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The plant cell wall, which consists of a highly complex array of interconnecting polysaccharides, is the most
abundant source of organic carbon in the biosphere. Microorganisms that degrade the plant cell wall synthe-
size an extensive portfolio of hydrolytic enzymes that display highly complex molecular architectures. To
unravel the intricate repertoire of plant cell wall-degrading enzymes synthesized by the saprophytic soil
bacterium Cellvibrio japonicus, we sequenced and analyzed its genome, which predicts that the bacterium
contains the complete repertoire of enzymes required to degrade plant cell wall and storage polysaccharides.
Approximately one-third of these putative proteins (57) are predicted to contain carbohydrate binding modules
derived from 13 of the 49 known families. Sequence analysis reveals approximately 130 predicted glycoside
hydrolases that target the major structural and storage plant polysaccharides. In common with that of the
colonic prokaryote Bacteroides thetaiotaomicron, the genome of C. japonicus is predicted to encode a large
number of GH43 enzymes, suggesting that the extensive arabinose decorations appended to pectins and xylans
may represent a major nutrient source, not just for intestinal bacteria but also for microorganisms that occupy
terrestrial ecosystems. The results presented here predict that C. japonicus possesses an extensive range of
glycoside hydrolases, lyases, and esterases. Most importantly, the genome of C. japonicus is remarkably similar
to that of the gram-negative marine bacterium, Saccharophagus degradans 2-40". Approximately 50% of the
predicted C. japonicus plant-degradative apparatus appears to be shared with S. degradans, consistent with the

utilization of plant-derived complex carbohydrates as a major substrate by both organisms.

An estimated 10" tons of plant cell wall material is recycled
annually, making this composite structure the most abundant
source of organic carbon in the biosphere (11). Sugars released
from the degradative process represent important nutrients for
microorganisms, plants, and herbivores. Currently, microbial
enzymes that attack plant cell walls are widely used in the
biotechnology sector for the production of detergents, paper,
textiles, and animal and human foods. However, the most
important application of these biocatalysts is in the production
of renewable biofuels (3, 28, 43).

The complex chemical structure of the plant cell wall, as well as
the extensive interactions between polysaccharides, presents a
significant challenge to microorganisms, as it greatly restricts en-
zymatic attack. As a result, the microbial species that rely on the
plant cell wall as a growth substrate produce an extensive reper-

* Corresponding author. Mailing address: J. Craig Venter Institute,
9712 Medical Center Drive, Rockville, MD 20850. Phone: (301) 795-
7980. Fax: (301) 838-0208. E-mail: rdeboy@jcvi.org.

+ Supplemental material for this article may be found at http://jb
.asm.org/.

1 These authors contributed equally to this work.

1 Present address: University of California, Berkeley, Department of
Earth and Planetary Science, 307 McCone Hall, Berkeley, CA 94720-
4767.

§ Present address: Institute of Food Research, Norwich Research
Park, Colney, Norwich, NR4 7UA, United Kingdom.

¥ Published ahead of print on 13 June 2008.

5455

toire of glycoside hydrolases, lyases, and esterases to target the
numerous linkages that are present in this composite structure
(see references 40 and 43 for reviews). These enzymes often
contain noncatalytic carbohydrate binding modules (CBMs)
which, by bringing the appended catalytic module into intimate
contact with its substrate, reduce the “accessibility problem” (6).
In contrast to fungal plant cell wall-degrading hydrolases, which
generally contain a single CBM, the corresponding bacterial en-
zymes often contain multiple CBMs belonging to the same or
different families. Of the 49 CBM families identified to date, 47
contain bacterial proteins (http:/afmb.cnrs-mrs.fr/CAZY/). The
screening of gene libraries has provided insight into the portfolio
of microbial plant cell wall hydrolases, but the current data are
still fragmentary as they rely upon the expression of these en-
zymes in a heterologous host and an appropriate screen to iden-
tify clones displaying the appropriate hydrolytic activity. There-
fore, genome sequencing and comparative analyses present a
unique opportunity to obtain a complete picture of the microbial
plant cell wall-degrading apparatus.

