A5y L] WP OATHFEZL1 Y Perracors o al, 20000 Kiso of o, 113
AmrybociBi oalids (2% 35T Ve WEIEL5384581  Na
Amaryboclin seemniphibo G+ 25T Vex W TEATHGE 1 N
A quslec frriue Irpidiphilion G- 35Ky el WE ISR TEL Y e o1 al, 1P
Boifkas s ivsnngm G+ H M = Ve Chaigiiet ot al . 200, HIHH:
Caldimann menpoarides G- £ e AP OMTO0IN] Ve Talkrdls ot al, 3080 Hotan et ml, 3006
CakfiTiell MIsOTTAS 3- fRT L H] Yes WEOSZ1IT0T.1  Wes Shew 6 all , 009
Chrdaloracau doopumuin [ £ ] e WP O Y Cuiel sl 209%; Ku i nl, 2004
Celte il TS b ne 3 50 Mo - -] Thimbsim &1 il 2006
Ciprivichar gp. -4 - 45 ¥eu e E R Yeu Flers i pll, 3013
Dichatortcrebive thermoaliphios 0- 2055 Yei WP INHEIINE ] Ha
Eornen repsiphiles G- Yeu W DN 0] 4388, 1 i
Eforoen dursnaplels G- o Sl Wil WP 1 IAETTEAT 1 Ho
Gvobo il donprophii @+ 55 Mo - Ve Geidikll o al, 2089
Grebocilh irerotbermophilo G &0 Mo - Y Cedikli ot al, 300%
Hedrogempiilinn thetrmmadipeii 3= 50 |- ] WP I9FTINE20]1 Ve Mpaven o ol 2019
R Opitimal culihvathin PHA Modyeihesh Fhal, aocesbin FHA synitheis REfeprins
sindsing  Gemperstoer ['C] Idderefand suber described oo
o sty bevel phertype level
dunirenda shsiothnogein [+ 3554 Yes WF LT 1]
Penforeonas g 5HAME L 45 R - Yex Barab ol MK
Fansdenacardn dhermoplels - 50 Yru SHRESI L Mo
Babelimiorabiurs: Errmmophidien [i2 L Yes WEOZLDSTSEE] Ve eemrer en al, OO
Esbrobechr partonss = 4555 Y - 1 Kourdows rf al, 2215
Esbroda e ivhonopfulis G 4T Yes WEF_ 1O Ve Emardoren e wl . B0016
Srhlogeinis oqpeoning i~ 30-40 5y - T Chou v al, D6
Sehlrpelnls 13 k= Yes WE_LDASAREAL Yedi Feonarifervw o al, 3000 203 1a
Spmechacacon g BT iF w0 Yes AAKIELFR ] il ] Bovake w5 al . 1990 Nidhicea #f ol 21
Tephsolls boolgprmes G- Ui Yes W LB Y& Yoo ot wl, 3009
Tepidivally aeent LS A5 55 Yes WF_ L EG3ETE 1 M
Femdemona i g 1781 ¥ra TRES0843.1 %o
Teplakimons pquis G- A58 Yes WP ILHIMTTL Mo
Tepudiononar fonsooldd G- 15400 Yeu W ehRET ] No
Tepudiriointi (s ofets [+3 25-hdl Yes WP LS AITATE L Ma
Tepdomonar jgnovn [+ =55 Ve WIS 1]
Teprdimignrn secdirms - -E5 Yes WL AR 1 Mo
D Ogetirral salrvation FHA Midyehest PhaC aiteidbion PHA avnrhiss Refepeins
walning  iemgeraiere 1G] Wheraad nEnkey idecrdbed an
o prmotype lovel phrnctipe e
Tepudmona mrwrtwenh [+ ] Yrem o mani I e Chars il all, S0, Boomilor ef ol , 233ic
Tepidisionds temanm 3 5wl Yes WF 143503044, 1 L]
Tepudplel morgerimjfer G- p A | Yre WP O PA0SRN 1 ez Sy i al |, 30000
Tepdpdales daioinafimasloy i3 S-55 Yes W 2GIIIER ] Ha
Tepdiphily syrnaphd G- M0 Vee WP DAS4INTT, Wa
Thasera e pihermala - 355 Ve W1 I IEET Ha
Thermaesianar ol G Sk-0h e WR DT IR Wi
Thrrmermephs Lpolesen O+ 5370 Vra WEOTS0R9410.1  Ne
Thermas dhermapdilus - Th=T5 ] = Wez Pasraraks en wl, 200F. 2009
Ureibonbhy treremo 8 4355 Yrn L R AR ] ko
Db ilin Shaemsmputidli ol G Mt 5 Yes WF 20BEAH 51 L]
Trexhanghein reidfons =5 A-50 Yru PPEGRESIL ] Ko

et al, 20000, Agaln, T, sofwanensls represents an interesting exception
because it i, scconding 1o |ilerature, capable of assimilatbon of glucoss
and Fructose [(Chen e al ., 2006n). Therefore, & was recently used for
PHA prodoction [rom the inexpensive msounce grape pomboe, which i
rch in these abundant sugars. AR the cultivation temperature of 50 “C,
ithe bacterial culbare was capable of sccumulating PHA ap 1o 65% of
L8 in flasks experiments, the final PHA titer reached a very promising
w“dﬂ.ﬁﬁ-tﬂ,[ﬁlulrhlh va it 6L, 2021¢).

Similarly to Tepidimono, also in geaus Tepdiphilis, we identified the
presence of phuel genes in available gesomes of Tepidiphibs marpaninfer,
Tepidiphilus succinarimandens and Tepidiplilus thermophilies (see Table 21,

1z

However, reparts corfirming FHA accumalation on phenatype level are
Iacking, Only Manaia ef al mentioned thay Tepidiphilus marganitifer ac-
cumulates FHA granules as physielogical charncteristic of the strain
HI:I!-&HIM}'I'MMM{HMHm el al .Iﬂl}3].-ﬂhﬂilumw
spp., also by Tepidiphilus species arganic acids and amino acids, but po
sugars or lpdds, are wsed as carbon soairoes, which limits thelr poteniial
bictechnological applicatiors as chassis for PHA produoction (Manaia
& al., 203k

Moregver, very similarly to Tepidimonas and Tepidishilio, pivel genes
were detected also s the ondy two members of the genus Tepidicefla -
Tepidicalln beolipensis and Tepidicella xavieri (Tuble 2). Presence of PHA
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grapules was observed in Tepidicella booligensis, but Tepidicella species
are ot capable of efective assimilation of carbobyedrates or Hpdds {Yow
et al., z014), thus thelr biotechnological poaential within the concept aff
MGIE is negligible.

Further, the presence of phalC genes was observed in several other

spcies [Pichotomicrobivm thermohalophifum, Elivraea sepidiphila, Eliorgea

lpolytica, Thausra hydrochermuiis, . Thermosyntropha Epolytica or Zhia-
hangheella caldéfonsis], which Indicates that also thess bacteria could be
considered as PHA accumulators, bt no definitive reports an PHA
accumulation are available. Investigadon of thelr PHA production
capability and bistechnological potential could be an inereaing tapic
far furiber research,

In oaher bacreria, PHA sccumulation was identified on the genotyp
level and also mentioned as physiological characteristics withoat any
reports reganding the tvpe of polymer accumulared, FHA content in
biomass or gained FILA titers. For instance, Aguobacterium éepidiphilom
concalng Phat (Teble 2) and the presence of FHA gramubes was observed
by Eleam et ol (200%0 Als in Rubefiémicrobiem thermopfeilum, FHA sm-
thesls capability was observed on genotype level ard furthes detected an
phenstype level This hecterfum could be an ineresting candidate for
FHA production since it is capable of assimdlatbon of & wide mnge of
carbobydrates amd it also produces carotencids, which, analogoas 1o
FHA and pigment co-production by many halophiles, could be inter-
edtiig side-products i PHA (Denner o1 al, 2006) feverthebss, no stady
on FHA production potential of the strain i avadlable.

Omn the contrary, PHA peoduction was already studied in Hydro-
genophifte feermofrodus TH-1, a thesmophilic hydrogen-oxidizing bac-
merium resealing the highest growth rate among autatrophs. This
bacterium containg the gerstic machinery for PHA symibesis, the strain
was capable of PHE production under mitrogen limitarions both under
both antotrophic (gas mixture consisting of HaO0zx00: FR1k]1S was
used) as well as heterotrophic (various crganic acids were used as yub-
strated) eonidiions a1 50 *C. Especially the autotnophic production po-
temtinl of this bactedum serms to be very interesting (Myoyen = al.
20150,

The top position among thermophiles kolds Thermus frermophiloes
HEA, which was used for PHA productéon ag a5 high a temperarre as
75 "C. Pantaraki ot ail cultivated this bacterium on octanaate or ghaco-
nate; FHA represented about 35-400% of COM, the polymer conslsied of
& mixture of scl- and mel mopomers with 3-hydroxydecancate as the
major monomer anit (Pantazaki o al,, 20031 In the follow-up snady,
Therii thermophiles HBS was used foe scl- and mel-PHA copalymers
production from cheese whey under nitrogen limitation, the maximal
PHA teer reached 057 g/L {Paniseakl et al | 2009}, Neventheless, even
though the complete information on genomes of varioas stmins of
Therna thermaophilus are avallable, we were not shis 1o discover a phal
pene in these genomies, hence, the only evidence for the PHA scoumu.
lacieg capabdlity of Thermus thermophilia are publbcations by Pansaeakl
of ml. (2003, 20091

Sphlegelio rhermodepolymenans Is a Grame-segative bacoeriem cthat was
isalated from activated sledge ander serobic and thermophilic condi-
tions by the groap of Professor Alexander Steinbilche] a5 a representas
tive of a novel genus. Thes mbiroonganism was capable of biodegradation
af poly(3-hydrocybutyrate=co- J=mercaptopropionate], a bonmihesized
polymer that had been considered befng non-biodegradable, Therefore,
the species name reflects its special polymer degradation capacity
(Elbamna e al, 20003 In the mbseguent stisdies, extracellular PHA
depolymerase of Schlrgela fermodepolymerens was chamcterized in
mere detall argd it was ohserved thar the bacterium s not capable of
efficient hydrolysis of thioester bonds as was originally expected
(Elbamna e nl., 2004), The bacterium was, for a long time, snadied only
from the pespective of PHA bicdegradation, but we have recently
suggested that & dwermodepolymeraons is also a very promising FHA
producer. It pessesses the complete gemetic machinery for PHA

Bistre fwodogty Advamces 58 (HEEDD BTG

blesynthesis, and the PHA portion in biomass can resch up 1o 7% of
ChM &t 55 "G Most thermophdlie PHA producers described abenve revesl
only HEmited catabalic flexibility — bence, the number of substrates that
can be cooverted 1o PHA i restrieted On the  cosirary,
£ thermadepolymeraons seems to be very flexible in this perspective; i1 can

utiliee # wide rmnge of carbohydeaves, lpids and glycerol, Sarprisingly,
the most preferred substrate was the pentose xylose, a subsirate mather

rarely  acoepted by mécrobes  for PHA  Blosymibwesis  Actually,
5 thermodepodymerans prefers xylose even over glucos=, therefore, it can
be comsidered to be an astondshing cardbdate for PHA production
follovwing the NGIB priociple rom cheap xylose.rich Hgnocslluloss.
based resources (Kourilowa oo al, 20200 kusdlovs «0 al, 2021), In the
il borw-tap stuxly, thie PHA poodwction potential of 5. thermodepolymerans
from lgnooellulose-based media was compared with the kalophilic PHA
producer H, hodopdsila (also led i Teble 1) and the protoiype xylose.
converting mesophilic bacterium Burkholderio socchari. Among the
testidd hacterin, 5 chermodepolymerans demonstrated the highesr FHA
yields on subsirates rich in xybose, and, compared to M. holopisilo,
5 rhermudepolymerans was also robust againsr microbdal inhibiors pre-
senit im lignocellulose hydrolysates such ax ferulic acd, gallic acid,
furfural or levalinle acid. This confirms that £ thermodepolymerans |5 an
auspicious PHA producer deserving Furthser atpention (Kourilova @ al,
Hrzla)k Aside from 5 thermodepolymerans, PHA granules accumulation
was reported also for another moderately thermophilic member of the
Schiegelefla genus = Schlegelello oguanica (Choun et al., 20046], indicating
that FHA gynithesis might be o comenon feamee for Scldapefella spp.

A2 PHA prodiuction by Grom-posinee chermophlles

Besides Gram-negative bacteria, PHA are also accumulated by
nuEmerous Gram-positive prokayates, Actually, Mausice Lemalgne who
is considered being a discoverer of FHA, isolated amdd chemically
describedd FHA from cells of Geam-positive bacterium Bocilfia mepe-
terigm in 1926 (Lemolgne, 19200 Although mostly Gram-negative bac-
terla are currently comsidered as candidates for PHA production, Gram-

positive PHA prodlocens provide an imponant advantage, One af the
majar obstacles preventing the use of PHA in bealth care, cosmetics ar

medicine 12 the contaminstbon of the palymer prodeced by Gram-
negative bacteria by pyrogenic  lipopolyssccharides - endoloxims.
Thes contamlmants afe co-isalabed along with PHA and induce & severe
immunological respomse in the human body, which is extremedy uns
sultable in numerous uses of FHA (Singh en al, 2019), Of course, i A
Gram-positive baclerium umable of endotoxin symihesis is used for PHA
producton, this comtaminacion can not aopar and does not repeesent A
pro@lem.

