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Comparative Genomics of Core Metabolism
Genes of Cellulolytic and Non-cellulolytic
Clostridium Species
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Abstract Microbial production of fuels such as ethanol, butanol, hydrogen (H,),
and methane (CH,) from waste biomass has the potential to provide sustainable
energy systems that can displace fossil fuel consumption. Screening for microbial
diversity and genome sequencing of a wide-range of microorganisms can identify
organisms with natural abilities to synthesize these alternative fuels and/or other
biotechnological applications. Clostridium species are the most widely studied
strict anaerobes capable of fermentative synthesis of ethanol, butanol, or hydrogen
directly from waste biomass. Clostridium termitidis CT1112 is a mesophilic,
cellulolytic species capable of direct cellulose fermentation to ethanol and organic
acids, with concomitant synthesis of H, and CO,. On the basis of 16S ribosomal
RNA (rRNA) and chaperonin 60 (cpn60) gene sequence data, phylogenetic analyses
revealed a close relationship between C. termitidis and C. cellobioparum. Compar-
ative bioinformatic analyses of the C. termitidis genome with 18 cellulolytic and
10 non-cellulolytic Clostridium species confirmed this relationship, and further
revealed that the majority of core metabolic pathway genes in C. termitidis and
C. cellobioparum share more than 90% amino acid sequence identity. The gene loci
and corresponding amino acid sequences of the encoded enzymes for each pathway
were correlated by percentage identity, higher score (better alignment), and lowest
e-value (most significant “hit”). In addition, the function of each enzyme was
proposed by conserved domain analysis. In this chapter we discuss the comparative
analysis of metabolic pathways involved in synthesis of various useful products by
cellulolytic and non-cellulolytic biofuel and solvent producing Clostridium species.
This study has generated valuable information concerning the core metabolism
genes and pathways of C. termitidis CT1112, which is helpful in developing
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metabolic engineering strategies to enhance its natural capacity for better industrial
applications.

Keywords Biomass, CAZymes, Cellulolytic bacteria, Cellulosomes, Genetic
manipulation

Contents

1 Introduction
2 Genome Annotation and Phylogenetic Analysis of Clostridium Species
2.1 Annotation and Manual Curation of Draft Genome of C. termitidis Strain CT1112
2.2 Genome Features of C. termitidis Strain CT1112 and Other Clostridium Species
2.3 Phylogenetic Analyses of Cellulolytic and Non-cellulolytic Clostridium Species
3 Comparative Analysis of Core Metabolisms in Clostridium Species
3.1 Pyruvate Metabolism and End-Product Synthesis
3.2 Hydrogen Synthesis
3.3 Xylose Utilization
4 Comparative Analysis of Whole Genome of Clostridium Species
4.1 Comparative Synteny Dot Plot Analyses of Clostridial Genomes
4.2 Whole Genome Comparisons to Identify Orthologous Genes
4.3 Comparative Analysis of COGs in Eight Clostridium Species
5 Conclusions

References

Abbreviations

16S rRNA 16S ribosomal RNA

ACT Artemis comparison tool

CAZymes Carbohydrate-active enzymes

CDS Coding sequence

COG/COGs  Clusters of orthologous groups

Cpn60 Chaperonin 60

cpnDB Chaperonins database

GenePRIMP  Gene PRediction IMprovement Pipeline
IMG-ER Integrated microbial genomes-expert review
JGI Joint Genome Institute

KEGG Kyoto encyclopedia of genes and genomes
NCBI National Center for Biotechnology Information
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PPDK Pyruvate phosphate dikinase

PPK Pyruvate directly by pyruvate kinase

RDP Ribosomal database project

UT Universal target
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1 Introduction

Low-cost, high-throughput sequencing is now being used extensively for investi-
gating bacterial genomes. In silico screening of microbial diversity has enabled
analyses of genetic variability and can help identify organisms with natural ability
to synthesize fuels and bio products of interest. High throughput sequencing has
also revealed how bacteria acquire and transmit genes via horizontal gene transfer
over short periods of time. Such organisms can be exploited through genome
shuffling for transgenic expression and efficient generation of clean fuel and other
diverse biotechnological applications.

Clostridium is the second largest genus within the Phylum Firmicutes. Clostrid-
ium species are present in diverse environments and are known to utilize a wide-
variety of substrates and to synthesize a great diversity of metabolites, such as
ethanol, butanol, hydrogen, carbon dioxide, acetate, formate, lactate, propionate,
butyrate, isobutyrate, and isovalerate [1, 2] (Table 1). The genus Clostridium
consists of Gram-positive obligate anaerobes and contains common free-living
bacteria and important pathogens. The great metabolic capabilities of Clostridium
species have attracted researchers to investigate their diverse metabolisms for
biofuel production and cellulose degradation. As of May 2015, the Integrated
Microbial Genomes (IMG) system listed a total of 534 genome sequences for
species in the genus Clostridium [40]. Of these, 56 genomes were listed as “finished
genomes,” 33 were listed as “draft genomes,” and 410 were listed as “permanent
drafts.” IMG also lists 13 “finished genomes” of Clostridium plasmids and 22 “fin-
ished genomes” of bacteriophages which infect Clostridium species. Of the bacte-
rial genome sequences listed, 247 sequences were from C. difficile, 39 were from
Clostridium species, 34 were from C. botulinum, 25 were from C. perfringens, and
10 were from C. clostridioforme.