The terrestrial saprophytic bacterium Cellvibrio japonicus was
first isolated from a Japanese soil in 1952 (41) and named
“Pseudomonas fluorescens subsp. cellulosa.” Recent studies, how-
ever, demonstrated that C. japonicus is not a member of the genus
Pseudomonas but is closely related to Cellvibrio mixtus, and hence
the bacterium was renamed (31). C. japonicus has been experi-
mentally shown to degrade all of the major plant cell wall poly-
saccharides, including crystalline cellulose, mannan, and xylan (7,
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FIG. 1. Phylogenetic analysis and summary of BLAST results. (A) Consensus maximum-likelihood tree using 12 concatenated protein data sets.
The numbers along the branches denote the percent occurrence of nodes among 100 bootstrap replicates. The scale bar represents the number
of amino acid substitutions. (B) Distribution of protein percent similarities for the top 25 matching organisms in BLAST searches of the predicted
C. japonicus proteome against a database of 382 completely sequenced bacterial genomes.

22, 23, 25, 26), and is a able to grow on media in which these
polysaccharides are the sole carbon and energy source. Unlike the
case for anaerobic plant cell wall-degrading organisms, exempli-
fied by Clostridium thermocellum, the C. japonicus enzymes that
target polysaccharides, which are integral to the plant cell wall,
are fully secreted into the culture media and do not assemble into
large multienzyme cellulosome-like complexes (7, 22, 23, 26).
Since the first cellulase genes from C. japonicus were cloned ~20
years (22) ago, numerous plant cell wall-degrading glycoside hy-
drolases, esterases, and lyases have been biochemically character-
ized (for a review, see reference 25). Furthermore, a genetic
system has recently been developed (2), and thus C. japonicus
represents an excellent system for studying the mechanism of
plant cell wall degradation in a gram-negative, noncellulosomic
saprophyte. We report in this communication the genome se-
quence of C. japonicus, which reveals a remarkable similarity
between the plant cell wall-degrading apparatus of C. japonicus
and that of the marine bacterium Saccharophagus degradans (38).
Interestingly enough, the uniqueness of S. degradans comes from
an ability to degrade many complex polysaccharides from algal,
plant, and invertebrate sources, and this organism presented the
first functional system from a marine bacterium (38). The genome
sequences of the two organisms provide insight into the selection
pressures imposed by marine and terrestrial ecosystems on the
plant cell wall-degrading apparatus of prokaryotes.

MATERIALS AND METHODS

G q ing, bly, and gap closure. C. japonicus sp. nov. strain
UedalO7 was obtained from the National Collections of Industrial, Marine and

Food Bacteria (www.ncimb.co.uk/index.php; accession number 10462) and was cul-

tured at 37°C to mid-log phase in minimal medium (M9 salts) containing 0.2% wheat
arabinoxylan. Genomic DNA was purified using the Qiagen Genomic-tip 100/G kit,
and cloning, sequencing, and genome assembly were performed as described previ-
ously (21). Two plasmid libraries containing small (2- to 3-kb) and medium (8- to
10-kb) inserts were generated, and ~8-fold sequence coverage was achieved from
both libraries. All sequencing and physical gaps were closed by editing the ends of
sequence traces, primer walking or transposon-primed sequencing on plasmid
clones, and combinatorial PCR followed by sequencing of the PCR products.

ORF prediction and annotation. A set of open reading frames (ORFs) likely to
encode proteins was identified by GLIMMER, and those shorter than 30 codons
were eliminated. All ORFs were searched against a nonredundant protein database
and annotated using two sets of hidden Markov models (HMMs): 7,459 HMMs
from PFAM version 14.0 (www.sanger.ac.uk/Software/Pfam/index.shtml) and 2,250
HMMs from the TIGR ortholog resource version 4.0 (www.tigr.org/TIGRFAMs
/index.shtml). Membrane-spanning regions were predicted with TMHMM, and sig-
nal peptides were predicted with SignalP. ORFs thought to be involved in plant cell
wall degradation and CBM-containing ORFs were annotated manually. ORFs that
overlapped were inspected visually and, in some cases, removed.