Very recently, Sangkharmk o ol employed an isolate classified as
Bociile: sradn FHAMS for prodisciion of PHA from
waste cooking ofl; the cultivation was operated at 45 “C and the bac-
tertam dhowed high PHA socumalating potential since within 48 h of
cultivation in shaken flasks, the polymer content in biomess reached
7% of CDM, The socumulated polymer was composed of 85 mol® of
IHBE and 15 mol¥ of IHY (Sangkbamk ef ol, 20204 In acother work,
the same coldlective of authors repomed that B, chemmoamyfosanans scrain
PHAGDS produces mel-PHA when cultivated at 45 “C an ssdium octas-
noatr; podymer costent in blomass reached up o 63% of COM and the
polvmer consisted of CA-C18 monomers, 3-hydroxydecanoic acid (XHD)
being the major monomer anit (Choonet et al, 20306) As mentiooed
befare in thia article, mel-PHA production |5 useally observed in Pe-
damaonads; however, mcl-PHA symibesis in Bacillf was also already e
pocted before (Shakid er al., 20030, bub it i A veny mne leatane Bhence,
8. thermoamylovorans strain FHAQGOS seems to be a very interesting
bacierium, To our bes knowledge, the genome of the straln was nod
published s far and PhaC encoding geres wers not identified in avail-
able genomes of B thermosmylovorens, Thus, the undqoe FHA sinthezie
potential of B thermoamyiovorrs sp. PHABS might be a sirain.
dependant property nog obsereed In other members of the genus.
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Fig- 2. The phylogeny wa Inferred by ouing the Maximum Likelibood method snd Whelin And Goldmos moded (Whelan and Goldman, 2000 ) The tree with the
highest log Hielibood [~2¥,119,.16) is sthown. The booitrap support caloulated from S0 replicates: is shown next o the branches., Initial tres(s) for the heuristc
search were obinined suinmatically by applying Meighbor-Moin and Biob algorithms o & mariy of palrwise disminces estimated meng e JTT mode], and ten
mlecting the topology with supericr log Bkelihood vahs, The tree iz drawn fo scale, with branch lengths messured in the number of substitutions per site. This
asalysis involved 41 sming ack] sequesoes. There ween & Iotal of P80 positors i the Gneld datee!, Evohilicoary analyses were oosdoitng in MEGA X (Fuesas
ek al.. J018).
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As wns alresdy implied, PHA production is a very common feafure
among the genus Bacillis and related species. Historieally, during the
last decndes, severnl geners were set nside from the parental gemus
Bacillus, incdudirg ihermophilic ar (hermatolerant genera such as Geo-
baciihus, Amoxyhocius, Ameurindbeciliies, CredhaciBus or Thermobocilles.
Therefore, it can be expected thar members of st least some of Uvese
thermophilic gener could also sccamulate PHA

The gemis Gesbacillia comprises A group of Geam-positive enda-
spore-formic thermophilic bacteria that can grow over a mnge of
45-75 "L, Due to their catabolle versarility and rapld growih, Geobacillus
spp. have mised attention as microorganisma with great potential for
bénfuel or chemidenl production following the NGIB concept (Hussein
el nl, 20151 nevertbeless, it seems that PHA synthesis capacity is pot
widespresd among members of Geohocilus, Even though genomes of
o Geobocilius species ane available in public databases, we wene
nat able to identify genes encoding FHA symthases in Geobacilli Also,
pantbeular separts on PHA synthests by members of the Geodee (T genu
are scarce;, FHA synthesis was observed only in one isolate, which was
identified as Geobocllls bausroplelus (Godikll of ol 2019), Hence, it
seemes that PHA accumulation is not a commeon festure among Geo-
Bactllus spp. bat 11 ds & rather rare and strain-dependent charncteristic,

Om the contrary, we have identified that two members of the Dre-
iborillus genus « Urethooiius reremus and  Linaibacilfus thermophilis (see
Table 2) and also in two members of genis Anoxyiecilfo - Anoxydbaciliug
clidies and Amooryhacifes wWiaomingislus, contain genes encoding for PHA
symithase, Mevertheles, w our beat knowledge, there are po lieratene
reports on PHA sccumualation on phenotype bevel by these bacteria.

In comerast, PHA synthests in the genss Anssriaiboclles i very well
documented. Xiao ef al isolated PHA accommulating Gram-positive bac-
terium from Godao ailfield in Chins, The isolace was axonomically
classified as Ansurirhacifius thermonerophilus XH2, e optimal temper-
ature for growth as well as PHA synthesls §5 55 °C Interestingly, the
actumulated FHA polymer consisted of SHE amd 3HV with a mEnor
frection of 3-hydmxyocancate and 3-hydrogy-d4-phenylbutancate, so
the becteriim socuimiilated & very interesting FHA copalymer, never-
thebess, prodoct titers wene mither low « aboot 0225 g/L of FHA (Xiao
et al, 2005), The suthars subsequently published & complete genone
sequence, therefore, FHA production capability was confinmed also on
the genctype level, As cxpecied, the isolate harbors FHA synthase
bebonging to class IV which is typical for Baciliis and related genera (X0
et al, 2006}, Purthes, Pemicova of ol alse Focused on the bsolation of
PHA producing thermephiles and obtaired several isolates classified as
Areurintbacilius gp, (Femicova e1al, 20205], The most promising {sclate
- Anetirinibacillue thermoasraphitits H] wad capable of sccumulation of
FHA ap to 50% of CDOM, mexdmnal PHA titers in shaking flagks wene
obdained with glycersl as a substeate (abour 2 £/L) @ 45 "C; peverthe-
lesz, the Bacterium was capable aof growth amd FHA syntbesis ap to 65 °C
even though enhancenseni culiivations a1 & lesnperaiure above 50 °C
decreased biomass growth and PHA sccumulstion. The most interesting
property of this bacterium was its capability of Iscorporating varous
AHB (1 4-butanedicl, gama-butyrolactonsd and 3HV (propiosate,
valerate] precursoss inte the FHA structure, resultieg in production of
paly{SHE-co-4HB} copolymer and poby{IHB-co-4HB-co-3HY] terpoly-
mers with very high 4HB (up to 93 moBs) and IHY fmctions. The
oo compositon of paly(3HB-re-4HB) copolymer can be simply
and precisely controlled by the matio of 1.4-butanediol (4HB precarsor)
and glyoerol (carbon subsirate and 3HE precurser) n the cultivation
mesdia {Permicova et al, 2020a) The material properties of produced
copalymers weee farther studied [n detall aed it wes proved that
manipulation of the monomer composition enables regulation of the
crucial material properiies of PHA such as degree of crysallinky or
meelting temperature (Sedlncek ef al, 2020). Since the presence of phel
gene was detecied also n other Aneurinibocilll such as Aneurimibacilies
damiciy and Aneurinbeciiue fermanoevenss, it I8 soggested that PHA
Aocumulation is mther a common capability among the members of this
R,
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The genas Rubrobocer accommadaies noa-modile, obligaiory acro-
bic, aspurogenic and Gram-positive sctinobacteria, The genus members
are considered to be “polyextremophiles” because they can survive
undler varkours sdverse conditicas, Par instanee, they ane kighly resistan
to hiarmfal effects of various radiations including U and even ionogenic
radistion, mofeover, some members are alse halowolerant amd revesl
thermaophilic attribubes (Castro o al, 2019]) Recently, PHA production
was conflrmed both oa genodype a3 well As phenctype level B two
thermophilic members of the geous - Sabvobecter sportonies and Hubro-
bacrer xylamophilie, Interestingly, the bicinformaric amalysts indicabed
that Bubvobactsr spp. contain two genes encoding for differemt PHA
synthases — one gene encodes for Class | and the second for Class 11
PhaC, the second subunit of Class 1T synthase - Fhak - was identified as
well. PHA condent in both tested strains reached ap o 500 of CDM, PHA
polynver consisted of IHE monoener, 3HY units were incorporated wisen
the proper structaral precursors (valerate, propionate, n-amyl aloohal}
were mipplemented. Especlally B ovfomophilis demorsorated  high
mobuostness conceming ooltivation femperature sinoe caltivathon teme
perature had ondy & very miner effect on both blcmass growith and FHA
accumulation in the temperature range 45<60 “C. This strain aleo
revealed high catabodic flexibiliny, therefore, it might be an interesting
capadidlate far PHA production. Imporiactly, Bubrobacter species am
Girmm-positive thus endoboxin none<forming bacteria bat, unlike other
Gram-positive PHA producers, Rubrobacter species ane also ol capable
of sporulation, which is a very important attribute (Xourilova et al,
202100, Sparulation is condddesed being an anfavorahle charsenerisbe of
the strain b be employed in industrial PHA production becasse it is
aceompanked by mobilization of PHA storage and alse a sadden loss of
desired metabalic activity, , sporulation shifts carbon flux from
the Fnrmation of desired peodsos (PHA) o umwanied by-products (en-
dospores), which results in an sconomic loss (Sadyhoy e sl 2017).
Thus, thanks o its thermophilic feanure, catabalic fexibiliny, Gram-
posilivity and also an absence of sporulation capability, Rubrobocter
specics are alse interesting chassis for industrial FHA prodoction within
e MGIE oomeEpl (Koarilova & al., 3025k

A3 PHA symrhwsts as an adopretion srategy fo Ml remperoture

In habophiles, the interconnection between adapation to hypertonic
comiditions and PHA bicoynibesis s well documented. Divecr experi-
mendal obzervations are confirming the csmoprotective rode of PHA
granales (g the previcus secrion) and there are Also isdirect hings sach
s ke fact that the list of PHA prodscing halophdles is bong (Table 1} and
includes not oaly moderaiely halophilic bacteria b also extremsely
halaphilic Archam soch as My, mediterranea ar Figm. bormquende (Koller,
200%; Pielfer ef al, 221), O the contrary, it seems that the nole of
PHA in adsptation to high temperatones s pol so evident, There are
reports that PHA acoumulation prodects against heat. For instnnce, Zhao
& al clserved tha FHA hiosyntbesis capabile wild-type sirsin of Asro-
monns fpydrophiln was more resistant o heat than PHA synthase
negative-mutant unable of PHA symthests (Thao o al, 2007), Never-
theliess, potentinl protective mechanisms of PHA against high tempera-
mare are not chear, T ks [Ekely that PHA monomer ankts possessing strong
chiemical chaperone activity might protect bacteria from the adveris
effiects of high mempemiure (Ohnoeca e al, 2006 Soto et al., 2012),
Furmthermore, also phasing, PHA granules associaied proleing, reveal
chaperoning activity and might prevent coellular proteins from dena-
taration &l high temperatiares (de Almeida e al, 2001) Mevertlebsss,
apart from Thermes themmophifes ~ the only extremely thermophilic
hacterium o the list of PHA producers, PHA syntbesis was reported oaly
for thermodolermnt and moderately thermaphilic bacteria (see Table 2)
with optimal groawth temsperanere between 50 &nd 60 "C. To the best of
our knowledge, PHA synthesis was observed neither in hyperthermo.
philic bacterla nor archaea, Hence, despéie thelr proven proteciive
Tunction againgl slightly elevated lemperatares (Alves e ol 2020,
Giongalves er al, 2019], it is Hkely that PFHA are not the most suliable
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metabolites for adaptation to extremely high temperanares, From the
bistechnological point of view, this fact is not a limitation. A1 very high
cultivation temperatures, considerably decreased oaxygen solubility
represenls A serous obstacle practically ihwarting 16 reach high cell
density of aerohic microbdal culbures. Since PHA are intracellular me-
tabolives af the secomdary meisbodisen, high coll density is 8 necessany
prereguisite for gaining high product titers. Therefore, the Esct that only
maoderately thermoghille prokaryotes produces PHA is not & deawhback,

A4 Thermoplslic PHA producers a3 sources af genes encoding pobeat
FHA-relmed enzymes

Besides direct utilization for botechnological productian of PHA,

thermophilic becteria capabile of PHA production are alse very inber-
esting as soarces of thermostabde and highly active FHA synthases and

ather emzymes for PHA synthesis nvive or even ia-vire. Tajima o all
investigated in-vitno synthesis of PHA. These authors emphasized the
impartance of the witlization of thermostable enzymes for the rpid and
sustainable process of in-vifre FHA production. In their stody, they otis
lized thesmestable sceryl-Cod synthase from the thermophilic bacte-
rium Pelatomaculum JCMILOOT], Cof Eransferase
from Themes chermeophilis JOM10941 and PHA symthase from che
thermotolerant bacterium Peeudoraonas sp. 364500, The system was
capabde of symthesis of PHB and A copolymer consisting of 3HH and lactic
scid. Due 1o the thermosability of empleyved enzymes, the svstem was
operated at 45 “C. Even at 37 “C, the yields obiained by thermophilic
ensyimes wire 1,4-fokd higher than those obtained by mesophilie en-
mymes (Tajima et al, 2006). In this context, all the bacteria Hsted in
Table 2, even those which are ne promisieg candidates for PHA syn-
thesis, for instance because they can mot be cultivated on bio-
technodogically relevant subaraies o Are nod capabde of reaching high
el densities ar high PHA amounts in biomass, might be considered
being interesting respurces for thermostable and highly active PHA
synilbiases and other enzymes which 1o be employed for PHA synthesis,
Puriber, discovery and in-depth characterizatian and i
af thermostable amd highly active PHA synthases (rom thermophdlic
prokaryotes might be osed for the mtional design of highly active and
stable FHA synabases, Sheu o ol constrected a chimeric PHA symibase of
the thermogphilic strain Cuprimddis gp. 5-6 and the mesophile £ necaror
H16. In denils, this consracted chimeric eaayme was 8 PHA synthase
fram mesophilic €. necater H16 bearing 30 point mutatiors derived from
the middle region of PHA synthase of the thesmophilic straing it
demomstrated 3.45-fold higher specific activity than the parensal
enzyme at 3 " C and substantially higher siability since at 45 °C s hald-
life was 127-fold higher than that of the parental enzyme, Trasgenic
Escherichin coli harboring chimeric FHA synthase culttvabed at 37 “C
srcumalated at 55% FHB per COM, which was subsastially mone than
in a strain harboring PHA synibhase of mesophilic . necmtor H16 siradn
{369 of CIOMI) [Fajima of al, 2014,

4. Making a gosl thing better- metabolic englaeering and
synthetic biology of extremophilic bacteria for tailored PHA
prosduction