In this chapter we have discussed the draft genome sequence of C. termitidis and
analyzed the genomes of 18 cellulolytic and 10 non-cellulolytic Clostridium species
which synthesize fermentation end-products of interest as potential fuels [41]
(Table 1). C. termitidis strain CT1112 (DSM 5398) was isolated from the gut of
the wood-feeding termite Nasutitermes lujae from the Mayombe tropical rainforest,
Congo, Central Africa [21]. C. termitidis was examined for H, and other
end-products such as acetate, CO,, formate, and ethanol formation on cellobiose,
a-cellulose, xylan, xylose, and glucose by Ramachandran et al. [22] in our labora-
tory. Experimental data showed the produced amount of H,, ethanol, acetate,
formate, and CO, was comparable to other cellulolytic Clostridium species. Thus,
C. termitidis could be used as a potential candidate for biofuel (H, and ethanol)
production from biomass through consolidated bioprocessing [22, 42]. Comparative
analysis of experimental data revealed that C. termitidis is distinct from
C. cellulolyticum, which takes more time to grow on cellulose and produces less
H, than ethanol during cellulose fermentation [22].

Identifying the core metabolic pathways using an experimental approach in any
organisms is a major challenge and a time-consuming process. In this study we used
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an in silico approach to explore the core metabolic pathways in a draft genome
sequence of C. termitidis using C. cellulolyticum and C. thermocellum as reference
organisms, as they are well studied for their metabolic pathways in comparison to
other cellulolytic Clostridium species. We have selected six cellulolytic Clostrid-
ium species known for their ability to produce H,, CO,, acetate, ethanol, formate,
lactate, or butyrate for comparative genomic analysis, which revealed the presence
or absence of enzymes involved in glycolysis, pyruvate formation and catabolism,
acetate, ethanol, and hydrogen synthesis. The information generated by the com-
putational approach concerning the core metabolism genes and pathways of
C. termitidis CT1112 could be helpful in developing metabolic engineering strat-
egies to enhance the natural capacity of C. termitidis for better industrial applica-
tions. This study demonstrates that comparative genomics analysis is a very useful
tool to generate large amount of highly informative data in less time, allowing quick
functional prediction for many hypothetical or putative proteins in poorly studied
organisms [43].

2 Genome Annotation and Phylogenetic Analysis
of Clostridium Species

2.1 Annotation and Manual Curation of Draft Genome
of C. termitidis Strain CT1112

The genome of C. termitidis CT1112 was sequenced by the Genome Québec/
McGill University platform using a Roche/454s GS-FLX Titanium sequencer by
a whole-genome shotgun strategy. A 454 standard flow-gram format (.sff) read file
was assembled using Newbler v2.3. The assembled draft genome of C. termitidis
strain CT1112 was deposited to the Joint Genome Institute’s (JGI) Integrated
Microbial Genomes-Expert Review (IMG-ER) platform for annotation using their
annotation pipeline (http://img.jgi.doe.gov) [40] which generates protein coding
genes (CDS) and assigns names to gene products. The annotated genome was
subsequently submitted to the JGI’s Gene Prediction Improvement pipeline
(GenePRIMP) [44] which allows automated correction of genes, including insertion
of missed genes, extension of “short” genes, and identification of putative
pseudogenes [45]. GenePRIMP generated 360 anomalies of different types, includ-
ing short genes, long genes, unique genes, dubious genes, split genes interrupted by
frameshifts and stopcodons (“broken genes”), split genes interrupted by
transposases “(interrupted genes”), missed genes, missed CrispR elements, and
overlaps. Anomalies generated by the GenePRIMP pipeline were manually curated
using Artemis Comparison Tool (ACT) [46]. Manual correction of 1,847 genes was
accomplished using several lines of evidence, including BLAST searches of
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nucleotides (BLAST-N), protein (BLAST-P), conserved domain analyses using the
Conserved Domain Database (CDD), protein domains and motifs, Interpro (Pfam,
prosite, SMART etc.), and characterized proteins in some cases (e.g., UNIPROT
entries).

The manually curated draft genome has been deposited at DDBJ/EMBL/
GenBank under the accession no. NZ_AORV00000000.1 [23]. The final draft
genome of C. termitidis strain CT1112 has 78 contigs with a total size of
6,415,858 bp and G+C content of 41.18%. It was predicted to encode 5,389
genes, with 5,327 CDSs (98.85% of predicted genes). The coding region covers
87.94% of the genome sequence. Out of 5,327 CDSs, 4,403 were assigned with
functions, although no functional prediction could be assigned to 924 CDSs.
Among the 4,403 CDSs, 3,392 (62.94%) genes could be classified into COG
families. A total of seven rRNA genes, including three 5S rRNAs, two 16S
rRNAs (243 bp and 1,342 bp, of which 1,342 bp was used in phylogenetic tree),
and two 23S rRNAs, were present on the C. termitidis chromosome. In addition,
55 tRNA genes that represent all 20 amino acids were identified.

