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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 habilitační práce představuje komentovaný soubor autorových 16 publikovaných prací 

o výpočetním zpracování sekvenačních dat za účelem sestavení a analýzy genomů 

a transkriptomů nemodelových bakterií využitelných v bílé biotechnologii, tj. technologii 

využívající živé buňky k syntéze snadno rozložitelných produktů. Bioinformatické analýzy 

nemodelových organismů jsou specifické, protože mnoho výpočetních nástrojů vyžaduje použití 

datových sad, které jsou pro nové bakterie nedostupné, buď kvůli neexistujícím 

mikrobiologickým kitům k provádění požadovaných experimentů, nebo jednoduše kvůli 

chybějícím požadovaným vstupním datům. Tato práce představuje autorovy osobní zkušenosti 

s překonáváním těchto překážek pomocí unikátních kombinací výpočetních nástrojů a technik 

s cílem maximalizovat získané informace z analýz nových genomů nemodelových bakterií. 

KLÍČOVÁ SLOVA 

sekvenování nové generace; sekvenování třetí generace; funkční anotace; nemodelová bakterie; 

bílá biotechnologie; transkriptomika 
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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: 

[I.] 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 

 

[II.] 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, Q1 in BIOTECHNOLOGY & APPLIED 

MICROBIOLOGY) 

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

30 - 10 

 

[III.] 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 = 2.533, Q2 in 

BIOTECHNOLOGY & APPLIED MICROBIOLOGY) 

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

70 - 30 

 

[IV.] SNOPKOVÁ, Kateřina, SEDLÁŘ, Karel, BOSÁK, Juraj, CHALOUPKOVÁ, Eva, 

SEDLÁČEK, Ivo, PROVAZNÍK, Ivo and ŠMAJS, 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) 
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Research and manuscript (%) Supervision (%) Research direction (%) 

30 - - 

 

[V.] 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 (%) Supervision (%) Research direction (%) 

12.5 25 25 

 

[VI.] 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 (%) Supervision (%) Research direction (%) 

45 30 40 

 

[VII.] 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 (%) Supervision (%) Research direction (%) 

60 10 40 

 

[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) 

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

20 15 30 

 

[IX.] 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) 
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Research and manuscript (%) Supervision (%) Research direction (%) 

50 20 35 

 

[X.] MUSILOVA, Jana, KOURILOVA, Xenie, BEZDICEK, Matej, LENGEROVA, Martina, 

OBRUCA, Stanislav, SKUTKOVA, Helena, and SEDLAR, Karel. First Complete Genome of 

the Thermophilic Polyhydroxyalkanoates-Producing Bacterium Schlegelella 

thermodepolymerans DSM 15344. Genome Biology and Evolution. 2021. 13(4), p. evab007. 

(2021 IF = 4.065, Q2 in EVOLUTIONARY BIOLOGY) 

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

20 50 60 

 

[XI.] 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 (%) Supervision (%) Research direction (%) 

15 50 50 

 

[XII.] 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 (%) Supervision (%) Research direction (%) 

45 30 50 

 

[XIII.] 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 (%) Supervision (%) Research direction (%) 

15 50 50 

 

[XIV.] 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 (%) Supervision (%) Research direction (%) 

20 25 35 
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[XV.] OBRUČA, Stanislav, DVOŘÁK, Pavel, SEDLÁČEK, Petr, KOLLER, Martin, SEDLÁŘ, 

Karel, PERNICOVÁ, Iva, and ŠAFRÁNEK, 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 

 

[XVI.] 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 106 to 108 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 [XVI.]). 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 [XIII.], [X.], [IV.], [I.], [IX.]) 

or mapped to a reference genome for direct comparison [12] (Article [VIII.]). Genomes are then usually 

used for phylogenetic analyses and correct identification of bacteria as previous phenotype identification 

may be unsuccessful [4] (Article [XVI.]) or erroneous [13] (Article [III.]). Nowadays, even large 

phylogenomic studies comparing tens or even hundreds of whole genomes are possible [14] (Article 

[XII.]). 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 [II.]). 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 [VI.], [VII.]). 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. 

 

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. 
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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. 

2.1 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. 

2.2.1 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 {A, 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 𝑙𝑜𝑔10𝑃, (2.1) 

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 

MinIONQC 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 k-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 28× 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 IIe 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 30× 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 I 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 [VII.]). 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 

minimap2 [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 791T [14] (Article [XII.]), Schlegelella thermodepolymerans 

DSM 15344T [9] (Article [X.]), Tepidimonas taiwanensis LMG 22826T [10] (Article [XIII.]), and 

Aneurinibacillus thermoaerophilus CCM 8960 [4] (Article [XVI.]). 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 oriV 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 200× 

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 700×. 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 [VIII.]). 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. 
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Prediction of CNVs 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 [VIII.]), 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 HAIs 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 [VIII.]), 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 dnaA 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 [I.], [IX.], [X.], [XII.], [XIII.], [XVI.]) 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 [VII.]) to the older ones from the study Sedlar et 

al., 2018 [17] (Article [VI.]). 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 [XIII.]). 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 [XIII.]). Possibly, an activity of in silico predicted prophages can be 

further examined by transcriptomic data as we reported for Clostridium beijerinckii [17] (Article [VI.]). 

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 [XVI.]). 

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.], [XII.], [XIII.], [XVI.]), 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. 

 

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 [VII.]) 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. 

 

Fig. 2.3 C. beijerinckii NRRL B-598 GO annotation, taken from [18] (Article [VII.]) 

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. 



 

26 

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 H2S 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 Identification 

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 [XIII.]). Similarly, we were able to assign a species name to 

formerly unidentified Aneurinibacillus thermoaerophilus CCM 8960 [4] (Article [XVI.]), 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 [III.]). 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 791T [14] (Article [XII.]) and C. diolis DSM 15410T [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 [III.]) 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 A. thermoaerophilus 

CCM 8960 [4] (Article [XVI.]) 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 [XII.]). 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 15410T 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 [I.]), the strain C. diolis DSM 15410T 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 791T 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. 

 

Fig. 2.4 Phylogeny of C. beijerinckii species, taken from [14] (Article [XII.]) 

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 791T 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 22826T, a thermophilic PHA and protease producer [15] 

(Article [XIII.]). 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 Illumina 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 5mC 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 5mC 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. 



 

31 

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 [II.]). 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 15410T 

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 15410T 

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 5mC modification containing motifs 

to methylases annotated in the A. thermoaerophilus CCM 8960 genome [4] (Article [XVI.]). 

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 OESpo0A 

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 [XI.]). 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 [XI.]). 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 [VI.], [VII.]). 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 [VI.], [VII.]), 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]. 

 

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 ↗ and ↘ 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 [VII.]) 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. I 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, I 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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