Metbolic englneering (ME) and symbetic bdology (SB) have gener-
aled numerous useful tools and engineering approaches of which some
have revolutionized microbial biotechnology ard the e of microor-
ganisid, their metabolic pathwayvs, and enzymes for bbosynthests af
valuabde chemicals (including PHA) or bicdegradation of environmental
M]J'.'II.-'IH [Chall #f AL, 201% Dvofdk el AL, JITh [flllh]l.}'.. 1) e
powerful tools were restricted for medifications of microbial models
E. coli, Facilus subnilis, or Soccharcmrpos cerevisior, The advent of ME in
the 15490s ensbdsd imlerspecies transplamtation of whale metabalic
pachways and gave nise, beside others, 1o recombinant PHA-prodecing
E. «ofi strains with exogenous phelAR operon (Chal e ol 1998
Some of the desivatives of these strains are now used for PHA
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marufscharing on an indastrial scale {Tan o &l 2021), Research com-
miznities that work with non-canonical microbdal hosts including pars.
digmatic PHA producers O necmlor of Paeudomomas  punidn  also
anderstosd the potential of ME and 5B arsl quickly adopred these dis-
ciplines in their work. This step enabled the constroction of upgraded
bacterial factories capable of enhanced accumulation of PHA with
altered properfies from a variety of low-cost substrates (Budde et al,
Z2001; Dvindak oy KL, 202ES Park & al, 2003 Salvachila ot gL, 2030),
Extremaphilic FHA producers = especially balophiles and thermophiles -
have drawn the attention of Motechnologistss more recently, which
means that a less calorful palette of ME and S5 metbods and gadipsts is
available for them. The onsatisfactory sinsedon i nonetheless mpddly
changing for PHA-forming halophiles, namely for cefain sraing from
gremus Holomomas or the haloarchaeal genus Helaferar (Hagoes of al,
2020% Ehang 1 al, 20200 1n tbe last couple of years, Halomonas blue-
phagenesis TDO] became a festbed for ME and 5B toaols in halophiles and,
as meatloned previously in this amiche, Its engineered derivatives are
being used in several Chinese companies that develop NGIE besed on
thils bacteriam {Tan o nl, 2021 To the best of our knowledge, oo study
repunting the use of genetically enhanced thermophilic microorgandsms
for PHA production has bees published o date. Bur the wealih of
inspiration for such an endeavor can be taken from the incressing
number of publications that wunvedl the potential of moderately and
extremely thermophilic bacteria and archaea for the bicaymbesis of
binfuels from lignocellulosic residues (Crosky et al., 2015 Jiang et al,
211 b 8

In this chapter, we will dizoscs selected examples of studies from the
st decasde im which ME and 55 played & key role In improvieg the yield,
properties, and downstream processing of PHA in halophilic becteria, or
in heocadening the suhsrrate scope of these arganisms, We will also map
the Bistory of adoption and development of gerstic enginesring, ME and
58 tools and techmbques for PHA-forming halophibes (Fig 31, The pre-
requisites for sucosssiul engineering interventicas in thermeophilic FHA
producers will be highlighted in the last part of the chapter.

4.1, Engineering halophiles for high-visld production of PHA with imilered
projenties

High production cost and limited biopolymer diversity are the two
mnajpar isswes thel kinder wider comimercializabon of PHA prodisced by
comventional microbial strains of £ coli or C. necafor as well as by the
mext generation bacterial pladforms derved from genus Holomonas (Tan
ef al, 2021 Zheng of al, 2020} Metabolic engineering of suitable
natural FHA producers can lead 1o substaniially increased PHA content
i the enll, higher FITA viebd, titer, and substrate-to-prochict consension,
or diversified arrangements of polymer structures with new function-
aliies anl properties that fir make! reeds, Professor Chen's group wark
on M bivephogenesls T is an ouisanding showease 1o demaonsirate
the it p-bov-step adoptian and developenent of ME and SB tools fof & Bon-
cnnanical evtremogphilic host and pushing the limits of the cell factary
wwands econcmbcally feasitde bloprocess (Chen o al. 2017},

In 2001, Tan apd co-workers (Tan =1 al, 2001} reported unsterile
comtinucas cultivation of the wild-type straln TDO1 in seawater with
glicoss ag a sole carbon source during which PHBE content in CDM
reached up to S0 wi% and substrabe-to-bapalymer conversion ranged
fron 20 to 50%. This engaging study deew artention 1o H. busphageresis
as a potential candidate for the NGIE bat also poinded to che lack of
reliabile ME toale for this onganim. Badic molecular beology toolkin
including & restricted number of cloning and expressdon shuttle plasmid
vectors (such & pHS15, pEES), selectlon markers (e, kanamyein,
gentamycin, trimethoprim) and reporters (GFF), conjugation and elec-
troporation protoonls, some regalatony saquendes for gene expoession, or
trarspason Tl 7T and suicide placmid pES1 Bmaboas for random gene
knechouts i halomosads was already awailable by that clme
(Argandona ef ol 2002) However, a true ME Swiss knife was urgently
needed for advancing M. blusphapeness from microbilal Cinderella moa
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4.1.1, Development of fimdamentol rools for genenl: moniprlanions of
Helomona

Pollowing studies of Chen®s group therefore initially fooused on the
design of genetic ool for TDO1 and cheir unilizadon for increasing
cantent, productivity, and applicability of FHB, the biopolyester typi-
cally gynthesieed by H, blisgphopenests, Fu and eo-warkes (Fu er sl
20040 developed & scarless gene knockout and integration system based
an the 1-Scel endonusclease-mediated hamologous recombination tech-
nigue extablished for B coli (Posfal er ol 1999), Constrected sudcide
vertor pRE]12-60-5cel with Reky replicon and mobilizable broad-host-
range plasmid pBBRIMCS]-1-Sce with constingtively axprossed 1-Scel
gene were tmosferned o T via conjugation with E coll 5171
(eleguroporation aml chemical rransformation did not work for
H. hlurplagenesis). The system was nsed to delete prpC gene encodimg 2-
methyleltrace symibinse and to inpaove the athepwlse poor productbon of
PHEHY in minerml medium with glucoss and propionate. The deletion
prevented degradation of 3HY precarses prophony]-Das in methylciire
cycke. As a result, IHY fraction in PHEHY increased substantially and
PHBHY content in COM reached 70 wite both in shake flask and 500 L
fermendor experiments,

In anather stody from the same year, the conjugaticn efficiency and

Fundamental prerequisites

-

L

L

f Synthetic and systems

biclogy
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smbility of cxogenms plasmid DNA I H, biusphageness was improved
by parial inactivation of the restriction-mesdification system via dele.

tion of Bd-kb hedRMS gene cluster and rel and re? genes (Tan et al
L) The asbors alse loaked for the optimal plassmid backbane that
would secure the stable expression of heterobogous genes in Holomonas,
High-copy brosd-host-range plasmid pSEVAZ4] (with chiormmphenioo
resistance] from Standard European Yector Architecture collection
(5alva-Riocha oo 8l 200 1) sepassed previously peepared plasmids (e.g.,
pRE112.pMB1] in its stability and conjugation sfficiency. The expros.
sion vecior was prepared by cloning the strong hvbeid Lacl™-Pyy pro-
moter inducible with IPTG together with Holomonas posin gene RES
(ribosome binding ste) into pSEVAI4] polylinker. The new wecton was
usiedl e the overexpression of the threonine synibesis pabway (theACR)
amd threonine dehpdrogenase gene (A} which enabled PHEHW
copolymer production solely from ghieoss or other unrelated carbon
sources (gheoeral, sucrose, maktose, fructose) withoat the need for co-
feeding with costly and roxic proplonic acid,

Subsequentiy, also the chromosomal expression of exogenows genes
was tested and Halomonss operon outer membrane porin gene expressed
from strong constitutive Py promoter was used a= a hot spot. ¥in e al
employed the -Scel-based system for the insemion of phel gene from
. mecator downstream the porin gemse in the H busphogenesis AphaC
muwtant (Y0 e sl 2014), They demonstrabed that phoCo, expression

Basic genetic engineering

P

tools and parts
Sndndnd

® Pilasmad shuttie veciars
[cloneng. pane axpression)

Advanced metabolic
engineering

Fig: 3, Tools and approaches of modern microbial bioenginecsing disciplines that tan be sdopied 1o domesticate and upprade environmental halophilic and
themmepiilic PHA producers. The figuee autlises the rosdreag iowards the peeparation of next-generacion bacterial extalysis for biotsechnalogical manmulsenaring of
FHA. Abbreviatione: B oystems, restriction-modification systems; KBS, ribosome binding sise; CRISFR, chered regularly interspaced short palimdromic pepeats;

Cak, CRESFR-associaled peotein; HTP sereer, high-chronghpen seroeed
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froen this spoi, n contrast o expression from several differens chiro-
mosomal lod, fully compersated deletion of pative phat and enabled
bevels of PHE in M. bsphogenesis mutant very similar o the wild-type
arain, The verified P was later chasscterized ard rasdomiesd
wsing degenerate aligos to ghve rise to the promoter libmry with over
300-fobd varisbon in cranscriptional activity (14 e ol 2006%), In gen-
eral, constitutive promobters can be instrumental for stable robost
expression of target genes especlally in long-term large-scale cultiva-
tions under nonssterile conditions in which the addition of costly,
sometimes even harmiul chemdcal inducers 18 por practical (Dvomk
e al, 2015). This was demonstrated by adopting broad-host-range
hybrid promaoter P for chromosomal expression of the orf gene of
4-hydraxybutyrate-Cod transferase from Closridium klgrvert in TDOL
simin. The mutant strain could for the first dme syntbesize the attmmotive
elastic  polv(3-hydroaybhuyraie-co--hydroxybarvrae)  [pedyi3HB-co-
AHE}] copolymer with a 4HE content of up o 16 mal.-% from glucose
and y-buryrolacione in 8 46 h-lasting fed-bacch caltvation i & 1000-1
pllot fermentor ander non-sterile conditions (Chen et ol 20171 The
suboptimal predhectivity of the mutant (1.04 gAL=h)) was surpassed by
53% im the follow-up work in which the authors placed the orff gene
downstream the mutant varant of Puey promoter integmied into the
genome of recombinant H. Muephogenesis; here a volumetrie prodec-
tivity for poly{3HB-co-11%-4HB] of 1.59 gAl-h]) was obtained [Shen
el al., 2018L

Tightly regulated inducible promoters, on the oiher hand, are
revuined especially for sdvanced ME asd SB applications i the design of
synthetic genetic cincuits or for the precise contral of expression of oey
emiymes in 8 metabolle network, LS eral adopted the £ coff foe repressor
operabor system 1o constrsct an inducible expression machinery suitable
for M. bluephapenisis (10 o1 al, 20060), The locl ropressor geos was
inserted downstresm the porin ORF, while the oo oparnbor ssquence
was placed downstream the =10 element of Py choned into pEBER]-
MCE] or pSEVAZ4L bearing phoCABq operon or only phaCe, gene
from C mecotor, respectively (Yin et al, 3014 L et al, 2006h0), The
contmollability of the expresion f(rom (he resalting plasmids was
demonstrated by the FHE content in Holomonas oells, which could be
nned by the varying concentration of syathete IPTG inducer in the
culiure mediem.

The specirum of (nducible cxpression sysems available for Haf-
oo spp. was substantially sxpanded by Zhaa et al in 2017 As the
AIEmps 1o adopd the parmdigmaric T7 system in H. Wueplopersests (adled,
the suthors decided 10 mine povel T7-like expression machineries using
BLAST pearches in MCEIl genome database and PHERE (PHage In silico
REgualatory elements) softwane package [Lavigne ol al. 2004), Three
pew T7elike RNA polymemmse-promoter pairs named MmPL, VP4, and
KIF were descritssd and stslied in more detail. RNA polymerase mesd-
ules were integrated into the chromosome, while the respective pro=
eniters were closed |nio the pSEVAZZ plasmid backbone bearieg the
GFP reporter gene. All three systems displaved broad-bost.range fune-
tionality (prowen in E colf, Hofomonas TN, and Fseudomomes eunmo-
piuiha), arthogonadity, and tight regulation {5 300-fold induction mnge
depending om PTG concenteacion), Holomsomas TINM with phelAR
operin expreed from MmPl gystem embedded 0 chramoiome pro-
duced by 28% mone PHB than the wild-type control (69 g/L vs. 50 /1)
and broke the actual record of PHE content in dry Halomonas cells (92
wi.=¥],

Besides rranseription, the trasslathon bevel iz vieal for balancing gene
expression in mative and synthetc operons encoding the key metabolic
pathways for FHA formation, In combinatorial ME, these two levels ane
ciften varbed simullaneonsly by combining pathway moduales sxpressed
froen two or more plasmdds, promodees, amd KBS sites wiith different
characieristics and searching for the oplimum in the possible solution
space (Ajikmar ef al, 2000; Jeschek ef al., 20017 Kurumbany et al
E00A) Ben ef sl (2018 optismited the exprestion of phoCA B, openon in
. blurphhageresis by mmhhﬂmhumuﬂndurlmuﬂFm [prarmsnber
with two synibetic RBS sites from the previously prepared library (L)
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ot nl, 2004a). Synthetic RBS sites were used for phod nnd phaB genes,
while phal' retained the astive RES, The combination of individual el
ements gave rise fo four phaCAS operon variants that were expressed
fram pSEVAIZ] plasmid backbome. The PHE content determined in the
cedls with the best openon variant was 12-3% higher than in the parental
sirain withioun the oprimized phaCAR casseme,