2.2 Genome Features of C. termitidis Strain CT1112
and Other Clostridium Species

Comparative analyses of a range of genome features were conducted with 18 cel-
lulolytic and 10 non-cellulolytic sequenced genomes of Clostridium species
(Table 1). The genomic information included genome size, % G + C, total numbers
of genes, numbers of coding sequences (CDS), numbers of Clusters of Orthologous
Groups (COG), and 16S rRNAs derived from the IMG-ER platform (http://img.jgi.
doe.gov; Table 1).

Comparative analyses of general features of Clostridium species revealed that
the non-cellulolytic bacterium, C. saccharoperbutylacetonicum N1-4(HMT) had
the largest genome size (6.67 Mb) with highest number of protein-encoding genes
(5,843) and COG count (3,652), whereas the thermophilic, cellulolytic bacterium,
C. stercorarium, had the smallest genome size (2.97 MB) with the lowest number of
protein coding genes (2,706). C. termitidis had the largest genome size (6.42 Mb) of
the cellulolytic Clostridium species [23, 42]. The finished genome of C.
cf. saccharolyticum K10 had the highest G+ C content (50%), with the lowest
number of protein coding genes (3,073) and COG count (1,675). Interestingly, in
this analysis we observed that the 16S rRNA count was higher in non-cellulolytic
Clostridium species than in cellulolytic Clostridium species (Table 1). In addition,
the average percentage G+ C in non-cellulolytic Clostridium species (30%) was
lower than the percentage G + C in cellulolytic Clostridium species (36%), except
for C. cellulovorans 743B, which has 30% G+ C [5].
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2.3 Phylogenetic Analyses of Cellulolytic
and Non-cellulolytic Clostridium Species

16S rRNA sequences have been used for phylogenetic studies and for sequence-
based taxonomy for many years [47-50]. The dynamic nature of the genomes and
the impact of lateral gene transfer on genomic evolution [51] have forced
researchers to use more than one conserved target to understand the taxonomy
and phylogenetics of bacterial diversity. The chaperonin-60 universal target (cpn60
UT, also known as GroEL or HSP60) nucleotide sequence (549-567 bp), is highly
conserved in bacteria. It can differentiate even more closely related isolates of the
same bacterial species and thus find more reliable targets for phylogenetic studies,
microbial identification, microbial ecology, and evolution [50, 52, 53] than 16S
rRNA [54-56]. Cpn60 UT sequence alignments have been shown to correlate to
whole genome sequence alignments and resolve ambiguities associated with 16S
rDNA gene phylogeny in bacteria [54].

To determine the evolutionary relationship between C. termitidis and sequenced
18 cellulolytic and 10 non-cellulolytic Clostridium species (Table 1), a phyloge-
netic tree was constructed based on 16S rRNA and cpn60 universal target (UT) gene
sequences. The 16S rRNA sequences chosen for this study were retrieved from the
ribosomal database (RDP) (http://rdp.cme.msu.edu/) [57] and NCBI (http://www.
ncbi.nlm.nih.gov/) [58]. The c¢pn60 “universal target” (UT) sequences were
retrieved from a Chaperonins database (cpnDB) (http://www.cpndb.ca/cpnDB/
home.php) [50] and IMG database (http://img.jgi.doe.gov) [59]. The 16S rRNA
and cpn60 sequences of Acidothermus cellulolyticus was used as an out group for
phylogenetic analysis.

16S rRNA and cpn60 sequences of 28 cellulolytic and non-cellulolytic Clostrid-
ium species were aligned using the BioEdit v.7.0.9.0 program [60]. Phylogenetic
trees were generated using the PHYLIP 3.69 package [61]. Evolutionary distances
between all species were calculated with the DNADIST and the resultant distance
matrix was then used to draw Neighbor Joining trees with the program NEIGHBOR
[62]. The program SEQBOOT was used for statistical testing of the trees by
resampling the dataset 1,000 times [62]. The trees were viewed through TreeView
Version 1.6.6 [63]. Phylogenetic analyses with 16S rRNAs revealed that C. termitidis
strain CT1112 is closely related to C. cellobioparum DSM 1351 (99%) and with other
cellulolytic Clostridium species (Fig. 1). Moreover, the 16S rRNA phylogenetic tree
showed that cellulolytic and non-cellulolytic species are very well separated,
except for C. cellulovorans and C. chartatabidum. Interestingly, cellulolytic
C. cellulovorans and C. chartatabidum clustered with non-cellulolytic species, such
as C. intestinale URNW, C. saccharoperbutylacetonicum N1-4(HMT), and
C. saccharobutylicum DSM 13864, in Clade 2. Thus, the 16S rRNA phylogeny
suggests that C. cellulovorans and C. chartatabidum are different from other cellu-
lolytic Clostridium species [2]. This observation is consistent with a previous study in
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Fig. 1 Neighbor-joining tree based on 16S rRNA gene sequences, showing the phylogenetic
position of C. termitidis with respect to species of the genus Clostridium. The non-cellulolytic
Clostridium species are highlighted in red and the cellulolytic Clostridium species are indicated in
black. The evolutionary history of the taxa analyzed was represented using 1,000 replicates
obtained from the bootstrap consensus tree. Accession numbers are given in parentheses

which the genome sequence of C. cellulovorans 743B was compared with other
Clostridium species [5] and revealed the G+ C content of C. cellulovorans (30.0%)
was very similar to the G+C content of the non-cellulolytic species,
C. acetobutylicum ATCC 824 (30.9%).