Phylogenetic analysis. Concatenated protein maximum-likelihood trees were
generated as described previously (21), with the following protein markers:
initiation factor 2 (InfB); ribosomal proteins L2 (RpIB), S5 (RpsE), S8 (RpsH),
and S11 (RpsK); DNA topoisomerase I (TopA); signal recognition particle
protein (Ffh); DNA gyrase B subunit (GyrB); GTP binding protein LepA; CTP
synthase (PyrG); DNA recombinase A (RecA); and DNA-directed RNA poly-
merase B chain (RpoB). RecA and RpoB were substituted for elongation factors
G (FusA) and Tu (Tuf), which were in multiple copies in C. japonicus. The
protein markers were chosen because they are conserved across bacterial taxa (9,
15, 36) and produce monophyletic domains similar to rRNA trees (9, 15). The
organisms were chosen based on top BLAST matches and their positions on 16S
rRNA trees (data not shown). The concatenated protein trees contained se-
quences from completely sequenced genomes and were rooted to the gamma-
proteobacterium Thiomicrospira crunogena strain XCL-2 sequences (Fig. 1).
Bootstrapped data sets were generated using the SEQBOOT program, and
consensus trees were determined using CONSENSE. The final trees with pre-
served branch lengths were computed using DNAML and PROML (21).
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FIG. 2. Whole-genome comparison of C. japonicus (A) and three related organisms (B to D). The Venn diagram shows the number of proteins shared
(black) or unique (red) within a particular relationship. The large pie chart plots the number of gene sequences by main functional role category for C. japonicus.
The small pie chart plots the distribution of predicted hydrolytic enzymes that target the plant cell wall and are shared by C. japonicus and S. degradans.

Comparative genomics. All predicted proteins from the C. japonicus genome
were compared using BLAST to those from all other completed genomes (http:
//emr.tigr.org/tigr-scripts/ CMR/CmrHomePage.cgi). Significant BLAST matches
were scored for each ORF using cutoffs of 10~ for the P value and 70% for the
length of the alignment compared to both query and database proteins. ORFs
with a top match to another C. japonicus protein rather than to a protein in
another species were collected as recent duplication candidates; transposases
were excluded from this list. The Venn diagram in Fig. 2 was constructed as
previously described (21), except that local synteny (=5 ORFs) was examined
prior to bidirectional best matches.

Nucleotide sequence accession number. The nucleotide sequence of the whole
genome of C. japonicus was submitted to GenBank under accession number
c_japonicus_305 CP000934.

RESULTS

Main genomic features of C. japonicus. The genome of C.
Jjaponicus is a single circular chromosome of 4,576,573 bp with
an average G+C content of 52%. A total of 3,790 proteins
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were predicted in the genome, and a function could be as-
signed for 2,485 proteins (65.57%) (see Table S1 in the sup-
plemental material). In addition to novel insertion sequence
(IS) elements in the chromosome, we identified a 36-kb Tn3-
related element (transposase CJA_1851/CJA_1852 and cointe-
grate resolution proteins CJA_1822 and CJA_1849) that likely
confers resistance to heavy metals. A single copy of a transpo-
son, Tn7-Cj, was found downstream of glmS similar, to Esch-
erichia coli Tn7 (12). This ~20 kb element encodes five pro-
teins similar to the Tn7 transposition proteins TnsABCDE
(CJA_3801 to CJA_3797). In addition, there are at least eight
nontransposition genes, three of which potentially encode en-
zymes involved in purine metabolism (CJA_3790 to
CJA_3787) and another similar to a helicase (CJA_3794).
Tn7-Cj carries two insertions of an IS element, ISCjal, so that
Tn7-Cj might be the originating source of the other three
copies of ISCjal in the chromosome. At both ends of Tn7-Cj
there are three 20-bp repeats that likely bind transposase and
3’-terminal nucleotides (ACA) that resemble those of Tn7.