4.0.2 Adopoon of CRISPR/Cas pechnodegy in ME of halophiles

The new e of extremophile engineeding sarbed with the onset of
CRISPR/Cas genome editing techmology, which was readily adopeed by
the Halemonos community. Oin ot sl (20 18) designed and tested for the
first time am editing system based on (1) the Sreprococcus progenes cael?
gene placed on Jow-copy plasmid pSEVASZL and (i) sgRMA [singhe-
guide RRA) cloned together with domor DA for homaology-dinected
repakr neo ke high-copy pSEVAZ4] with CAS constitative promoser
af cas® gene, This setup enabled up to 0% efficiency of pholl gene
digruption in the gencane of TIOD sealn, The slighily modified systesn
was sdopbed also for genomic insertions of more than 4 kb=loog OFPs.
The authors weed the new techinology for the study of glecose mets-
bolism in Melomonos and identified the Enmer-Doudorodl pathway as a
major route for glucose catabaolism in straln TDO1, The eificiency of the
prepared deletions of ghecolysis penes ranged from 125 o 100M,
Impartantly, developed CHISPR/Cas9 system with minor modificaticns
was shown fanctional also for H. compamieniés LSZ1, As & real quantum
leap, this work reduced the time needed for genome editing of Hal
conotin (o montha 1o weeks, Ling and otbers (2008) ook the advan.
tage of the pew mpid genome-editing techmique and inbtended bo
enhance PHE prodisciion n H. blugphagenent by engineering s redox
metabalism (Ling et al., 20184} They identified that M. Susphogereis
nafurzlly generates more blomass and PHA ander oxygen-limiting
conditions and revealed that scetoacetyl-CoA reductase PhaBl e
HADH-dependent. Extraosdimary high MADHMADS miio (1.5) and
surphas NADH generated in metabalism of glucosegrown TDOL strain
was beneficial for FhaB function but could inhibic pyruvate dehydro
ginase in parallel, The asbons ased acetate in cell culiise as a redax
regudator o remowve the inhibidon and provide more acety]=CoA for FHB
syntbesis ander coygen limitation. Addidonal disraption of the NADH
utilization pathway = the NADH-dependent respiratory dhain = by de-
lering thee b subsuanit of electron transler flaveproteln ETF using CRISPRS
Casl system enabled a remarkable accumudation of FHE in mustant cells
(94 w6 on 30 g1 glucose and 3 gL acetate withowt affecting
growih, In another stody, Chen and colleagues {Chen e al, 2019)
achieved to obtain 65% PHEHY in (M of glucose and gluconame-grown
H. bluspiegereits. The PHEHV contakned 25 mol.-% JHY, which was the
highest reported 3HV content in Hodomonos cells with chromosomally
encode] FHEHY pathway, Comples changes in the best production
strain were conducied using CRISPR/Cas9, The genetic modifications
tepether with added gluconaie co-substrate enhanced the activity of
TCA cycle and enabled a high 3 HV ratio in PHBHY copolyester.
Mareowves, the previously prepaned P peomotes lheary (5500 o1 ol
2015} found its ase in this study for finetuning the expression of an
exogenous operon from E coll, A pew genome-editing technbque was
also utilized for the construction of a M Muephagenesis strain capable of
producing functional scl= and mel:PHA co-polymeers containing wnsats:
rated bosds (et al |, 20208 A heterologoiuss bicsynithetic pathway froem
Aeromonas fdrophilo consisting of FHA synthase Fhal and enoyl-Co#-
hydratase Phal for polymerization of 3HB and the mel-FHA monomers
A-hydroxyhesamoate (3HH: saturated monomer) or 3-hydroay.5hee.
noate (IHHAE; unsarusated) into pepasctlve co-polymers was introduced
into M hlurplhagenssis Aphal with overexpressed endogenons scyl-Cat
symbetase (FadD), Opiimization of promoter and RES in Inproduced
expression castette, logether with the Anetuning af cell redox tate and
fed-batch cultivation strategy, resulted in the synihesls of functional
PHA with unprecedented ariractive properies thal have never been
produced by Halomomas before.

Ir eanrrast 1o null mutations, CRISPR interference [CRISPRA) enakiles
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rumable downaegulation of meget genes on the mansbaiion level, The
CRISPRI plasmid for halophilic FHA.producing bacteria was constrocted
by Tao and co-workers (Tac et al, 2007). The pli-dCasS-sgiNA bearing
the desd Casd gene and the spRNAs cassete expressed from [FTG-
inducible Ptre promoter was prepared wsing the previously pubilished
CRISPRI plasmid plv-dCas9-sgRNA for £ coll (Lv o1 al, 2015) and
PESEVAILZ] backbome. The sgiNA casseite was designed using the
recognithon mes for isccandomens and Blobekcks sandagds, thes, several
sgRNAs could be integrated into a single plasmid and tangst multiple
genes in pamllel The system funciioning in B Meephogenesls was
demonstrated on the partial repression of ppd amd gled (citrate =yn-
thase) geres which allonwed {bexible regulation of 3HY fction in
FHBHY copalymer amd re-routing sestyl-Cod from TCA eycle o PHE

synthesis, respectively.

;:*-;- Advarced metabolic flur fine-funing m halophiles for higher product

Modern ME is based on much more them just knockouts and knockins
of gemes in & target bost organksm. Developenent of high-performance
strains for MGIE requires knowledge-driven taning of intracelfular car-
b fues, which showld prevent system periurbatbons and subopiimal
product yields caused by discrganized exprossion of exogenous openons
and possible accumulation of toxic pathwway Infermediates, At this point,
gynthetic and systems bicdogy come vo the soene, Syathetic genelie dr-
cuits for tightly regulaied gene expression, multi-omics analyses, high-
thiowghput scieens, and mathematical modeling of metabolie net-
works fonm an inseparable part of state-of-the-art ME approasches (Chod
eral, 2019 Pvoddk et al., 2007), This trend muast be, of coarse, refiected
also in the engineering of extremophilic FHA producers and although
there Is some debd |n adopring sywibetic and sysrems bicdogy, st an-
tempts have indesd emerged in the last couple of years.

in this context, Ma ef ol aimed to mandpulase . Musphageneds 1o
become a suitable chassis for the co-production of PHA with ancther
valuable chemical ectoine — above-mentioned compatible solute for
hypersalininy resistance which has potential applications in cosmelios
amd medicine (5a of al., 20000

They combined three metabolle moduales comprised of de novo
ecioine pathway (endogenous scARC gene cluster] with endogenoes 1-
aspartaie-semiabichyde-dehvd ropenase (Asd) amd aspamolinsse (LysC)
from Corynebocteriom plutmmicam that were overexpresssd from the
chramasome af K busphagenests lacking competing pathways o chan-
el mere flux 1o ectoine synthest. Importantly, two orthogonal induwe-
ible types of machinery based on LuxRAAHL (Meacyl homoserine
lactone) sl T7-like MmP1 gvstems, embedded in Halomoma: chroma-
some and in lowscopy pSEVASZEL plasmid, were designed and vsed for
GFP reponer-mediated transeriptionsl fise-tunbag (e oo al, 2020) of
the three ectoine synthesis modules. Once the optimal transcriptional
level for each of the three modubes was iemiilied with the belp of the
plasmid-based system, the P, promoter library was searched io pro-
vide similar opfimesl ectcine tiber with the expresshon of ecABL, asd, and
st from the chromosome. The resalting ML blurphapenesis stmin pro=
duced 32 g/L CDM with 75 wi, 56 FHB and 8 gL ectoine after 44 b
cultivation on glucose and wes (low-cost mitrogen soirce for ectalse
synthesis] under open unster ke cordithons in a 7 L fermentor, The recent
wark of Hang and eolleagues (Jiang of al, 2021) is & potabbe example of
a study in which omics technigoes play an impaortant role, The authors
focused om the production of industrially valusble platform chemical 3-
hydroxyprapionic acid (IHP) and its copolymer with 3HB, polby(3-
hydrosybutyeate-co-3-bydroxypropionatel, In M Musphagenesls from
gluoose and 1 3-propanediol. Extraordinary high titer of 3HF in Gnal
fed-barch cubmore {154 g/L) would not be possibde wiithout utilzing
transcriptomics for the identification of a competitive 3HP-degradation
pathway and endogenous 1 3-propanediol dehydrogenase, which
enabled the efficient conversion of 1 .3-propanediol ta 3HF, The com-
plete 3HP biosynthesis route comprising three metabalic modules with
genes fram lour microorganisms was aptimized wiing combinacorial ME

(L]
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and pramater, RRS, and gene order sdjustments,

The development of mathematical modeling towards optimizatbon of
PHA producticn, in generl, has been reviewed by Novak er ol in 2015,
They siigpest that a compromise salution can be achieved with hybei
modeling approaches that combine existing high-leve] (lowsstnsctured )
kimetic moddels with fuid dynamics and nevral serworks. To urderstand
and synthesize optimal PHA patbeays dynamics, low-level Chighly
siruciured) medels have 1o be devedoped (Movak o al, 2005, In the
combext of habophibes, Cui af al have proposed a highslevel diferential
mesdel targeting FHA production in H. medireransd undes differens
lemiperatiares suggpesting that high tempernstures may provide a good
strategy for impraving the FHA productivity (Cul e al, 20075), To bring
the atility of auch models o fne-taning of PHA production in halophiles,
a complete genome-scale recorstruction of the organism's metabolic
nerworlk yer needs 1o be built 10 form & fusdamental base for kineic
apsimizatians.

4.2 Experling the susirale scope of hafophiles for comr-effective PHA
production

A significant portion (dozens of %) of the PHA production cost in
hoth copventonal ard nen-consentional hosts can be arimibaed o the
subsirate porioe (Brounegy ef al, 2004; Dietrich ef al. 200%; Letiner
o1 al, 2017}, PHA-related carbon sources (pare fatty aclds, cils) or pure
glocase have been frequently wsed in ressarch stodies coping with mi-
crolal PHA production. However, sustainable NGIH reguine cheap and
alnznilant pext-penetatbon substrates. Glycers] from bicdiesl prodoc-
ithon, wasic organdic polymers (lignocellulosic residoes, kKitchen waste,
waste peiroplastics), and C1 sabstraces (ryngas, ©05, OHy) represent
extremely attractive carbon sources for future biotechnodogical pro-
dusction of balk chembeals including PHA asd other hlopodymsers (D
irich et al, 200% Tiso & al, 2021; Wedss e al, 20070 Nylose and
aratinose-rich hemiceliubose fracticn angd lignin arcmatics from lgno-
cellishose waste processing have become the targets of intense reseanch
in the last years (Dieivich et al, B0%; Salvachis ot al,, 2020) Some
extremophilic bactera including H. halophila or 5. thermadepalymenans
have the mataral ability to grow and prodoce PHA on xylose or arahi-
node, but especially the former species is quite sersitive o the inhibiory
effiects of aromatic chemicals in lignocellulosic hydrolysates (Kucera
el 2018 Kiaribovn et al. 20203, Metabolle eaglneers should thene-
fore aim at improving the mbustness of thess organisms amd at
enhancieg FHA yields and productivitkes on penteses, bat, 1o the bes of
our kpowledge, such studies are not yet available,

The flrst attempt o convent organic polymeric feedstock directly o
PHA uing an engineered extremaphilic hacterium has jast recently been
meported. Lin et ool (20210 modifed H. bluspbageness for growth asd
PHE prosductbon on starch. Codon-optimized a-amylase gene mom Ba-
cilfex Ycheniformis and endogenous amyloglucosidase gene with a pre-
selected Sec-secrelion tgnal waguenie wene inseed imo the dheomo-
some of Malomonos and in o plasmid, respectively, and expressed from
aptimnal constiutlve P and inducible Py promoter variants, Yl
secrefed enzymes hydrodyred commercial insoluble com starch to
monomersc glucoss. The thus designed recombinant Halomonos geew on
30 gL starch in shake lacks bo 9.5 g/1 CDM containing 51.5 wi.-% PHBE.
These values ame lower than thase achdeved on pare glucoss, bat future
#dlvances in engineering recomidnant protein secretion in halophiles can
push these limits and maybe #ven direct the authors towards second-
generation polymene feeditocks such ag lgnocelluboshe petidues.

All previously discusesd halophilic and thermophilic beterotrophs
cannal naturally wiilize C1 subsirstes such as 00y ar CHy for PHA sy
thesis. The engineering of efficient (0 fixation in heterotrophs is very
challenging and is currenaly resivioted o mesophilic model microos-
panisme (Gassler of al., W Gletrer of al., 2019). This barrier can be
nonctheless bypassed by a smart combination of PHA-producing ex-
iremophile with a suitable aupotroph inoa rtionally designed synthegic
comsoriium. An inberesting examphe of such an approach i the work of
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Welss and co-workers [2017] im which an engineered cynnobacierium
Synechococrus domgurus with implanted sucrose permease wis oo-
cultwred with FHE-forming H. boliviends. The cynnobacteriom autotna.
phicalily fized OOy ard generated sierose, he major portion of i (ap 1o
A5%) was secreted into the bulk medivm where it served as a heterpo-
trophic carbon source for Halomonas, H. boltvicasis was sebected &5 a
pariner for Symechococcus in synibetic co-culhare because it has Jow
nairidonal demands and grows well in the cyanobacierial minieal
mediam. Synechococcus oells were physically ssparated from Flalomones
by encapsulaticn imio alginace beads, This step improved oo-oalnere
stability, facilitabed the selective recovery of PFHB-producing Fal-
amonis cells, and, quite unexpectedly, doubled sucrose secretion by the
eyanohacterium. The co-culnime was maintsined aable and prochctive
withouwt any sebection agents for remarkable five months The FHB
cofitent in Hidersonas biomsass reached J7 we, - I is nol very surprising
that the PHB productivity was low {peaked at 28,3 mg (L-d}). Hawever,
it shauld be siressed that this value 18 equal oF even higher than pro-
ductivities achieved in monocultures of cyanobacteria engineened for
surprophic PHA proshection from GOy (Wang 1 al, 2003), This con-
sortium approach thus represents an imteresting altemative to single
straln englneering In fsture research

4.3 Engineering Halomonas fior focilifoted downstream processing of
FHA

Another costly part of industrial FHA production includes down-
sipeam processes such as separation and disruption of cells and product
purficaton (Wang « al, 20019 Conventonal physical, physicochem-
jcal, or blobogical techniques used for this puspose are clten cxpensive
{centrifugation), time-comsuaming (gravity sedimentation of cells, enzy-
mathe treatments), of harsh o the emvironment (scidic or alkaline
Ireatments, application of solvents for product recovery) and thedr effis
ciency in terms of recovery yield and product purity can be Hoited,
Genetic engineering and 5B provide complementary or entirely alter-
native solutions for downstreams processing of intracedlular products
imciuding PHA. Some of them have alneady been tried in Halomoma:, For
instance, morphalogy engineering has the potential fo kill two binds
with ome stone and prodisce more PHA n enlarged bacteria that senke
faster in the medium than stapdard-shaped cells. The size of the
H. Musphagenesis cells was expanded by blocking the cell division
through inhibition of Z ring formation. This was achieved by inhibiting
thie poelymerization of rubulin-like protein Fus? (Tan er al, 2004; Sha
1 al., 20170, which is necessary for binary Assion of bacteria, or by the
direct debetion of fix gene (Jang ot al, 200 7a), Proteins Mis and MinD
belang amorg inhibiters of Fisf polymerizstion. IPTG-indisced sxpres-
slon af minCD froe pSEVAZ4] plasmid resulted i 14-fold longer
H. Miephogenesis cells (184 jm on sverage) when compared with
urmirduced comtral, and 19% higher PHE content im cells (Tan =1 al
2014) Interestingly, expiession of miaCl genes from Bovel T7-like
expression systems MmP1 in M. bluephogenesls chromosome gave rise
o cells with a mauch higher average leegth off 102 pm (Chao el 2007,
Unfartunalely, the effect of morphology engineering on PHE content
and yield was not quantified in the lagter snsdy,

The drawback of the interventions in bhscterial morphology s
reduced cell growth and consequently lower PHA titer. Hang and co-
workers (20074} developed a plasmid-based system for temperaiure-
inducible morphology chamges in M comparslensis 1521, The simain
with fil deletion amd pemperature-sensitive plamid pTRmI bearing
constitutively expreseed fisf gene was initially grown as osaal at 30 °C
e 12 h and then the marphobogy change was indueed by removing the
plasmid with the temperature maised 1o 37 “C for the pest of the culture.
Bath béomase ard PHE conbent in cells was ncreased sose than 1,.3-lakd
when compared with the wild-type strain to 16 /0L CIM and T8 w5
PHB, respectively, The inhibition of FisZ deseribed previowsly (Zhae
el al, 2017} alse improved cell biomass separation by gravity sedi-
mentation, hut the reporied 12 b dme interval required o fully separn be
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the cells would probably not meet the needs of the industrial process,
Therefore, it might be beneficial w promote self-Nocealation of engi-
neered PHA-producing cells which would secelerate thelr sedimenta-
then. This was achbeved for H compometsis 1521 (notl yet for
H. bluephogenesis) by increasing the hydrophobicity of cells through the
deletion of electron wansferring Gavoprotein (e openon) (Ling 1 al,
2{r185). The mutant cedls prepared by homologous recomn bination-based
techalque had reduced sarface charge and eould sedimen rapidly
within less than 1 min after siopping the agitation in the bioreactor.