Phylogenetic trees based on cpn60 of 26 Clostridium species, clearly separated
the cellulolytic and non-cellulolytic Clostridium species into two groups, except for
the cellulolytic bacterium C. cellulolvorans 743B, which clustered with the
non-cellulolytic species C. acetobutylicum ATCC 824 in Clade 3. Non-cellulolytic
Clostridium species in the cpn60 tree clustered into four Clades (1, 2, 3, and 4),
whereas cellulolytic Clostridium species grouped into five Clades (5, 6, 7, 8, and 9;
Fig. 2). The placement of C. cellulovorans with non-cellulolytic Clostridium
species detected in the 16S rRNA tree is clearly supported by the cpn60 tree (Fig. 2).
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Fig. 2 Neighbor-joining tree based on UT region of the cpn60 gene sequences, showing the
phylogenetic position of C. termitidis with respect to species of the genus Clostridium. The
non-cellulolytic Clostridium species are highlighted in red and the cellulolytic Clostridium species
are indicated in black. The evolutionary history of the taxa analyzed was represented using 1,000
replicates obtained from the bootstrap consensus tree. Accession numbers are given in parentheses

3 Comparative Analysis of Core Metabolisms
in Clostridium Species

The major fermentation and cellulose degradation end-products commonly
observed in cellulolytic Clostridium species are H,, CO,, acetate, formate, and
ethanol, whereas most of the non-cellulolytic Clostridium species are solvent pro-
ducers that synthesize H,, CO,, butyrate, butanol, acetone, and ethanol (Table 1).

We have selected two cellulolytic Clostridium species — mesophilic
C. cellulotylicum H10 and thermophilic C. thermocellum ATCC 27405 — as refer-
ences to search for homologous genes of interest from glycolysis, pyruvate forma-
tion and catabolism, acetate, ethanol, and hydrogen synthesis in six Clostridium
species. Some enzymes in certain pathways were found to be missing in
C. cellulolyticum and, for these specific cases, we used C. thermocellum ATCC
27405 as the reference organism.
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The corresponding gene loci and enzymes for each pathway in C. termitidis,
C. cellobioparum, C. phytofermentans, C. cellulovorans, and C. papyrosolvens
were identified using different tools from the IMG-ER platform. These tools
included alignments against BLAST-P and RPS-BLAST using the conserved
domain database [64] from NCBI and Pfams [65] and IMG Terms [40]. Amino
acid sequences for each gene product were retrieved from the JGI genome portal
(http://genome.jgi-psf.org/ [45]) and the NCBI database (http://www.ncbi.nlm.nih.
gov/genomes). Confirmation of CDS features of C. termitidis was accomplished by
comparing with six cellulolytic Clostridium species — C. cellulolyticum HI0,
C. thermocellum ATCC 27405, C. phytofermentans 1SDg, C. cellulovorans 743B,
C. cellobioparum ATCC 15832, and C. papyrosolvens DSM 2782.

The functions of predicted genes were manually assessed using different data-
bases such as Clusters of Orthologous Groups (COG) [66], KEGG Orthology
(KO) assignments [67], and TIGRFAMs [68]. Clusters of Orthologous Groups
(COGs) analyses were conducted using “Abundance Profiles” tools from IMG,
which provide a comprehensive examination of the functional components of
genomes between strains. Genome clustering was done using cluster 3.0 analysis
software [69] within the IMG-ER platform using the COG profile for each selected
clostridial genome. In this analysis, genome sequences of cellulolytic mesophilic
(C. termitidis, C. cellulotylicum HI10, C. cellobioparum ATCC 15832,
C. cellulovorans 743B, C. phytofermentans 1SDg, C. papyrosolvens DSM 2782)
and thermophilic (C. thermocellum ATCC 27405) Clostridium species were used
for comparative analyses of core metabolic pathways. The corresponding protein
sequences for enzymes were retrieved from the KEGG, JGI/IMG, and NCBI
databases. Manual construction of metabolic pathways from the annotated
C. termitidis CT1112 genome was accomplished using pathways from the KEGG
database as a reference [70].

Genome sequence analysis of C. termitidis revealed the presence of all open
reading frame (ORFs) encoding proteins for all metabolic pathways, except pyru-
vate phosphate dikinase (PPDK) when compared with C. cellulolyticum genome.
However, a gene encoding PPDK was found in the C. termitidis genome when
C. thermocellum was used as the reference organism. The absence of PPDK in
C. termitidis with C. cellulolyticum was observed because of the sequence variation
in functional domain. Amino acid sequence of PPDK from C. termitidis showed
85% identity when compared with the C. thermocellum PPDK gene. Some genes
encoding phosphoenolpyruvate synthase, the y- and 8-subunits of pyruvate ferre-
doxin oxidoreductase and aldehyde dehydrogenase enzymes, were absent in the
C. cellulolyticum genome. In such cases, C. thermocellum was used as a reference
to search for these enzymes in other Clostridium species (Table 2).