The genome of C. japonicus contains a single 4.7-kb array of
clustered regularly interspaced short palindromic repeats
(CRISPRs). CRISPRs are a newly identified class of repeats
and consist of repeat elements interspersed with a unique
sequence (the spacers) of approximately the same length.
CRISPR elements are associated with a group of putative
protein-encoding genes (CRISPR-associated sequences [cas
genes]) and have been found in the genomes of a broad range
of microbial species. The C. japonicus CRISPR array carries 72
spacer sequences, which range in length from 33 to 36 bp. It
has previously been shown in a different bacterial system that
CRISPR spacer sequences derive from phage genomic DNA
and that they are added after viral challenge (1). The presence
of the spacer sequences in the host genome provides immunity
against infection by the phages from which the spacer se-
quences are derived. Thus, the CRISPR locus in C. japonicus
may protect against phage attack. Indeed, no prophage could
be detected in the C. japonicus genome using the Phage
Finder program (20). One such phage that C. japonicus might
have encountered previously is bacteriophage PA73 (Pseudo-
monas phage 73) or a close relative, because 2 of the 72
CRISPR spacer sequences in C. japonicus match different re-
gions of PA73 (accession number DQ163913.1). One spacer
(AATGTTAACAGAACAACAAGTATCGCATTGTTCG)
matches 33 of 34 bp between positions 30288 and 30321 of
PA73. The second spacer (ATGCGATTATCGGCAAAGCG
ACCGAAGCGGGCGAA) matches 34 of 35 bp between po-
sitions 32805 and 32771 of PA73. The other 70 of the 72
spacers did not have any match in the NCBI BLAST databases.
This suggests that a significant cache of horizontally trans-
ferred genetic elements, which C. japonicus has encountered
previously, awaits isolation and study.

C. japonicus was previously described as having a flagellum
and being motile (31). Two of the three major flagellar operons
that are present in the E. coli genome could be found in the C.
japonicus genome (33). Specifically, operons I and IIIb have
synteny with the E. coli system, while operons II and I11a differ
in gene content and order from E. coli. The genome also
encodes two type IV pili, which have been shown to be in-
volved in twitching motility as well as adherence to plant cells
(14). One of these type IV pili (CJA_2401-CJA_2385) displays
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similarity to the mannose-sensitive hemagglutinin pilus from
Pseudoalteromonas tunicata, an antifouling marine bacterium
(30), which mediates attachment to the cellulose-containing
surface of the green alga Ulva australis (13, 37). C. japonicus is
also predicted to produce a type I fimbria (CJA_1284-
CJA_1290) (39). Despite the presence of three different pili,
no filamentous phage region could be identified in the genome.

Comparative genomics. Phylogenetic and genome-wide
analyses agree with the conclusions of recent studies that re-
sulted in the movement of C. japonicus from its original clas-
sification as a pseudomonad, P. fluorescens subsp. cellulosa.
Fewer than 13% of the C. japonicus genes have a top BLASTP
match to predicted proteins from the genomes of P. aeruginosa,
P. fluorescens (Pf-5, PfO-1), P. putida, P. entomophila, or P.
syringae (1448A, B728a, and DC3000). By contrast, 35% of the
C. japonicus genes have a top BLASTP match with predicted
proteins from the genome of the gram-negative bacterium S.
degradans 2-407. As mentioned previously, S. degradans was
originally isolated from decaying salt marsh cord grass (16) and
is closely related to the marine bacterial genera Microbulbifer
and Teridinibacter spp. The organisms belonging to these three
genera have the ability to degrade complex marine carbohy-
drates. The high degree of overlap between the C. japonicus
and S. degradans genomes is also evident in a graph of all
significant BLAST matches of predicted C. japonicus proteins
(Fig. 1): over 54% of the C. japonicus predicted proteome
displays similarity to S. degradans, whereas the next closest
organism has less than 49% overlap.

These results are also supported by phylogenetic analyses
using a subset of 12 putative proteins from the genomes of C.
japonicus and eight other completely sequenced gammapro-
teobacteria. A maximum-likelihood tree built from a concate-
nated alignment of these 12 predicted proteins shows that C.
japonicus and S. degradans are more closely related to each
other than they are to other species in the tree (Fig. 1). The 12
proteins used in the tree were carefully chosen and have been
shown to be stable phylogenetic markers (see Materials and
Methods). However, it is surprising that C. japonicus appears
to be more closely related to S. degradans than to P. aeruginosa,
since S. degradans and Pseudoalteromonas haloplanktis belong
to the order Alteromonadales, and C. japonicus and P. aerugi-
nosa belong to the order Pseudomonadales. Also, this finding
of relatedness is limited by the number of completely se-
quenced genomes available at the time of this study. Ideally, a
more robust phylogenetic analysis would include other rela-
tives of C. japonicus and S. degradans. The genomes which have
not yet been sequenced, but might be included in the future,
are known members of the genus Teredinibacter, the genus
Microbulbifer, and other members of the genus Cellvibrio. Re-
gardless of this shortcoming, the current maximum-likelihood
tree of 12 proteins and the graph of all significant BLAST
matches both show that there are many genome features that
are similar in C. japonicus and S. degradans.