Genetle engineering-hased solutions are belng deveboped alse for
facifitsted PHA recovery from collected biomess of halophilic bacteria.
Thee size of PHA granules in bacterial cells is ryplcally arcund hundreds
of nem in dismeter (Ardorsom and Dawes, 19900 PHA recovery prooisses
can berefit from bigger granules that woald enable faster sepamton
from aquecas suspensions obained after chemical or biclegical eat-
ment of collecied cells Shen and co-workers engineered a
H, bluephagenests mradn which generated PHE grasudes of the enbgue asd
unprecedented size of up fo 10 pm (Shen ef al, 20159). The enlarged
grangles were observed only n filamentoas recombinants thas com-
bimed the deletion of phasin gene plaPl with overexpressed mimCD.
Deletion of phaPT alone did not resalt in enlarged PHB pamtickes. The
study thus bdentified that the see of PHE granules in B blephagenesis is
primarily controlled by the cell size. Larger PHE granules wene observed
also in outer membrane-defective H. blusphopenersis mutants {Wany
ef al, 2021) prepared by deleting the genes wool and fpxl whaose
privdincts take pan i Lipopol e de syathesis, Thee el gene lacking
mutnmnt also showed improved secretion of the low molecalar compound
ectolne, Seeretion of bigger enobacules pach as recombénant proteins was
regreitably not tested. Recently, improved secretion amd surface
antachment of recombinant protelns incloding artificial adhesing or
cellubasomal binding domaing was reparted for sorface-shaved P putido
ET2440 mutant with removed lipopolyseccharde Wayer (Dambk o al,
L02s Prable e al, 2021 L One can enyision that enhanced secnetion of
proteins in more permeable engineered PHA producers, incuding Hal-
omons #pp. and clber extremophilic candidates for NGIB, will further
support the attempis bo develop cost=sffective downstream procesees vin
facilitsed self-fomculaton or selective sdbvwsion of cells (Fraile o al,
20215 Ling et al., 201586}, contralled ceflular autolysis for intracellular
p-mdm release [Borrero-de Acuns =1 al, 2017), o direct secretion of
PHA granules oot of the bacterivm {FEahman e al, 2009

4.4, The perspeciive of the developmenss of penetic engineening ool for
thermopdilic PHA producers

In contrast 1o the werld af halophiles, the bioerginesring of PHA-
producing thermophilic microorganisms &5 peactically & non-existens
fiebd at the moment. Nevertheless, considerdng the greal potential of
this growp of extremophiles, the emergence of ME and 58 sools for it is
Just a enatver of tise, Reseanthers can find inspiration in the Helsondd
story described above as well ag in the toolkit already available for
mumercas blolechasloghcally melevam thermophilic microorganisms
that do nod form FHA granules but can synthesize other attmctive
chembcals ar clevated temperatures, These include someme chermo-
philes from the gerera Thermm, Thermococom, Pymococions, or Caldd-
cefidmsinguor ard moderate thesmophiles such a5 Geobocillus spp.,
certain species from the Bocillacear family, or Clostridiem thermocellum
flire|er et all, 2012 Kanapavichioe and Cliavicies, 2005;
Mazzoli and Chsom, 20205 Zeldes o al, 2005k The lymer Gram-podinwe
celiubalytic bacterium with a tempemture optmum of around G0 “C is
ateraciing lots af sitention of beoenginsers for s use in consalidanesd
bioprocessing and fts example could be instramental for fulure engi-
neering of ihermophille PHA peossducers (Mazzall and Oleon, 20207, It ks,
however, mecescary to realize the spacifics of individual species s well
a5 the specifics of thesmophilsc bactera in general, Howeser, the devil is
in the details, and these can make the engineering of particular species
extremely challenging. Fosmenacely, massive adwancements in omics
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technodogies and datn analysis achieved during the kst two decades
substantially reduced the time peeded o understand the furdamental
physiology of newly isolated strains and made the selection of the best
canididates for the process of microbial domesiication the matter of
rational knowledge-hased choice mther than a folly empidcal exencise
(Fig. 3) Gempmic sequences [available for most bacteria lised in
Table 2), single-molecale real-timee sequencing, and methylome anslyses
can Belp o peveal the host's reserietion-medieation (RMD sysiems, RM
sysbems digest foreign DA with a methylaton patbern that differs from
thie host's e, Hence, thedr remnoval or evasbon is & key prerequisio: for
penetic engineering atempts (Riley and Guss, 30215 Riley et al, 2000,
They were identified in almost %096 of all knesn profoaryotic genomes
inctuding gpenomes of thermophibes [Yasu and Nagnrais, 2017%). The RM
systems of the target bost can be either deleted (i funciional genome
edinting machinery for a given bosy is alneady avadlable) or evaded by the
use of plasmid propagated in engicesred E colil strain with implanted
restrictios-associated methyltransfenases that secure & meibylation
pattem accepinble for the target bost (Hiley of al |, 2019),
Mitigation of unwanied restriction enables the nest sep - mecombd-
marit BNA tramsher nto the host cell. Both native and exogenoas plasmids
can be employed for genetic engineering purpeses. Unfomunately, very
lintle i known aboul endagenous plasmids in thermophilic PHA pro-
ducers and, to the best of cur knewledge, no malecules utilizable in ME
have been identified yet. There is plenty of space for furtber research in
this aren. Meanwhile, popular broad-host-range plasmids such as pBC1
{mediam-o-high copy replicon for G+ hasts), pBBR] {mediam-to-high
copy neplicon G- bosts) and pRECE (lows=copy meplicon G- hosts), or SEVA
veciors bearing pERR1, REZ, or pRCl origing of replication and nuitabie
selection markers can be tesied ax backbones for heterologous gene
expregsion in FHA-forming thesmophiles (Do Fos of al, 19007 Dioejes
et al, 2018; Stva-Kocha e al, 20131 Available plasmids for thermo-
phibic Bacillf and (Feobacllll have been recently summarized In reviews of
Drrejer et al (2018) apd Kananaviéiiite and Citavicios (2005} petpec-
tively. These shuttle wectors that are convenlent for work I £ coll and
targel hbermophiles aften contain two replicons and wo markers
because equal functionality of the same component in two hosts with
different temperatun: optima is rare, Thermophiles cemainly have spe-
cific demarads for selection markers. Only a fevw antibiotics (eg., kana-
myein, bleomyeln, hygramyein, chlormmphenical, of sisnvasiatin) ane
applicabile for lomger time inlervals af temperatures above 50 °C (Seldes
20151, Ao, the sability of products of resisiance-conderring
genes must be considered. Mutan! varants of kEsnamycin resistance
marker with improved thermal stabdlity af temperatures as high as 700
were prepaned by directed evolution (Hoseki 21 al, 19990 Natritional
selection (such as uracll of trypiophan peototrophy) &5 & possible aloer-
native to the use of antibiotics in tbermaphile cultures, bat this approach
reqquires construction ar selection of aucotrophic strain deficient in an
essennial nstrient gene [Tripathl e al., 2000; Tripachi et &l 2000
Conceming DA transfer techndgues, electroporation of drcular plass
mids o gimple mixing of nanarally competent cells with target linear or
circular DA are Ervorable for thermophilic bacteria (Ofson amd Lyrad.
2071:2) Protoplast translenmation and conjugation with E colf wese re-
ported for ihermophilic Geobacild (Kananaviciine and Citavicias, 2005
AMdvanced genetlc moidifications in thermophillc PHA producers will
require the establishment of a reliable gene expression teolbox including
standardized constbotive amd Enducible promecters, bterminators, B
brasies of RES, and thermostable reporiers. FBS sites, terminators, and
constitutive promoters of essential genes can be relatively easily mined
from thermophile genomes with the help of diverse available soliwane
packages or using BEMNAzeq of cells grown umder specific conditions
(Drefer of al, Z018; Olson of al, 2015) Adopting well-charseterizod
constitutive and inducible promoters from models in nomemode]l mi-
croneganisms can be a challenpe (Zeldes et al., 1015; Shaa o al,, 2007)
Imstese], researchers may develop imducible expression types of ma-
chinery that would respend o the drop ol tempemiure or fo (RoRnative
stiberate odecidles (Mesrls ef al, 2015 Williame-Bhaesa o sl 2008

2
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fheng et al, 2019), Attractive aliematives for tunable gepe cxpression
in thermuphiles are ligand-dependent mENA leader sequences known as
wAbpewitches”. Some natural amd synthetic thermostable riboswdtches
have been recently proven well fumctional for gene ap- and down-
regulation in Geobacifus thermoglicoddnsies and C thermaocellum at 55 °C
(Marcam-Yelazquer et al, 2019), Relisble molecular reporters for
thermophiles are mre but they can be prepared by stabilization of
enesophille molecubss via mutagenesis. New superfolder GFP variants
with almost 900:fold enhanced floorestence at temperatizres as high as
6 “C were recently prepared by random muotagenests coupled to
fuorescence-activaled cell sorting (Freneel et al, 20LA])

Reported genome edicleg techniques for theemophiles are mostly
hused on bomologous recombinaton (Drejer 1 Gl , 2006 Seldes o al,
2151 One of the first gene deletion profoceds for O chermoceiium took
advantage of (i) prepared ApyrF (oroidine 5'-phosphste decarboaylase]
anxndrophic strain, (5] a replicating plasmid with a sequence homalo-
gou o upsrsam and downsthesm reghons (usually S00-1000 bp long)
of the target gene in the chromosome, and (i) pyr® gene wsed as a dsal
selection marker (Tripathl or al, 2010), Recombinston-medinoed ge-
nelic engineering methods ( recombineering™) can increase the effi-
clency of hemologous recombination even with homologous sequences
a% short a8 30 bp (Muyvrers, 19%9), However, the popular Fed u:mpln
from bacterophage | (including Eao, Betn, and Gam recombination
proteins] which is used for recombineering in E coll often does not
function in non-model bacteria. Thermostable homalogs to | Red pro-
teing Exo/Beta were recently tsolated from Acifithiobocilhis caldis
(Walker et al, 20200 These new recombinases helped to improve the
performance of CRISPR Cas genoene editing rvstems for C. chermocellum
firstly described in the same shsdy. Endogenous Type |-B CRISPH systemn
froen . thermocellum ard exogenous Type I CRISPR system from Geo-
bocilfue etrorothermophils combined with thermophilic Cas9 variang
froen (5, stearothermophlis and stable recomblpases cnabled 7096 and
Q% pemome editing efficiency, respectively. The two-step CRISPRCax-
recombinecsing method redwced the time nesded for genome editing in
. thermocetium [rom four 0 two weeks, Geolacillis deermodenitnficans
T12 became a source of another themmophilic Cas9 noclease whose
engineersd inactive variant was employed for CRISPRI (CRISFR [nter-
ference] gene silencing in Bocillies smithdl and © thermocellum (Ganguely
ef al., 200% Mougiskos e &l, 2017), These and other suoosssial ex-
amples of efficient genome editing in themmophilic bacteria bold
promise for soceberaied development of new sdvanced ME and 58 wols
for thermophiles in near future. The vast experience callected during the
Lust two decades for arganlsms such o O thermocellum will help to
reduce the Hme pesded for genetic domestication of thermophilic PHA

producers in the fellowing years.

5. Conclusions/outlosk

The development of sustainable and feasible biotechaological pro-
duction of FHA is a holy grail of industrial botechnelogy. Reaching this
gaal would decrease sar dependency an pon-remewable resausces and
reduce the amount of polymer-baged resistant zolid waste, which is
currently gemerated in colossal amounts by modern clvilization, The
extremophilebased concept of Next«Generation Industrial Biotech.
nobogy holls & promise wo provide the fousdation for puch processes
gince it principally enhances robustness and reduces costs of the
biptechnobogical process. This work demonsteated that there aee
numercus promising PHA producers among halophiles and thermo-
philes. The biotechnological prodection of PHA  employing
H, bliephagenests has already reached inftial indusirial seale, other mi-
croarganisms  woch as  MHaloferor  mediterranel, H halophife  aor
5 ihermofepolymenare can be also corsidensd being strong canibdanes
for industriad production of FHA; nevertheless, processes that ofilize
these micronrganisms have ot resched high rechrology readiness bevels
2o far. Therefore, further research and development are needed in this
fledd, Table 1 summasizes the most imporant advaniages Associaned
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Table 3
Compariees of che smean Imporant feareres msecissed with PHA prodeethos
empioying halophiles and thermophiles as compared o mesophiles.