3.1 Pyruvate Metabolism and End-Product Synthesis

For in silico comparative analysis, it is very important to select more than one
reference organism. The gene loci and sequences corresponding to each enzyme


http://genome.jgi-psf.org/
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obtained for each pathway were confirmed by the percent amino acids sequence
identity, higher score (better alignment), and lowest e-value (most significant hit).
In addition, the functionality of each enzyme was verified by conserved domain
analysis. Here, we mainly discuss the comparative analysis of genes encoding
proteins involved in pyruvate metabolism and end-product synthesis, xylose pro-
duction, and hydrogen (H,) production in seven cellulolytic Clostridium species.

Glucose is an important carbon source used by bacteria to synthesize a wide-range
of metabolic intermediates used in many biosynthetic reactions. During metabolism,
glucose can be stored as a polysaccharide, converted to sucrose, oxidized to pyruvate
via glycolysis, or oxidized to pentose sugars via the pentose phosphate pathway
(Fig. 4a—d). Pyruvic acid can be converted back to glucose via gluconeogenesis, or to
acetyl-CoA which is a branch-point precursor for many biosynthesis pathways.
Pyruvate can be converted to alanine or to citric acid in the presence of oxygen,
whereas it ferments to produce lactic acid using the enzyme lactate dehydrogenase
(CTER_2504) and NADH in the absence of oxygen. Alternatively, it is converted to
acetaldehyde and then to ethanol in alcoholic fermentation.

Carbon and electrons are distributed between catabolic, anabolic, and energy-
producing pathways in bacterial cells. In the glycolytic pathway, carbon and
electrons flow from phosphoenolpyruvate (PEP) to the various end-products via
different nodes, such as the Phosphoenolpyruvate/Oxaloacetate/Pyruvate node, the
Acetyl-CoA/Acetate/Ethanol node, and the Ferredoxin/NAD(P)H/Hydrogen node
[71, 72]. Several different enzymes involved in the conversion of intermediate
metabolites and the presence of corresponding genes which encode these proteins
in C. termitidis have been identified in the annotated genome (Fig. 3). Phospho-
enolpyruvate (PEP) is converted to pyruvate directly by pyruvate kinase (PPK) or
pyruvate phosphate dikinase (PPDK) (CTER_0809). PEP can also be converted to
pyruvate via the “malate shunt” [73] using phosphoenolpyruvate carboxykinase
(PEPCK; CTER_1146), malate dehydrogenase (MDH; CTER_0412), and malic
enzyme (MalE; CTER_0411) or via other reactions using PEPCK and oxaloacetate
decarboxylase (OAADC; CTER_0730). Conversion of pyruvate to lactate via
NADH-dependent lactate dehydrogenase diverts reducing equivalents away from
hydrogen and ethanol. The reducing equivalents NADH and reduced ferredoxin
(Fdr) are generated by the oxidative decarboxylation of pyruvate to acetyl-CoA via
pyruvate dehydrogenase (PDH) or pyruvate:ferreodoxin oxidoreductase (Pfor),
respectively. NADH and Fdr are oxidized to NAD" and oxidized ferredoxin
(Fdo) during hydrogen and ethanol synthesis. Another important enzyme in pyru-
vate catabolism is pyruvate formate lyase (PFL; CTER_0038), which converts
pyruvate to acetyl-CoA and producing formate during the process.

The presence or absence of these enzymes was determined through comparative
genomic analyses in C. cellulolyticum, C. cellobioparum, C. phytofermentans,
C. papyrosolvens, C. cellulovorans, and C. thermocellum (summarized in Table 2).
All genes associated with glycolytic pathways are observed in the C. termitidis
genome. Seven copies of cellobiose phosphorylase, two copies of glucose kinase,
three copies of 6-phosphofructokinase, and two copies of phosphoglycerate mutase
were identified in the C. termitidis genome, and the functional domains of these
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enzymes were confirmed by RPS-BLAST using the conserved domain database
(CDD) [65].

3.2 Hydrogen Synthesis

Hydrogen (H,) is an essential component in the metabolism of many microorgan-
isms. Clostridium species are the most widely studied microorganisms for fermen-
tative H, production [73-75]. Fermentative H, production is a process in which
reversible reduction of proton to dihydrogen is catalyzed by hydrogenases
[76, 77]. Hydrogenases have highly reactive and complex metallocenters and
synthesize H, more efficiently than nitrogenases [78, 79]. On the basis of the
metallocenter, hydrogenases are divided into three major classes: (1) [NiFe]
hydrogenases which contain Ni and Fe atoms; (2) [FeFe] hydrogenases, which
contain two Fe atoms bound to cysteine residues in their active sites; [FeFe]
hydrogenases may be dimeric, trimeric, or even tetrameric enzymes, and size
variations were observed because of the presence of additional domain accommo-
dating different number of FeS cluster [80]; and (3) [Fe] hydrogenases with one Fe
atom [81]. [FeFe] hydrogenases exist in multiple forms with different modular
structures and are mostly observed in the genus Clostridium, whereas [NiFe]
hydrogenases have been reported in many bacteria, archaea, and in a few Clostrid-
ium species. [Fe] hydrogenases are mainly reported in methanogenic archaea [82].