The C. japonicus genes displaying a top match to S. degrad-
ans have diverse functions and are predicted to be in diverse
role categories. Of the putative plant-degradative C. japonicus
enzymes, approximately 50% (n = 74) display closest similarity
to predicted proteins from S. degradans, and 59 of these are
shared exclusively with S. degradans (Fig. 2). This is consistent
with the utilization of plant-derived complex carbohydrates as
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a major growth substrate by both organisms (7, 22, 23, 26, 38)
and the retention of this hydrolytic apparatus by both species
during the course of evolution. The other 50% (n = 77) of
these predicted degradative enzymes are found among the
1,619 “unique” proteins that are predicted in the C. japonicus
genome and absent from the other three related organisms
(Fig. 2). At least 19 of these “unique” putative enzymes have a
top match with another C. japonicus potential protein rather
than a protein from another species and likely represent re-
cently duplicated genes in C. japonicus. Thus, the majority of
the hydrolytic enzymes in C. japonicus either are shared with S.
degradans or have arisen by apparent gene duplication/expan-
sion events since C. japonicus and S. degradans diverged from
a common ancestor. Alternatively, the genes encoding these 19
“unique” enzymes might have been lost from the S. degradans
lineage after the split from a common ancestor.

The plant cell wall-degrading apparatus of C. japonicus.
Consistent with its ability to degrade an extensive range of
plant structural polysaccharides (25), C. japonicus possesses
123 glycoside hydrolases, 14 carbohydrate lyases, and 17 CBM-
containing proteins with no known catalytic module (Fig. 3; see
Table S2 in the supplemental material). In general, the genes
encoding these enzymes are not clustered, although exceptions
to this rule include the following loci; note that the names of
the genes and enzymes indicate their activity and CAZy family
(e.g., cellulases [Cel], mannanases [Man], arabinofuranosidase
[Abf], and xylanase [Xyn]). One cluster encodes genes for
an exo-1,4-B mannosidase, Man5D, and an «-galactosidase,
Aga27A, (24), which remove terminal mannose residues from
the mannan backbone and galactose side chains, respectively.
Thus, genes encoding enzymes that remove the terminal sugars
from galactomannan are tightly linked. Indeed, this cluster is
identical in arrangement to a genetic locus found in the related
bacterium Cellvibrio mixtus (10). The cluster also encodes an
epimerase which in C. mixtus has been shown to convert man-
nose into glucose, thus providing a mechanism for the integra-
tion of mannose into the metabolic pathways of Cellvibrio (10).
There is also a cluster of genes encoding Abf62A, Xyn10B, and
two esterases, FaelA and FaelB, all of which have similar (or
identical in Abf62A, Xyn10B, and FaelA [19, 32]) N-terminal
regions containing a CBM2 and a CBM35, which catalyze the
degradation of xylan. An endo-B-galactosidase, Ebg98A, which
also has an N-terminal CBM2 and a C-terminal CBM35, is also
closely linked to this locus. The expansion of CBM2 and
CBM35 in these enzymes appears to be an example of gene
duplication in C. japonicus. Other examples of clusters (genes
within 0.4 Mb of each other) include man26A, which is near
abf51, a general-acting arabinofuranosidase (2); man5A4, which
is physically linked to cael, cel5A (esterase genes), and a pu-
tative transcriptional regulator; and man5B, which is part of a
large cluster containing man26B, cel74, cel6A, cel9A, and
cbp2F.