Memristiles Hakphailes Tereupiiles
Fangr of uiilizable :
bITALEE High Nigh
Esboinem of the procen
gt comumination High Heigh
Irfurnee of rubinaian
eatrdiring i e Mond Mose Pixsdrive
andubitry of ubemsen
Inlsenes <f culthation
anditiors on the Mons Megative Kegative
ialuhiliey of anypen
MOTEAl Mol -
Prodesies e mplioed ke e pliied
rulizm ol bure

Euergy demasdy relaied
i the merdity ol the High Rarer Lavew

1
Energy damands rels
3 cxlthwasian St S A rid oD ble

Hypoisaii lyei
Darwe-stream proomsisg Standacd of the celle can Stasrberd
B Emigliped

vuchability of the tool
Sor avathetic koo
arsd reezabalic
mssaparesred High Mledien Livw
mpaored FHA
producton

with the employenent of halophilles and chermogphiles for PHA produc-
thon as compared to mesophilic bacteria.

Furithermare, extremophiles can be considersd not only as batech-
nological chassis for direct PHA production but alss very interesting
souarces of genes and enaymes for both in-wveo and in-vitro PHA symbesis
an wins demonstrated for PHA synthases from thermophilic bactera
revealing maperior stabiliny and activity (Talima e al,, 3014), Parther,
PHA synthaset present especially in thermophilic bacteria reveal
exiraordinary substrate specificity resulting in the formation of oo
polymers with unique mosomer compositicns and, therefone, also
interesting mechanical and technological properties (Choonut et al
20200 Pantazaxi et al,, 2003 Sedincek oo ad,, 20205 Xi e al., 2006,

The hictechnological potential of extremophiles for commercial PHA
preshisctlon can be fusther enhanced by employing approaches of
metabolic engineering. Despite substantial progress during the last
decade, meinbaléc engineering and smihedc blokogy of halophilic PHA
prodscers is slill in i adodescence, or childhood when other species
than H. Mumphogeresis are consldered, Bloengineering of PHA fooming
thermophiles was not vet bomm, bal this review clearly demosstrales
that the mew baby s awaited with great expectations. We summarized
here the milestones that the pemetis englpeering-diven domestication of
attractive thermophilic PHA producers must pass to get st least on the
level schieved with halophiles: starting from the dentification and
evasion of restriction-moedification systems, through the development or
collection of basic genetic engineering tools and components, 1o the
stloption of advanced metabolic enginesering techniques amd protocals
{Flg. 3}, The most Fecent trerds Im the englreering of Isdestrally rele-
vanl microorganisms  highlight  interdisciplinary  approaches  that
comhbine pratein engineering and metabodic engineering with synthetic
and systems biology lor the knowledge-driven design and constnaction
of high-performance strades (Chiod et nl, 200%; Dvordk of al, 2007 IF
ithe fieldd of the boengipeering of extremophilic PHA produecens alms 1o
reach its full matarity, it should soon go in the same direction. Mutant
variants of halophibic and thesmophilic PhaC and other key enzymes in

Bt fwodogry Adhvamces 58 (HEER) BTG

PHA bosymthesis machinery shoald be prepared and tested for altened
activity, specificity, stability, or sebectivity that can have an immense
effect an the quantity and quality of the product (Zheng et all, 20203,
Available geromic sequences and other omics data should b= applied for
the prepamtion of highsresolotion genome-scale metabolic models that
will enabbe theonetical asd experimenial flux analyses and targeied re-
direction of carbon fluxes in ibe cells. The obiained sirains can be
furiber finetuned by sdagtive laborarory evolabes comblsed with high-
throughput screening or selection protocols based on the symthetic ge.
metic clecudts implarted bn the evelved cells

Ot more prevequisite and challenge for the bloom of bicengineering
of extremophilic PHA producers (s the populsrization of bloplastics
made In genetically modified ongnisms (GMOs). Some oxmpanies,
especially in Furope, still refuse to release on the market biopolymers

made kn genetically modifed organizms due o the alleged pegative
pubilic perception of GMOs. [t is quite a parmdaxical position in the world
in which, lor inmanee, hundreds of millions of people with dlabere
mellitus are cured with recombinant insulin produced in E coli and
Saccharomyces cerevisiar cell factorbes (Bacshon 1 b, 2004 We believe
that the pros of the above-mentioned genetic engineering-based tech.
mndagles for the bomanufscturieg of FHA by far cutwelgh the potentisl
risks linked to the ase of GMOS in closed lermentation systems. It is thus
impostant that the interested researchers dedicate part of thelr time to
the sctivities thal improve public swarensss of GMOs and their benefits
for NGIE,
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Abstract

Aneirinibacilius thermogerophilis CCM 8960 is a thermophilic bacterium isolated from compost in Broo. The bacterium
accumilates polyhydroxyalkanoates (FHAs) a bodegradable and renewable alternative 1o petrochemical polymers. The
bacterium reveals several features that make it a very interesting candidate for the industrial production of PHA. At first,
due to its thermophilic character, the bacterium can be utilized in agreement with the concept of next-generation industrial
biotechnology (NGIB), which relies on extremophiles. Second. the bacterium is capable of producing PFHA copolymers
containing a very high portion of 4-hydroxybutyrate (4HB). Such materials possess unique propertics and can be advanta-
geously used in multiple applications, including but not limited to medicine and healthcare, Therefore, this work focwses on
the in-depth characterization of A, thermoaerophils CCM B960. In particular, we sequenced and assembled the genome
of the bacteriom and identified its most important genetic features, such as the presence of plasmids, prophages, CRISPR
arrays, anfibotic-resistant genes, and resiriction-modification (R-M) systems, which might be crucial for the development
of genome editing tonls. Furthermaore, we focased on genes directly invelved in PHA metabolism. We also experimentally
studied the kinetics of glycerol and 1 4-butanediol {1 4B0) wilization as well as biomass growth and PHA production dur-
ing cultivation. Based on these data, we constructed a metabolic model to reveal metabolic Auxes and nodes of glyceral and
1 ABD concerning their incorporation into the poly( 3-hydroaybutyrate-co-d-hydroxyburyrate (P(3HB-co-4HEB)) structure,

Key points

® Ancurinibacillus sp. H1 was identified as Anewrinibacillus thermoaerophilus,
« PHA metabolism patfway with associated penes was preseiied.

* Unigue monomer camposition af produced PHAs was reported.

Keywords D novo assembly - PHA - Anenrinibacillus species HI - Plasmid pAT1 - &-hydroxybutyrate - Next-generation
industrial biotechnology
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Introduction

The pollution of the earth by non-biodegradable materi-
als, such as plastics, is one of the main issues of our time
directly associated with human activity. Generally, there
is a strong consensus that this unwise contamination of
the environment should be avorded, The pollution may be
significantly reduced by partially replacing these harm-
ful materials with environmentally friendly ones. Eco-
friendly, bicdegradable polyesters, polyhydroxyalkanoates
(PHAs) are accumulated by numerous prokaryotes that, in
their material properties, are similar fo industrially pro-
cessed synthetic polymers (Koller et al. 2007}

Extremophilic organisms live and thrive in extrems
conditions, swech as high or low wemperatures, alkaline or
agidic pH, and high salt concentrations, or they can be
resistant to variows oxic elements {Marin and MchMinn
2018y The rale of extremophiles in the biotechnology
industry has come to the fore in recent years: due 10 their
inferesing capabality to survive and prosper under extrems
living conditions, their cultivation can be carried oot ina
semi-sterile or even unsterile mode, which substantiolly
reduces the cost of biotechnological processes (Coker
2016). However, they are also very inleresting producers
of various exireme enzymes; they are able to utilize inter-
esting waste substrates which further leads to increasad
competitiveness. The use of extremophiles im the biotech-
nology industry 15 often referred to as the next-generation
industrial biotechnology (MGIB) (Chen and Jiang 201 8],

The ability 1o accumulate PHAs is also widespread
among extremophiles (Obulisamy and Mchariya 2021;
Obruda et al, 20221, PHAs not only serve the bacteria
as a source of carbon and energy but also help protect
them against various stress factors (Obruca et al, 200 8),
Production among halophilic bacteria is already fairly
well described (Simon-Colin ¢1 al. 2008, Alsafadi and
Al-Mashagbeh 2017; Obruca et al. 2018; Pernicova et al.
2019y, whereas production among thermophilic bacteria
iz mod as well documented (Obruca et al. 2008

We have developed a novel method enabling the 150-
lation of PHA-producing bacteria from mixed microbial
consortia. This technigque called “osmoselection™ takes
advantage of the protective Function of PHA= against Aoc-
nuatons in osmotic pressure (Permcova el al, 200063, This
protocol yiclded several promising thermophilic PHA pro-
ducers, and the bacterium classified as Anenrinibacillus
thermoderophilus CCM 8960 (previously Armewrinibacil-
dus sp. H1) was the most promising. A, Hermoaerophilus
CCM 8960 i5 a gram-positive bacierium first isolated in
the central urban composting plant in the city of Broo,
Czech Republic (Centrilni kompostimna Broo operated by
SUEZ CZ a.5.) and deposited in the Crech Collection of

£} Springer

Microorganisms as patent culiure CCM 8960 under the
name Aneurinibacillus sp. H1 (Pernicova ¢t al, 20204,
Sedliacek et al. 2020). It has been discovered that the A.
thermoaeraphilns CCM 8960 belongs o thermophiles,
i.e., a subgroup of cxtremaophiles that optimally grow in
femperatures above 45 °C (Zeldes et al. 201 3). This fact
has significant advantages for the biotechnological nse of
the bacterium such as reduced cooling costs, sterilization
demands and costs, risk of microbial contamination, and
improved solubility of substraies. Moreover, the bacterium
i5 biotechnologically promising due to its copability to
accumatlate a high amount of PHAs under given conditions
(Permicoyva et al. 2M020a).

Thiz bacterium iz able (o use glyoerol as a carbon source,
which leads to a reduction in production cost because glyc-
erol can be cheaply obdained asz a by-product from biodiese]
production. In addition, A, thermoaerophilus CCM B960
wis lso found to be ahle to niilize 1 4-butanediol {1 4B
or gamma-butyrolactone (GBL) as the sole carbon sources
(Pernicova et al. 2020a). Furthermore, when using these
substrates as o corbon source, it is capable of forming the
copolymer poly( -hydroxybutyrate-co-4-hydroxybutyrate)
[PL3HB-co-4HB}], which has unigue propertics, Homopoly-
mer of 3-hydroxybutyrate (3HB), poly( 3-hydrox ybutyrate )
[P{IHR]], the most abundant member of the PHAs family,
is a crystalline material with poor flexibility and thermal
stability, However, when monomer 4HEB is incorporated into
the chain, its crystallinity decreases, the material becomes
more elastic and its melting temperature substantiolly
increases, which simplifies the processing via melting. The
use of PHA, especially copolymer P{3AHB-co-4HB), has
great potential, Thiz material can be used in the cosmetic
industry, in medicine as surgical threads, in scaffolds, tissoe-
cngincering applications, or even in agriculivre. The produc-
tion of the copolymer by A, thermonerophilus COM 8960
is alsp unigue since the bacterium is capable of incorporat-
ing very high fractions of 4HB (up 10 90 mol. %) into the
copolymern;, moneover, the composition of the copolymer can
be controdled simply by manipulating the composition of
the cultivation media, in particular with concentration and
ratios of glycerol as the main carbon substrate and precursor
of 3HB and 1. 4BD as a precursor of 4HB (Pernicova et al.
2020},

Stodying an crganism at the genomic level allows us w
gin a deeper understanding of both s structure and func-
tional propertics. With the availabkility of whole-genome
sequencing methads as well as the computationally power-
ful machines necessary for the assembly, the availability
of genomic information that was previously hidden from
us has greatly increased (Stephens et al. 200 5). Although
the published information in databases s currently mostly
based on model organisms (MOs) (Ho et al. 20010; Agar-
wala et al. 2016, Huerta-Cepas et al, 20019; Karp et al.

247



Apgilied Microbiokgy and Bistechnology (2027] 106:4669-4681

Article XVI: Novel thermophilic polyhydroxyalkanoates producing strain Aneurinibacillus thermoaerophilus

4T

2009 Safran et al. 2021 ; Chen et al. 202 1; Kanehisa et al.
2021; Lee en al, 2022), this knowledge can be exploited
to beiter understand the properiics of newly discovered
or previeusly unexplored non-model organizms (NMOs),
which undoubiedly includes A. thermoaerophifus CCM
B960, The revealing of homologies with MOs allows esti-
mation of the properties of the organism under study, such
as the function of individual genes, or even the proposal of
a metabolic model. which provides essential information
in the context of subsequent bistechnalogical applications,

Therefore, in this work, we decided to investigate the
metabolism of A, thermeacrophiluy COM B9800 with
respect to PFHA metabolism. In particular, we sequenced
anil assembled the genome of the bacterinm and wdentified
the mast important genetic features such as the presence of
plasmids, prophages, CRISPR arrays, antibiotic-resistant
genes, and restriction-modifcation (R-M} systems, and
we have also reconsidered the taxonomie classification of
the bacterium. Furthermore, we focosed on genes directly
involved in PHA metabolism, We also experimentally
studied the kinetics of glyveerol and 1, 4B unilization as
well as biomass growth and PHA production during cul-
tivation. Based on these data. we constructed a metabolic
model 1o reveal metabolic floxes of glycerol and 1 4BD
with respect to their incorporation into the P(OAHB-co-
4HB) structure.