Sequences encoding [NiFe] and [FeFe] hydrogenases, which are homologous to
C. cellulolyticum hydrogenases, have been searched in the genome sequences of
seven cellulolytic Clostridium species. This analysis revealed the presence of a
small subunit of genes encoding a [NiFe] hydrogenase and Cytochrome b5 only in
C. cellulolyticum, C. papyrosolvens, and C. cellulovorans. The small subunit of
[NiFe] hydrogenases contains FeS clusters in their active sites, which transfers
electrons between the catalytic center of enzyme and the electron donors. The large
subunit of [NiFe] hydrogenases contains the Ni-Fe cluster in the active site. Genes
encoding the [NiFe] hydrogenase large subunit were observed in C. cellulolyticum,
C. termitidis, C. cellobioparum, C. cellulovorans, C. phytofermentans,
C. papyrosolvens, and C. thermocellum.

Cellulolytic Clostridium species were also investigated for Ech hydrogenases.
The complex Ech hydrogenases have six membrane-bound subunits, and the genes
encoding these subunits are organized into operons. Genes corresponding to these
membrane-bound subunits were found in six of seven Clostridium species investi-
gated and were absent in the genome of C. cellulovorans. Homologs of [FeFe]
hydrogenases were also investigated in the seven Clostridium species. Amino acid
sequences of hydrogenases from C. cellulolyticum showed highest percent identity
with C. papyrosolvens, C. termitidis, and C. cellobioparum [83]. The locus tags of
these predicted enzymes are included in Table 3.

This analysis showed that the genome of C. termitidis has all the hydrogenase
and pyruvate-ferredoxin oxidoreductase encoding genes responsible for H, synthe-
sis (Fig. 4c). Ramachandran et al. [22] reported that rate of H, synthesis by
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C. termitidis strain CT1112 was comparable to that of the cellulolytic bacterium
C. cellulolyticum. C. termitidis was observed to synthesize greater amounts of H,
than ethanol when cultured with either cellobiose or a-cellulose, even though the
rates of growth of C. termitidis with these substrates were vastly different.
C. termitidis grows faster using cellobiose (doubling-time of 6.5 h) than
a-cellulose (doubling-time of 18.9 h). Moreover, a metabolic shift from ethanol
to acetate and H, synthesis and a trend toward lower H,:CO, ratios were observed
when the pH dropped below 6.2 during fermentation.

3.3 Xylose Utilization

Many bacteria in the Phylum Firmicutes, including Clostridium species, are able to
utilize xylose as a carbon source. Depolymerization of xylan and xyloglucan, which
are major constituents of hemicellulose in plant cell walls, produces a- and
B-xylosides, respectively. These compounds are transported into the cell and
converted into p-xylose and then transformed to xylulose 5-phosphate. It has
already been reported that C. termitidis can utilize different types of simple and
complex carbohydrates such as cellulose, cellobiose, xylose, glucose, and mannose
and produces acetate, formate, ethanol, H,, and CO, during fermentation [21-23,
72]. Recently, Munir et al. [42] reported that C. termitidis is also able to grow well
on xylan polymers. A computational search, based on gene homology, was used to
determine the complete xylose degradation and pentose phosphate pathway in
C. termitidis (Fig. 3). This analysis showed that C. fermitidis contains most D-
xylose pathway genes.

In the xylose utilization pathway, the first reaction is the conversion of b-xylose
into D-xylulose by xylose isomerase (EC 5.3.1.5) (CTER_4329). In the second
reaction, phosphorylation of p-xylulose to p-xylulose 5-phosphate via xylulokinase
(EC 2.7.1.17) (CTER_4331) was observed as a key intermediate in the pentose
phosphate pathway [84]. b-Xylulose 5-phosphate is finally converted into p-ribose,
5-phospho-a-p-ribose 1-diphosphate, L-ribulose 5-phosphate, and o-D-ribose
1-phosphate via several steps. All locus tags belonging to these enzymes involved
in the xylose pathway are present in C. termitidis (Fig. 5).

Enzymes involved in glutamine synthesis were also screened and hits for almost
all the enzymes were found in C. termitidis (Fig. 6). Glutamine synthetase
(GS) (EC 6.3.1.2) is an enzyme that plays an important role in the metabolism of
nitrogen by catalyzing the condensation of glutamate and ammonia to form gluta-
mine. Glutamine synthetase uses ammonia produced by nitrate reduction, amino
acid degradation, and photorespiration [85] The amide group of glutamate is a
nitrogen source for the synthesis of glutamine pathway metabolites [86] (Fig. 6).



S. Lal and D.B. Levin

1,4-p-D-xylan 1,4- p-D-xylan synthase 2.4.2.24
1 No hits found

[ Xylan 1,4 p-xylosidase 3.2.1.3?]