All but 28 of these proteins contain N-terminal signal pep-
tides and are therefore extracytoplasmic. The catalytic mod-
ules of the C. japonicus glycoside hydrolases belong to 31
different families, with the largest families being GHS, GH13,
and GH43 (15, 17, and 14 enzymes, respectively) (see Table S2
in the supplemental material). GHS contains an extensive rep-
ertoire of endo-acting enzymes that hydrolyze plant structural
polysaccharides, which is consistent with the observation that

GENOME SEQUENCE OF CELLVIBRIO JAPONICUS 5459

C. japonicus can target these polymers as major nutrients (7,
22, 23, 26). GH13 comprises starch-degrading enzymes, and
this storage polymer likely represents an important carbon and
energy source for the bacterium. GH43 enzymes generally
display specificity for arabinose-containing substrates, which
are particularly prevalent in the side chains appended to the
rhamnogalacturonan backbone of pectins. These gene expan-
sions reflect the capacity of these organisms to utilize starch
and the complex array of arabinose-based side chains of pectin
as important nutrients.

The complete hydrolysis of cellulose requires endoglu-
canases, which are believed to target noncrystalline regions of
the polysaccharide, and exo-acting cellobiohydrolases that at-
tack the crystalline structures (40, 43). These enzymes progres-
sively release the disaccharide cellobiose from the reducing
(GH7 and GH48) and nonreducing (GH6) ends of the B-glu-
can chains, which are then hydrolyzed to glucose by B-gluco-
sidases. The C. japonicus genome encodes 12 endoglucanases
and 4 B-glucosidases but only a single cellobiohydrolase
(CJA_2473), located in GH6 (see Table S2 in the supplemental
material). As a result, this bacterium lacks a “reducing-end”
cellobiohydrolase, which is considered an important compo-
nent of fungal (GH7) and clostridial (GH48) cellulose-degra-
dative systems.

The extensive portfolio of C. japonicus enzymes that degrade
noncellulosic plant structural polysaccharides includes numer-
ous biocatalysts that can attack the backbone and side chains of
the hemicellulose polysaccharides. These include four GH10
and two GH11 xylanases along with five GHS and three GH26
mannanases (see Table S2 in the supplemental material). The
bacterium also contains an extensive array of enzymes that
hydrolyze pectins which, in addition to GH43 hydrolases, in-
cludes an extensive range of pectate lyases and carbohydrate
esterases.

Complement of C. japonicus CBMs. Many of the C. japonicus
enzymes that attack the major plant structural polysaccharides
contain CBMs that increase catalytic activity by reducing the
“substrate accessibility problem” (5). C. japonicus possesses 57
proteins, primarily glycoside hydrolases, that contain a total of
66 CBMs derived from 13 different families (families 2, 4, 5, 6,
10, 13, 15, 26, 32, 33, 35, 41, and X14), with many enzymes
containing two CBMs (see Fig. S1 and S2 in the supplemental
material). The variation in the portfolio of CBMs appended to
these hydrolytic enzymes may affect the carbohydrate targeting
of these biocatalysts and thus influence their substrate speci-
ficity. For example, in the two xylanase families, GH10 and
GH11, the catalytic modules are appended to a range of dif-
ferent CBMs that target crystalline cellulose (CBM10 and
CBM2) and xylan (CBM15, CBMX14, and CBM35). The com-
plexity of CBM combinations in these enzymes is consistent
with recent studies that show that the specificity of crystalline
cellulose and xylan binding CBMs in vivo is influenced by the
context of their target ligands within the plant cell wall (4, 34).
To summarize, a key feature of the architecture of the C.
Jjaponicus hydrolases, which degrade polysaccharides that are
integral components of the plant cell wall, is that they are
tethered to these composite structures by a crystalline cellulose
binding CBM and are then directed to their specific substrate
by a second CBM which binds to the target polysaccharide. As
this is one of the few reports on the genome of an aerobic
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FIG. 3. The plant cell wall-degrading apparatus of C. japonicus. The major enzymes that attack the plant cell wall and their sites of action are
depicted with arrows. The values in parentheses refer to the predicted number of members that were identified for the corresponding enzyme

family in the C. japonicus genome.
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plant cell wall-degrading saprophytic bacterium, it is unclear
whether the molecular architecture of the C. japonicus en-
zymes represents a generic model for the plant cell wall-de-
grading apparatuses of other aerobic prokaryotes. It is clear,
however, that the molecular organization of the bacterium’s
hydrolases is more complex than that of the corresponding
aerobic fungal enzymes, which generally contain only a sin-
gle CBM.