Materials and methods

Growth conditions

Mutrient Broth complex medivm (10 g/l beef extract,
10 g/L. peptone, 5 g/L NaCl) for the growth of Anewrini-
bacitlns sp. H1 was used at 45 °C and stirred at 190 rpm.
The complex medium was used as an ingcalum, in which
cultivation lasted for 24 h. For PHA production, a min-
eral meedanm (M58 b was ased consisting of: Na,HPOg=12
Hy0, 9.0 gL KH:PO,, 1.5 g/l MgS0,s7 H,0, 0.2 g/L.;
NH,NO, 1.0 gfL; CaClye2 H,0, 0.02 g/L; Fe™NH, citrate,
00012 ¢/L; tryptone, L5 /L with | mLSL trace clement
solution {TES). The TES contained g per liter of water:
EDTA, 50.0; FeCly=6 H,0, 13.8; ZnCl,, 0.84; CuCl,=2
H,O, 0.13; CoClys6 H,0, 0.1; MnCles6 H,O, 0.006;
HyBO,, 0.1. PHA production was carried out for 010 72 h
o1 45 5C and 190 rpm. The carbon source was |, 4=butan-
ediol at a concentration of 4 gfl., glycerol at 4 gL, or a
mixture of 148D and ghycensl, each at a concentration of
4 o/l All cultwre conditions were carried out in duplicate.
AL, 12, 24, 36, 48, and 72 h, the culture was tlerminated.
The bacterial cells were centrifuged (G000 rpm, 5 min).
Biomass was determined gravimetrically,

DMA extraction and sequencing

The genomic DNA was extracted and purified wsing the
GenBlute Bacterial Genomic DNA Kit (Sigma-Aldrich,
At Lowis, M1, USA) sccording to the manufacturer’s pro-
tocals. NanoDrop spectrophotometer (Thermo Scientific,
Wilmington, DE, USA} was used to measure the purity
and Qubit 3.0 (Thermo Scientific, Wilmiagion, DE, USA)
to measure the concentration of extracted genomic DMA,
DMA Library construction was performed using the KAPA
HyperPlus kit according to the standard protocol, The
sequencing was carried out using the Miseq Reagent Kit
v2 (500 cycles) and the Muming Miseq platform (11e-
mina, San Diego, CA, USA)

For long=read sequencing, genomic high molecular
weight DMA was extracted using the MagArract HMW
DMNAKH (Diagene, Venlo, NL), The extracted DNA purity
was measured using the NanoDyvop { Thermo Fisher Scien-
tific, Waltham, MaA, USA}, the concentration was meas-
wred using the Qubit 3.0 (Thermo Scientific, Wilmington,
DE, USA), and proper length was checked using Agilent
4200 TapeStation {Agilend Technologies, Santa Clara, CA,
L'SA), respectively, Library preparation for Oxfond Nanop-
ofe sequencing was performed using the Ligation segquenc-
ing 10 Kit {Oxford Nanopore Technologies, Oxford, UK),
The library was sequenced using the R9.4.1 Aowcell and
the MinlOMN platform (Oxford Manopore Technologies),

Genome assembly

The whole assembly process was done in two parts: Nano-
pore reads were assembled into initial sequence and, sub-
sequently, Ilumina reads were mapped as a hybrid assem-
bly, The initial sequence assembly included several steps,
First, Guppy v3.4.4 was used to basecall raw Nanopore
reads, Mext, reads were assembled using Flve v2.5.1. The
assembly was polished with Racon v1.4.13 (Vaser et al.
2017y and Medaka, Quality check doring the initial assem-
bly was done with MinfOMNO (Lanfear et al. 2009, and
auxiliary PAF files were generated using minkmap2 (Li
2018} In the next step, trimmed Numina paired-reads
were mapped o the initial sequence; the adapler and
the guality trimming was done using Trimomatic v1.36
(Bolger et al. 2014). The reads were mapped using BWA
vOT7.17 (Li 2061 3) and polished with Filon »1.23 (Walker
et al. 2004), The quality of Ilumina reads was checked
with FastQC vk 115 and MultiQC v1.7 (Ewels et al. 2006}
tols; auxiliary BAM files were penerated using SAMiools
(Li et al. 2009). In the [ast step. the final sequence was
rearranged according 1o the origin of replication (ornC)
to Duad be the first gene using the Cri-finder (Lwo e al,
20019 o0l
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Genome annotation and analysis

Both chromosome and plasmid were annotated using
MCEI Prokaryotic Genome Annotation Pipeline (PGAP)
(Tatsova et al, 2006). Operons were predicted with Path-
wayTools (Karp et al, 2005). In the next sfep, protein-
coding genes were classified into clusters of orthologous
groups (COG:) using the eggNOG database and eggNOG-
mapper {Huerta-Cepas et al, 2009), Subsequently, circular
chromosomal maps of both chromosome and plasmid were
generated with DNAPlotter (Carver ¢f al, 2009) integrated
in the Artemis (Rutherford et al. 2000) wol, CRISPR
arrays were identified using CRISPRDetect tool (Biswas
et al. 200 6). Antiblotic-resistant genes were detected with
Resistance Gene [dentifier (RGI) 5.2.0, using the Com-
prehensive Antibiotic Resistance Database (CARD) 3.1.4
(Alcock et al. 2020), Methylation bases were inferrad
using decpsignal2 (Mi et al. 2009} modifs were further
detected with STREME Command-Line Version (Bailey
2021 The detection of R-M systems was completed using
the internal tools of The Restriction Enzyme Database
(Raoberts et al. 2015).

Plasmad sdentfication was done in twa ways, First,
phages were searched using experimental laboratory meth-
odds and, subsequently, bisinformatics toals were used,
Furthermore, online tools Prophage Hunter (Song et al.
20099 and PHASTER (Arndt et al, 2016) were used 1o
identify prophage DMNA. Moreover, similarities with other
available phages were searched using NCEI's BLAST 100l
{Altschul et al. 19907,

Species identification

Digital DMNA 1 DNA hybridization (JDDH) values were
calculated using the type strain genome server {TYGS)
(Meter-Bolthoff and Goker 20191, A phylogenomic tree
was generated using the bootstrapping method with Phy-
loPhlAn 3.0.58 (Segata et al. 2013) and its internal dua-
base of circa 400 genes conserved across the bacterial
dhamain,

Construction of a genome scale model

Organic-specific database development and metabolic
pathways were identified using Pathway Tools 24.5 (Karp
et al. 201 5); an organism-specific database was buill using
annotated genomic data and the Pathol.ogic imegrated 1ool.
Geenes invelved in PHA metabolism were primarily searched
using the PHA Depolymerase Engineering Database (Knoll
et al. 20097 and MCBI BLAST ool (Abschul et al. 1990} in
addition to a literature search,
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Phenotype characterization

The quality and quantity of PHAs were determined by gas
chromatography with a flame ionization detector (GC-FTD
as previously described (Obroca et al, 2004), Residual
148D and glycerol were determined by HPLC using a Shi-
madzu LC- 1AL aiath a refmactive imdex detector. Separation
was performed on a Phenomenex Rezex ROA-Organic Acid
colummn, A sulfuric acil solution of 0L00S M concentration
was used as the mobile phase and the flow rabe was sef at
1 mbfmin, The column temperature was set ot 30 °C and the
debector emyperaiure was set at 40 “C.

Results
Genome assembly and properties

Anenrinibacilus thermogerophiles UM B960 genome was
assembled using both long reads and shor reads as a hybrid
approach with initial coverage of 870, First, the initial
sequence was assembled from 372,378 Oxford Manopore
Technologies (ONT) reads with o median read length of 3.23
kbp. Mext, 1.1 million Humina read pairs were mapped to
the initial sequences (1.2 million pained resds in botal—9E%
of all Mumina reads) with an average Phred score Qe 36, As
a resull, two circular sequences with coverage of 8500, cor-
responding v a circular chromosome and a circular plasmid,
were retrieved and deposited at the DRDBIEMBLAGenBank
under accession aumbers CPOR0TA4. | and CPOSOTAS.1.
The genome length is 3,730,915 bp and contains 3340
open reading frames (ORFs), some of them organized into
668 polycistronic operons, While 3604 ORFz present pro-
tein-coding sequences (CDAs), 82 genes have cormupied
OEFs and formed psesdogenes, The remaining loct corre-
apond o0 KNA coding genes. The chromosomal GC content
15 44.8%, The sequence features ane summarized in Table 1,
Although sequencing data proved the plasmid pATI to
b circular, no gene-coding replication-imiliator protein

Tabde 1 Chromosomal and plesnddic featares of Aneusinibacitlus
thermoarropdnn OO 8960

Fenture harcamissomes Flasmid pATI
Length {bpj T 662 904 69011

G coent %) Ll 418

ORF 3745 a5
Polycistronic opemins G 0

CDs 35100 i3

fRMA (35, 165, 235) 1,0, 12 0,0, 0

RNA 114 I

ncRMA 5 i
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Rep was found. However, prophage prediction tools pre-
dicted several incomplete and putative active prophages
covering almost all genes predicied for the pAT1 plasmid
(see Table 51} By manual inspection, even the remain-
ing two prophage unassigned loci, K3F533_18730 and
K3IF33_15735, were identified as prophage-associated
gencs coding small- and large-phage terminase subunits.
Since the whole plasmid pATI carried the complete gene
machinery of a prophage, it corresponded to the novel,
hitherto unreported, phage. The start of the pATI plasmed
sequence in a linear form was set according to the small-
terminase subunit gene. A subset of the same prophage
genes was also found in a draft genome of the type strain
Anewrinibaciliug thermoaeraphilus DSM 10154 T (=L
420-91 Ty, GenBank accession no. FNDEOOOOOD00. 1.
Iz whole contig 45 sequence containing prophage genes

mapped to the pAT ] sequence.
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Fig. 1 Chromesomal maps of Amewrndbocillies fermoaerophilias
CCM B960 chromosome and plesmad. The Grel, second, and ibird
oufermost circles represent CDEs on the foreard and  backwand
strands, and psewdogencs, respectively. Classificaton of O0(Gs is rep-

Functional annotation

The functional annotation classified genes according to
clusters of orthologous groups (O0Gs) into 20 categorics.
In fotal, 3592 chromosomal genes and 94 plasmidic genes
wene assigned to a O0G category. Unfortunately, 35.77% of
chromosomal genes and 50.85% of plasmidic genes were
assigned o group S—function unknown. The second- and
third-mest prevalent COGs of chromosomal genes formed
groups E {amino acid transport and metabolism) and L {rep-
lication, recombination, and repair) with 3.55% and 7.29%
of all assigned genes, respectively. In contrast, plasmid con-
tained groups K {transcription) and L, with 8.51% and 7.45%
of all assigned genes in the second- and third-most preva-
bent COGs, Individual chromosomal and plasmidic features
are shown in Fig. 1. COGs and RMAs are highlighted with
different colors; RNAs are divided into tRNA, rBENA, and
ncRMA categories and displayed in the fourth owtermost
cirche.
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Analysis of CRISPR revealed five arrays in total, four
of them belonging to chromosomal genome part (see
Table 52}, with arravs ranging from 228 to 4424 bp.,
Although cas-like genes have not been identified directly
in the arrays, cadf (K3IF33_02890), cas7i {K3F53_02900),
casfh (K3F33_02905), cosd (KIF53_02915), casih
(B3IF53_02900), and cas2 (RIF33_02925) gencs are located
hetween the first and second chromosomal CRISPR arrays.

Detection of antibiotic-resistant genes against the Com-
prehensive Antibiotic Resistance Database (CARD) did no
find perfect hits, but eight genes with sequence similarity
of > 55% and length 100% £ 5% of known antibiotic-resistant
genes were identified (see Table 53 Moseover, four differ-
enl mechanizms of resistance (antibiotic target alteration,
antibiotic target prodection, antibiotic targst replacement,
and antibiotic efMux) were found, with the most prevalent
group, antibiotic target alternotion, having four genes.

I the subsequent annotation, we studied the presence of
restriction-modification (R-M) systems based on methylation
states of DMNA using the Oxford Nanopare sequencing data,
The study resulted in the detection of 438 889 5-methyloy-
tosine {S-mi) methylations. Methylated motifs werne further
searched using the 1 7-mer sequences, including the detected
modified base. In total, eight motifs were discovered; for five
of them, the p-value of 005 was nof exceeded. All motifs
discovered are listed in the supplementary Table 54, Next,
we detected B-M systems through the genome using The
Resiriction Enzyme Database (REBASE) (Roberts et al.
200 5). As o result, ten systems were detected. Nine of them
were located in the chromosome including types 1, 11, and
1% one type 11 system was uncovered in the plasmaid. Details
can be found in the supplementary Tahle 53. Subsequently,
EEBASE match the methylated motifs aath B-M systems.
Unforrunately, none of the discovened maotifs were assigned
to the system.

Species identification

Typing of the A. the rmodgerophillis COM 8960 genome using
digitn] DN A-DNA hybridization (dDDOH) resulied in & very
high similarity of 98.2% 10 the type strain Areurinibacilfus
thermoaerophilns DSM 10154 T (=L 420-91 7)., Thus, we
reidentified the strain formerly known as Aneurinibacillus
sp. HI a5 A, thermogerophilus CCM 8960 The genome sim-
ilarity to other type straing did mot exceed the value of 3695,
However, an even higher similarity of 98.4% was reached in
comparison with the genome of Amenrinibacillins sp. XH2.

Phybogenomic analysis of both gram-positive and gram-
negative PHA-producing bacteria classificd A, thersmoaern-
philas CCM 8960 among G+ species with the type strain
A. thermoaerophilus DSM 10154 7 and an unclassified
strain Aneprinibacilles sp, XH2 being the closest relatives,
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as shown in Fig. 2. This outcome supported the previouws
dDDH results,

Phenotypic analysis

The phenotypac analysis of Areurinibacillns thermonerpier
fis CCM B960 revealed 14 genes involved in PHA mectabsn-
lism (see Table 2} Moreover, several of these genes were
identified as being gathered in the operons. The first operon
wis created by genes phal, phbB, and phal; the second one
covered pha(), phalP, and plat genes. The third operon was
formed by genes fadV, phad, and fodE. sucC and sucl) genes
belong to the fourth identified operon,

The bacterium is capable of utilizing 1| ABI} and glycerol.
In Fig. 3, the carbon-substrate utilization can be observed
where 1 4BD ws used as the sole carbon source al a concen-
tration of 4 o/L, glvcerol was wsed as the sole carbaon source
al a concentration of 4 g/l and a mixwre of 1 4-butanedial
and ghycerol each at a conceniration of 4 g/l was also used.
The vtilization of both substrates was analyzed by HPLC
during the cultivation of the bacteriom in the Hasks, It is
evident that glyceral was consumed more rapidly by the bac-
teria, both & a sole source and in the mixture with 1,480,
being depleted within 36 h, In contrast, the progression of
148D was much more gradual and was not completely
depleted even after 72 h of coltivation, In the mixmre, it
can be observed that its rapid wiilization occurred only afier
the glyceral was depleted from the medium which indicates
the preference of glveerol prior to 1L ABLY by the bactenium,

The course of carbon sonrce utilization also affects the
course of cellular growth and total PHA production, which is
shown in Fig. 4. Depletion of glycerol in as the sole carbon
source us carly as 36 h results in a decrease in sccumulsted
PHAs. For the mixture of substrates, the onset of copoly-
mer formateon can be observed only after glveerol depletion.,
Once 1LABD is used as the sole carbon source (without glye-
erol ), incorporation of 4HB into the PHAs chain occurs from
the beginning of the cultivation, and 4HB reaches a very
high content of B3 mol, %, However, when | 4B i used in
combination with glycerol, the synthesis of the copolymer is
ochieved in the later stage of the cultivation and the portion
of 4HB in copolymer reaches rather low values.