CTER_1786, CTER_5358 UDP-D-xylose
* t
D-Xylose
UDP-glucose 6-dehydrogenase 4.1.1.35
No hits found
Xylose Isomerase 5.3.1.5 |
CTER_4319 UDP-glucuronate
D-Xylulose UDP-glucose 6-dehydrogenase 1.1.1.22
No hits found
D-xylulose kinase2.7.1.17 | ATF I
CTER_4331 ADP UDP-glucose
D-xylulose 5-phosphate
A
Ribulose-phosphate 3-epimerase 5.1.3.1 L-ribulose-5-phosphate 4-epi 5.1.34
CTER_4934 CTER_4413

¥ ]
D-Ribulose 5P L-Ribulose 5-phosphate

Ribose S-phosphate isomerase B 5.3.1.6
ADP '“;’ [ CTER_2022, CTER_2412, CTER_5053, CTER_5398 ]

LY
Ribokinase 2.7.1.15 l
: Phosphopentomutase 5.4.2.7
- CTER_0397, CTER_0571, CTER_0582 -] -
D Riblu21-[ - _ ! s J—) D-th‘i.se 5P CTER_4898, CTER_5442 ]—}a D-Ribose 1-phosphate

CTER_4225, CTER_4893

ATP
i 17.6.1

CTER_4017 AMP

[Rlbmv- o

S-Phnsphu-alphai-riboae 1-diphosphate
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4 Comparative Analysis of Whole Genome of Clostridium
Species

4.1 Comparative Synteny Dot Plot Analyses of Clostridial
Genomes

Comparative synteny dot plot analyses based on protein sequences were carried out
using C. termitidis and 8 cellulolytic Clostridium species (Fig. 7). In this analysis,
pairwise comparisons of the C. termitidis genome and each of the other genomes
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Fig.7 Comparative synteny dof plots between the C. termitidis genome and the genomes of other
Clostridium species. The synteny plots reveal orthologous relationships between C. termitidis and
six Clostridium species. (a) C. termitidis CT1112, DSM 5398 vs C. cellulolyticum H10. (b)
C. termitidis CT1112 vs C. cellulovorans 743B, ATCC 35296. (¢) C. termitidis CT1112 vs
C. cellobioparum ATCC 15832. (d) C. termitidis CT1112 vs C. phytofermentans 1SDg. (e)
C. termitidis CT1112 vs C. papyrosolvens C7. (f) C. termitidis CT1112 vs C. thermocellum
ATCC 27405. Comparison was based on amino acid sequences. The blue points in the dot plots
represent the regions of similarity found on parallel strands (fplot) and the red points represent the
regions of similarity found on antiparallel strands (rplot). The tooltip for each point shows which
plot it is and the coordinates and scaffolds of the alignment
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was accomplished using Mummer to generate dot plot diagrams [87]. The diagonal
line in Fig. 7 show the co-linearity of DNA strands. The blue points in the dot plots
represent the regions of similarity found on parallel strands and the red points
represent the regions of similarity found on antiparallel strands. On the basis of
genome arrangement, C. termitidis showed high synteny (co-linearity) with
C. cellobioparum and C. cellulolyticum, but displayed markedly different genome
organization from C. cellulovorans, C. papyrosolvens, C. phytofermentans, and
C. thermocellum.

4.2 Whole Genome Comparisons to Identify Orthologous
Genes

Genomes can be compared in terms of gene content using the ‘“Phylogenetic
Profiler” which allows one to identify genes in a query genome in terms of presence
or absence of homologs in other genomes. Whole genome comparisons were
conducted to find orthologous genes in 24 genomes of cellulolytic and
non-cellulolytic Clostridium species using the C. termitidis genome as the reference
organism. The analysis was based on the selection of “best gene homologs”
between the C. termitidis genome and other Clostridium species genomes at a
60-90% amino acid sequence identity level. Comparative analysis revealed the
highest number of orthologs was observed between C. termitidis and
C. cellobioparum. This observation was supported by phylogenetic analyses
based on 16S rRNA, cpn60, and COG functional profiles. No homologs (0) were
found with C. acetobutylicum ATCC 824 and C. cf. saccharolyticum K10 at 90%
identity level (Table 4).

4.3 Comparative Analysis of COGs in Eight Clostridium
Species

An analysis of Clusters of Orthologous Groups (COGs) was conducted using the
“Abundance Profiles” tools in IMG, which provide a comprehensive examination
of the functional components of genomes between strains. In other words, “Abun-
dance Profiles” are based on annotation profiles (e.g., COGs, Pfam, Enzyme EC
Numbers, and TIGRfams) to compare and contrast the genome content. In this
analysis, eight Clostridium species — C. termitidis CT1112, DSM 5398,
C. cellulolyticum HI10, C. thermocellum ATCC 27405, C. thermocellum 1Q8,
C. acetobutylicum ATCC 824, C. cellulovorans 7T43B, ATCC 35296,
C. papyrosolvens DSM 2782, and C. phytofermentans 1SDg — were used for
comparative COG matrix analysis. On the basis of this analysis, 2,362 common
COG families were identified in the genomes of the 8 Clostridium species. Some
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Table 4 Pairwise whole genome comparison for “best” homologs in cellulolytic and
non-cellulolytic Clostridium species