Although CBMs enable catalytic activity by bringing the
cognate enzyme into close contact with its insoluble substrate,
a noncatalytic protein containing a CBM33 was shown to dis-
rupt the crystalline structure of chitin, greatly enhancing the
activity of chitinases against this recalcitrant substrate (42).
Thus, the C. japonicus CBM33 (CJA_3139) and CBM33-
CBMS (CJA_2191) proteins may also disrupt crystalline chitin
and therefore potentiate the action of the bacterium’s chiti-
nases. One or more of the other CBMs that are not appended
to known catalytic entities may also play a role in the degra-
dative process by disrupting crystalline polysaccharides such as
cellulose.

Cellular location of the plant cell wall-degrading apparatus.
As expected, all the predicted plant cell wall-degrading en-
zymes contain signal peptides and are thus extracytoplasmic.
The signal peptides on the CBM-containing enzymes are gen-
erally cleaved by type I signal peptidases and are likely secreted
into the extracellular milieu by a type II secretion system
(CJA_3333-CJA_3323), similar to the secretion of pectate
lyases by the plant pathogen Erwinia chrysanthemi (27). While
it is possible that some of these proteins may interact with the
cell membrane through hydrophobic and/or ionic interactions,
where analyzed in vivo, the majority of the CBM-containing
enzymes appear to be present in the culture medium and thus
do not associate with the outer envelope of C. japonicus (7, 17,
22, 23, 26). Interestingly, ~33% of the exported C. japonicus
plant cell wall-degrading enzymes contain signal peptides that
are cleaved by type II signal peptidases and are predicted to be
lipoproteins. The cellular location of these extracytoplasmic
enzymes is consistent with a survival strategy for C. japonicus
that maximizes its capacity to utilize the nutrients released
from the plant cell wall. This is exemplified by the bacterium’s
hemicellulose-degrading systems. The two GHI10 and two
GH11 xylanases and three GHS endo-acting mannanases (see
Table S2 in the supplemental material), which contain CBMs
that target crystalline polysaccharides (6), are secreted into the
culture medium and release soluble polysaccharides and
oligosaccharides. These small polymers are then hydrolyzed by
enzymes on the bacterial cell surface that target small saccha-
ride polymers (29, 35) to generate mono- and disaccharides.
This model of temporal and spatial regulation has been shown
for enzymes that catalyze mannan and xylan degradation in C.
japonicus (17) and for cellulose degradation in S. degradans
(38).

In addition to the Sec secretion system to translocate pro-
teins across the inner/outer membranes, C. japonicus encodes
the Sec-independent twin-arginine translocation “TAT” secre-
tion system: tatA (CJA_0743), tatB (CJA_0742, CJA_0489),
and ratC (CJA_0741, CJA_0488). At least two cell wall-degrad-
ing enzymes were predicted to encode a TAT export signal in
addition to the Sec export signal: polygalacturonase (pga28A)
(CJA_0172) and endo-1,4-beta-xylanase (xynl0D) (CJA_2888).
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Except for the flagellar system, no other type III secretion system
components were found. There were three putative type I secre-
tion systems identified, typified by the presence of adjacent inner
membrane and membrane fusion protein pairs (CJA_1515/
CJA_1516, CJA_1393/CJA_1394, and CJA_3604/CJA_3605).
There were no type V or type VI secretion systems found.

DISCUSSION

Plant cell wall material is the most abundant source of or-
ganic carbon in the biosphere, and its enzymatic degradation
represents an important source of nutrients for microorgan-
isms, plants, and herbivores. Plant cell wall-degrading enzymes
are widely used in the biotechnology sector for the production
of detergents, paper, textiles, and animal and human foods, as
well as for the production of renewable biofuels. Therefore,
the discovery of new and more efficient plant cell wall-degrad-
ing enzymes can potentially have numerous and important
biotechnology applications.