Thus, the fact that the bacterium s capable of growing
in the presence of 1, 4B a8 a sole subsirate proves the face
that 1. 4BI serves not only as a precursor of 4HB but also
as & carbon source that can fuel cell growth and metabolism.
Based on experimental data and gene detection, o metabolic
pathway that the bacterium is likely 1o use is proposed (sce
Fig. 53 Moreover, the database development and subse-
quent metabolic pathways reconstruction using Pathway
Tools 24,5 (Karp €1 al. 2005) reveabed a maosbe] containing
four pathways with PHA-associated genes (see Table 2) and,
thus, were associated with PHA metabolism, The pathways
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Fig. 2 Fhylogenomic tree of PHA-producing hacterin and the place-
mend of Anruriaibecilius thermoaerophilus CCM 8960 (highlighted
im red). The tree was constmacted wsing Phylophlan 3.0.58 iogether

include PHA iosynthesis, which i incorporated into PHA
metatlism, displaved in Fig. 5. Besides the PHA metabo-
lism. the model comains 209 pathways and 1098 enzymatic
reactions. Unforunately, 183 pathway holes oceur in the
639 1edal reactions as well, The model was uploaded 1o the
FAIRDOMHub (Wolstencrofi et al. 2017) under the SEEK
I fairdombub, orgprojects/26% and can be downlosbed and
imported imto the Pathway Tools software.

Discussion

Genomic and phenotypic characierization of the polyhy-
droxyvalkanoates producing sirain Aneurinibacillus ther-

rewere rophiles COM ROA0 may provide importam insights

Haloquadratum waistyl DSM BAA-369

with its imdernal dambase of circa 400 penes conserved acrss the
bacterial domaine The values represent the bootstrap sapport based on
N} peplacates

toward the replacement of synthetic polymers with envi-
ronmentally friendly polyesters. The genome asscmbly
using the pipeline combining long Oxford Nanopore
reads and short llumina reads revealed chromosomal and
plasmidic circular contigs, Although the presence of the
circular plasmid was evident from the initial assembly of
long reads by Flye tool, o series of high-guality short reads
served as a necessary step of polishing the final assembly,
Admaost all short reads were unambiguously mapped to the
final genome, confirming the correciness of the assem-
bly. Moreover, origin of replication (oriC) prediction was
unambiguous in the chromosome. Although the chromds-
somal GO content 15 slightly above the average for gram-
positive bacteria {Li and Du 2004}, as shown in Table 1,
the value corresponds to the GC content of the type strain
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Table2 Lix of pemes Yiikaa Gene Pancthon
svabved inta PCHE-ro-4HE) 2 i
mmctabolism of Aacurinibacifiar KIFS3_052%0 phaZ Intrncellulsr nPHAme] depolymerase
Ehermp s COME 0 BIFS3_ 06285 phaC PHA symithase
KIS 05X piehl Acetoacetyl-Cod reducinse
KAFS3_06295 Pl PHA syenhase
KI5 05300 pha() Transcriptional reguloter
K3FS3_05305 ol Phasin (FHA-gransle sssociabed probein) gone
KIF53_05310 phat Specific enoylCoA hydriase (Robydratase)
KIFSY_ (4065 Sl Acsetyl- hydrony s i-CoA dehydropenase
KIFS3_DR0T0 phad Acetyl-CaA Cacetyhransferase
KAFS3_04075 JodE Aeyl-CoA dehydropensss:
KIF51_1D675 gabl} Soccinale semialdehyde dehydrogenase
KIFAL [ 168D sl Seccimme—Cod, ligase sshund alphs
KIF53_| 1685 sl ADP-forming succinate-CoA ligase subunit beta
KAF33_1Tr28 Hiwi J-Hydronyburyryl-Cos dehydrogenase
Fig. 3 The cowrse of uliliza-
tiesn off carbon sources. | 4B oD ¥
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Anewrinibacillios thermoaerophifug DSM 10,194, Chromo-
somne length 3,66 Mbp and a number of OEFz in 2 whole
genome correspond to the type strain as well,

Flasmid prophages are very common in Firmicules, as
was recently demonstrated by Piligrimowva et al. (2021).
Although their identification is cumbersome, the guality
of our assembly gives strong evidence of the existence of
the plasmid prophage pATI in the A, thermoacrophilus
CCM 8960 genome. Uniform coverage along the whole
sequence and utilization of long reads, some of them even
covering almost the whole plasmid, proved circularity of
the sequence, The fauct that plasmid prediction wols pre-
dicted more overlapping prophages on the plasmid was
capsed by the novelty of the found prophage and fully cor-
responded to the conclosions of the study by Piligrimova
el al. (2021, Moreover, the prophage might not be unigue
for the studied strain, as the same genes were found in the
axsembly of the type strain. Unfortonately, due to the draft
nature of the type strain’s assembly, the presence of the
prophage could not be confirmed for the 1ype strain.

Functional anmotation revealed key insights for under-
standing the organism, such as assigning function o
64% of chromosomal genes and 20% of plasmidic genes.
However, A, thermeaerophilus COM 8960 15 a bacterium
whose potential functicnal capacity is currently difficult
to predict in detail because there are not enough similar
miode]l organizms described. NMevertheless, CRISPR and
resistome identification detecied a tal of five CRISPR

arrays and eight antibiotic-resistant gencs against the
Comprehensive Antibiolic Resistance Database (CARDY),
The study of restriction-modifcation (B-%) led to the
dizcovery of ten systems abong the genome, one of which is
located in the plasmid. In detail, theee type 1 systems, con-
sidered the most complex type containing restrection, moi-
fication, and specificity enzymes, are located in the chromo-
some; Iwo complete and one incomplete. Additionally, five
occurmences of the type 11 systems including one bocated in
the plasmad were revealed; owever, only ane located in the
chromosome secms o be active as the remaining predicied
methylases lacked coupled restriction endonus beases. Cons=
versely, both observed type [V systems might be active as
the type is formed only by a restriction enzyme that was
identified in the chromaosome. In addition, eight methylated
molifs were discovered, However, the systems contained
cnEymes recognizing unknown motifs and, therefore, due
1o the number of possible combinations, we were ot abbe 1o
match observed mofifs to predicted systems. Given the find-
ing that the hacterium disposes of a strong system prmect-
ing it from foreign DMNA, we can conclede that the genctic
manipulation of this sirain might be challenging (Kaolek ¢t al,
201 4%; Fu et al. 200T). These observations might be of crucial
imporiance, with respect to further genome ecining of the
bacterium, o improve its FHA production potential,
Cenome typing of the strain A. thermoaerophilus
CCM E960, formerly known as Arewrinibacillis sp. HI1,
revealed clear evidence of ws belonging to the genus A,
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thermogeropivilins a8 caleulsted dDDH value highly cxceeded
the T0% threshold, We used the d; formuls, robust against
the wse of incomplete draft genomes. which is the case of the
1ype strain Amewrinibacillies thermoaeraphilus DSM 101547
(=L 420-91 ") genome. Our results also showed that the
thermaophilic PHA-producing strian Anearinibacillus sp.
XHZ, which is currently not completely taxonomically clas-
sified, belongs to the A. thermoaemphilus species, oo, Low
gename similarities to other type strains further support the
unigueness of the genome that was already showed by pre-
ceding COGs analysis (see Fig. |1 Phylogenomic tree con-
struction further supports the bacterium’s classification into
the A, thermoaerophilus species, as the A. thermoaerophilng
COM 8900 formed the cluster together with other A, trer-
mcererophilus strains, namely XH2 and the type strain DSM
100, 154 (see Fig. 2). Moreover, the bacterium belongs 1o the
clade contaiming well-descriked PHA producers. The owt-
come corfespanded 1o the pahlished findings (Obruca et al.
2022). In the study, analysis of several hundred genes placed
the strain in a taxonomic hicrarchy of thermaophilic bacteria,
in which PHA production has been described or otherwise
documented. The study's result clearly confirms that the bac-
terium clusters into G+ bacteria together with other repre-
sentatives of the genus Anewrinibacillies, and especially with
the most similar strains of the A. thermogerophilug species,

The phenotypic analysis provided key insights into PHA
metabolism. A total of 14 genes associated with PHA meiab-
olism were identified {see Table 1), including genes respon-
sible for class 1% PFHA synthase, in particular its subunits
encodied by phel and pha® gencs. In addition, PHA depoly-
merase genes were identified hased on the PHA Depolymer-
aw; Engineering Database (Knoll i al. 2008, The presence
of o Bacillis megateriion-type PHAs cluster describad in the
atudy by Kilara et al. (2007) was forther verified. The clus-
ter contains two operons formed of PHASs phaC, phb, and
phall; pha(, phalP, and phat gencs which were revealed in
the A, thermoaerophilus CCM 8960 05 well, Moreaver, four
metabolic pathways were associated with PHA metabolizm
out of o total of 209 metabalic pathways discovered., The
presence of 28.6% enzymatic reactions, for which no corne-
sponding enzyme has been identified in the genome, further
confirms the uniguencss of the newly described genome and
the need for follow-up studies. Our results are, moreover,
proven in the published work, which states that a new isolate
in this work, classified a5 A, thermogerophilies COM 3960,
is a promising PHAs producer. 1t is capable of producing a
PAHB-co-4HB) copolymer with a very high coment of 4HB
monomer, which provides the material with unigue proper-
ties and expands its application potential {Pernicova el al.
200 Sedlacek of al. 20200, The akility to produece PHA
was demonstrated both on the phenotypic and genotypic
level, where genes involved in PHA metabolism, and espe-
cially the key enzyme PHA symhbase, were identified, The
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class IV PHA synthase characteristic of the genus Becillus
and s related genera is composed of two subunis encoded
by the phal and plhaR genes, both of which were found in
the bacterial genome, as can be seen in the published work
(Chen et al. 2005; Chek et al. 2007). PHA class 1% synthase
exhibits alcoholysis activity, resulting in o bower molecular
weight of the resulting polymer (Tsuge et al. 201 5).

The bacteriurm is also capable of utilizing glycerol, which
it prefers to glecose. It is also capable of utilizing 4HB pre-
cursors as the sole carbon source and, in particalar, 1 4BD
{Figs. 3 and ). Our experimental data indicate that the bac-
terium is capable of using both glycerol and 148D 10 syn-
thesize PHAS as well as sources of carbon and energy for
other metabolic processes (Utsunomaa et al. 2020). The data
show that ghycerol is the preferred substrate; it is vtillized at
a higher rate and is also used preferentially when both sub-
strafes are provided in the mixture. Moreover, glycerol can
be converted 1o a IHB monomer unit of PHA, Conversely,
| 4B serves as o precursor of 4HB, and its introduction into
culivation media resulis in the formation of the valoakle
copolymer B 3HB-co-4HEY. Our metabolic model in Fig, 5
describes some of the important metabolic nodes concerning
Auxes of both glycera] and | 4B in A, thermoaeropiilus
COM 3960, This knowledge might be of crucial importance
for the improvement of the bacterium using genome edit-
ing tools in order 1o further improve the process of PHA
production.,

When there is enough glveerol, the bacterium uses the
subsirate for growth but also for the production of o storage
product—PHA. When glycerod is depleted from the mediam,
the amount of PHA, specifically PI3HR), in the hiomass also
decreases as it is used as a carbon and energy sounce (Raza
el al, 2018} This alse verified the presence and lunctional-
ity of intracellular depolyvmerases, which were again found
in the bactenal genome. When 1 4BD is the only carbon
source, the formation of the copolymer PIAHB-co-4HB)
ogcurs, Accordimg bo the proposed pathway, this means that,
on the one hand, the bacteria use the subsirate a5 a carbon
source and, on the other hand, that it is metabolized in the
Krehs cyele and related pathways. However, this too can
be partially comverted 1o scetyl-CoM (vin ifs conversion 1o
succinate and utilization of the Krehs cycle), which leads o
the formateon of the 3HB monomer, In addition, & propor-
tion is directly incorporated into the polymer chain as the
4HB monomer, During cultivation, the ratio of 3HE o 4HB
menomer does not change much, and the 4HB monemer is
more abundant, a1 about 30 mal, %.

The dymamics of substrate utilization were observed for
both the individual substrates and the mixture of substrates
used {zee Fig. 3). The utilization rate of 1,480 alone is rela-
tively low, resching only (.57 g/, which i2 also related 1o
the gradual increase in biomass concentration. The glycerol
utilization rate is similar fos both glveeral alone (1,57 gfh)
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and glycerol in the mixture (1.64 g'h). Glycerol would be
depleted at thas rate wathin 36 h of culirvation. The dynamics
of 1, 4BD wtilization in the mixture are different. If ghycenol
is present in the medium, the rate of 1L ABD utilization is
only 0.34 gfh. After ghycerol is depleted from the medinm,
the rate increases 1o 0,89 gh, This 15 indicative of the prefer-
cence of the carbonaceous substrate for the bacterium and is
also related 1o the formation of the PHA copolvmer.

In conclusion, the Ancurinibacillus termoaeropiilus
COM B960 1% o promizsing producer of eco-friendly, biode-
gradable polyesters demonstrated by genomic and pheno-
typic characterization. As mentioned, the bacterium is char-
acterized by the unigue propertics of the genome that were
described in this smdy for the first time, Therefore, further
research is necessary (o unravel the detailed characteristics
of the organism, with the aim of bictechnological PHA pro-
duction as some of its propertics still remain hidden.
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