Reference Genome identity (%)
genome (Cter') |0+ |70+ | 80+ 90+
Cellulolytic and non-cellulolytic Vs query
Clostridium species genome Number of homologs
Clostridium cellobioparum Cter-Ccellobio | 4,317 4,268 4,228 4,138
ATCC 15832
C. papyrosolvens DSM 2782 Cter-Cpap 1,947 1,449 791 190
Clostridium species BNL1100 Cter-Clo1100 1,944 1,474 812 218
C. josui JCM 17888 Cter-Cjos 1,830 1,400 781 214
C. cellulolyticum H10 Cter-Ccel 1,775 1,342 739 165
C. cellulosi CS-4-4 Cter- 849 306 48 1
CcelCS-4-4
C. clariflavum EBR 45, DSM Cter-Cclari 824 441 128 8
19732
C. thermocellum ATCC 27405 Cter-Cthe 775 417 137 6
C. thermocellum LQ8, DSM Cter-Cthe1313 773 415 137 6
1313
C. alkalicellulosi Z-7026, DSM Cter-Calkali 747 360 111 11
17461
C. stercorarium stercorarium Cter-Cster 512 207 36 2
DSM 8532
C. cellulovorans 743B, ATCC Cter-Ccel743B 364 113 19 1
35296
C. phytofermentans 1SDg Cter-Cphy 325 107 26 1
C. saccharolyticum WM1, DSM Cter-CsacWM1 300 79 15 1
2544
C. saccharoperbutylacetonicum Cter-CsacN1 448 136 21 2
N1-4(HMT)
C. pasteurianum BC1 Cter-Cpast 386 132 19 1
C. intestinale URNW Cter-Cinte 371 139 21 2
C. kluyveri DSM 555 Cter-Cklu 352 109 17 1
C. carboxidivorans P7, DSM Cter-Ccarboxi 341 106 18 2
15243
C. ljungdahlii PETC, DSM Cter-Cljung 320 97 19 2
13528
C. saccharobutylicum DSM Cter-Csac13864 318 100 16 2
13864
C. acetobutylicum ATCC 824 Cter-Cace 315 95 16 0
C. autoethanogenum DSM Cter-Cauto 312 98 18 2
10061
C. cf. saccharolyticum K10 Cter-CsacK10 179 46 9 0

iCter, C. termitidis
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Fig. 8 Phylogenetic tree based on annotated COG functional profiles for 25 sequenced cellulo-
lytic and non-cellulolytic Clostridium species genomes. Clustering is based on Cluster 3.0 analysis
software [70], and was performed within the IMG-ER platform using the COG profile for each of
the genome. Branch lengths correspond to calculated distances between functional profiles. The
tree was generated using the Archaeopteryx applet on IMG platform

COGs were present in all species, some were present in more than one copy in some
genomes, and some were absent in one or more genomes. Out of 2,362 COG
families, 694 COG families were absent in the C. termitidis genome. C. termitidis
genome showed 3,392 protein coding genes with COG families, which was greater
than all other Clostridium species (Ccel-2036; Cthe27405-1892; Cthe1313-1814;
Clocel-2514; Cphy-2497, and Cac-2648).

An analysis of hierarchical clustering based upon COGs was conducted with the
genomes of 25 cellulolytic and non-cellulolytic Clostridium species to determine
whether similar functional profiles among the species could be identified. This
analysis revealed four distinct Clades within the genus. Clades 1, 3, and 4 contained
the cellulolytic Clostridium species, whereas Clade 2 contained non-cellulolytic
solventogenic Clostridium species (Fig. 8).
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5 Conclusions

Although the genus Clostridium contains a large number of species with seeming
great genetic variation and metabolic capabilities, comparative genomic analyses
enabled rapid visualization of the evolutionary relationships among cellulolytic and
non-cellulolytic species. Phylogenetic analyses of 16S rRNA and cpn60 genes have
suggested a close evolutionary relationship between C. termitidis and
C. cellobioparum. This observation was supported by whole genome comparisons.
Genome analyses also revealed that C. termitidis has the largest genome (6.42 Mb)
[23] of all the cellulolytic Clostridium species studied and its genome encodes all
enzymes required for pyruvate metabolism and catabolism, xylose utilization,
ethanol synthesis, and hydrogen synthesis. Our comparative genomic analyses
identified homologs of [NiFe] and [FeFe] hydrogenases in seven cellulolytic
Clostridium species.

Genomic analyses further determined that the C. termitidis genome encodes the
greatest number of carbohydrate active enzymes (CAZymes) in comparison to
other cellulolytic Clostridium species. These CAZymes have the potential ability
to degrade a wide variety of complex and simple carbohydrates, such as cellulose,
hemicellulose, starch, chitin, fructans, pectin, glucose, cellobiose, and xylose, thus
making C. termitidis an attractive microorganism for biofuel production through
CBP [42]. Although many of these CAZymes have homologs in other bacteria, a
multidomain GHS protein, Cter_2817, seems to be unique to C. termitidis because
BLAST searches did not give any hits in other Clostridium species with this protein.
This protein has a modular structure CBM66-CBM66-CBM66-GHS5_distGH43-
CBM35-CBM66-GH43-SLH-SLH-SLH and would be putatively bound to the
cell via the SLH domains. In addition to the non-cellulosomal enzymes,
C. termitidis has been shown to harbor the genes and express the products of
cellulosomal components and CAZymes, suggesting cellulosome assembly
[42, 88]. In conclusion, computational approaches and comparative genomic ana-
lyses can facilitate deep insight into the genetic basis of metabolic pathways
involved in synthesis of various useful products by cellulolytic and
non-cellulolytic biofuel and solvent producing Clostridium species. Searching
pathways using in silico approaches generates valuable information concerning
the presence or absence of the genes involved in particular pathways in a much
shorter time. On the basis of this information, we can divert or delete the particular
pathway to manipulate or engineer any organisms to enhance the production of
various bioproducts.
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