Because of its complex chemical structure, enzymatic attack
of the plant cell wall presents a significant challenge, and mi-
croorganisms usually rely on an extensive repertoire of en-
zymes to efficiently degrade complex plant cell wall materials.
In order to obtain a complete picture of the plant cell wall-
degrading apparatus, we completely sequenced, annotated,
and analyzed the genome of one of the most efficient plant cell
wall degraders, C. japonicus. The results presented here show
that the genome of C. japonicus is remarkably similar to that of
the gram-negative marine bacterium S. degradans 2-40T. Both
C. japonicus and S. degradans produce a repertoire of glycoside
hydrolases, lyases, and esterases that can degrade cellulose,
xylan, mannan, chitin, pectin, starch, and laminarin, with GH13
and GH43 being two of the largest enzyme families.

The large number of GH43 glycoside hydrolases is an in-
triguing characteristic of C. japonicus (n = 14), a feature
shared with the colonic bacterium Bacteroides thetaiotaomicron
(n = 33) (44), as well as S. degradans (n = 13) and some
aerobic fungi, including Aspergillus. B. thetaiotaomicron utilizes
complex carbohydrates as major nutrients. However, rather
than attacking the internal regions of integral plant structural
polysaccharides (such as cellulose and hemicellulose), the vast
majority of glycoside hydrolases are predicted to be exo-acting,
e.g., removing monosaccharides from the complex glycans pre-
sented on the surface of mammalian cells and the easily acces-
sible plant polysaccharides such as the pectins. Thus, these
extensive, and highly accessible, pectin decorations are likely to
represent an important source of nutrients for both colonic
bacteria and soil saprophytic microorganisms that use plant
biomass as an important nutrient source.

The complement of cellulases encoded by the genome of C.
Japonicus is similar to that of S. degradans, which also contains
a single cellobiohydrolase from GH6. However, both bacteria
lack a reducing-end cellobiohydrolase, which is considered an
important component of fungal (GH7) and clostridial (GH48)
cellulose degradative systems. As both S. degradans and C.
Japonicus efficiently degrade crystalline cellulose, it would ap-
pear that not all enzyme systems which hydrolyze this impor-
tant polysaccharide require a GH7 or GH48 exo-acting glyco-
side hydrolase.

Examination of the C. japonicus CBM repertoire shows a
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dominance of CBM2 and CBM10 modules. This observation
likely reflects specificity for crystalline cellulose, which, be-
cause of its prevalence in all plant cell walls, functions as a
universal receptor for these degradative enzymes, as suggested
previously (18). As described above, the plant cell wall hydro-
lases of C. japonicus contain CBMs from numerous families. In
sharp contrast, the corresponding fungal enzymes generally
contain only a family 1 CBM, suggesting that targeting these
glycoside hydrolases to polysaccharides other than crystalline
cellulose does not confer an obvious evolutionary advantage.
In the case of C. japonicus, it is apparent that the different
CBMs appended to the catalytic modules of the glycoside
hydrolases will target these enzymes to diverse plant cell wall
components, providing an explanation for the complex ar-
rangement of these modules in the degradative enzymes.

Approximately 50% of the C. japonicus plant-degradative
apparatus appears to be shared with S. degradans, consistent
with the observation that the cell walls of terrestrial and marine
plants have many polysaccharides in common. Although these
two species share this high level of similarity in their substrate
utilization machinery, it is still not clear whether the common
ancestor of C. japonicus and S. degradans was a marine or a
terrestrial bacterium, and additional analyses of their genome
sequences might reveal what adaptations underlie these differ-
ent lifestyles. For example, consistent with the marine environ-
ment of S. degradans, the bacterium produces an extensive
array of agarases and carageenases, while the terrestrial C.
Japonicus lacks these enzymes. Agarases are found mostly in
marine habitats. This is consistent with the fact that agar, being
a product of marine algae, is available to and utilized by marine
organisms, such as S. degradans, as a convenient carbon and
energy source. Mannan, however, is likely to be more common
in terrestrial plants than in salt marsh cord grass (8), and
consistent with this, C. japonicus has a more extended mannan-
degrading system than S. degradans. 1t is also apparent that
while both organisms contain a large number of CBMs, there
has been an extensive expansion of CBM6 and CBM32 mod-
ules in S. degradans, which likely reflects the diversity of sugars
present in the marine-specific polysaccharides. These differ-
ences highlight how the selection pressures imposed by terres-
trial and marine environments have influenced the evolution of
the plant cell wall-degrading apparatus of saprophytic pro-
karyotes.
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