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Vibrionaceae are regarded as important marine chitin degraders, and attachment to chitin regulates impor-
tant biological functions; yet, the degree of chitin pathway conservation in Vibrionaceae is unknown. Here, a
core chitin degradation pathway is proposed based on comparison of 19 Vibrio and Photobacterium genomes
with a detailed metabolic map assembled for V. cholerae from published biochemical, genomic, and transcrip-
tomic results. Further, to assess whether chitin degradation is a conserved property of Vibrionaceae, a set of 54
strains from 32 taxa were tested for the ability to grow on various forms of chitin. All strains grew on
N-acetylglucosamine (GlcNAc), the monomer of chitin. The majority of isolates grew on « (crab shell) and
(squid pen) chitin and contained chitinase A (chi4) genes. chiA sequencing and phylogenetic analysis suggest
that this gene is a good indicator of chitin metabolism but appears subject to horizontal gene transfer and
duplication. Overall, chitin metabolism appears to be a core function of Vibrionaceae, but individual pathway

components exhibit dynamic evolutionary histories.

Chitin is the second most abundant biopolymer after cellu-
lose and, particularly in the marine environment, may com-
prise an important source of organic carbon and nitrogen (2,
25). Chitin is composed of chains of N-acetylglucosamine
(GIcNAc) residues arranged in antiparallel («) or parallel ()
configurations. Both forms are found in the marine environ-
ment: B-chitin is produced by diatoms and is a major compo-
nent of squid pens, while the more recalcitrant o form makes
up crustacean shells. While the ability to grow on the chitin
monomer GlcNAc is thought to be widespread among bacteria
(37), likely because it is a component of peptidoglycan, chiti-
noclastic ability is limited to a number of bacterial groups
within Proteobacteria, Bacteroidetes, Actinobacteria, and Firmi-
cutes (8).

We focus here on bacteria of the family Vibrionaceae, which
includes Vibrio and Photobacterium as its primary genera, since
they have been studied extensively with respect to growth on
chitin. Vibrios are ubiquitous and easily cultivatable members
of the coastal marine bacterioplankton community; as obligate
heterotrophs, they can utilize a wide range of carbon sources
for energy (42). Moreover, there has been growing interest in
the effect of chitin on pathogenicity and regulation of gene
expression in the vibrios (27). Attachment of pathogenic V.
cholerae to chitinous zooplankton may not only provide a nu-
trient-rich habitat (12) but could play a role in enhancing
human disease transmission (7, 13). Chitin has been shown to
change the physiology of the vibrios by inducing competence
(26), upregulating attachment/colonization proteins involved
in pathogenesis (20, 36), and increasing survival during tem-
perature stress and exposure to stomach acid (3, 29). Thus,
chitin has a strong influence on the growth and physiology of
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vibrios. It is estimated that chitin can support up to 10% of
marine bacterial production (19), and it has been speculated
that the ubiquity of the vibrios can be explained by their ability
to degrade chitin (37).

Chitin degradation is achieved by a complex pathway includ-
ing multiple chitinases (39); however, most studies of chitinase
diversity in the aquatic environment focus on the distribution
of the extracellular endochitinase chitinase A (chiA), since this
gene is thought to be conserved in both Proteobacteria and
Firmicutes (8, 22). Additionally, for organisms with multiple
chitinases, chiA appears to have the highest expression and
activity in response to crab shell chitin (31, 39), suggesting that
it may be most active in the environment and thus is a poten-
tially useful indicator of chitinoclastic ability.

In this study, we propose a chitin degradation pathway for V.
cholerae by incorporating bioinformatic predictions, biochem-
ical studies, and expression data. We then ask how this path-
way maps onto sequenced Vibrio and Photobacterium genomes
to determine whether there is a conserved chitin degradation
core. Second, we evaluate how widespread chitin metabolism is
among Vibrionaceae isolates, which cover the coexisting diver-
sity in temperate coastal waters (41, 43), by assaying growth on
different forms of chitin (a and B). Third, we explore conser-
vation of the chitin degradation pathway in strains by using the
chiA gene, and we evaluate its evolutionary dynamics in Vibri-
onaceae.

MATERIALS AND METHODS

In silico analysis of the chitin pathway. The annotated protein and DNA
sequences from Vibrionaceae genome sequences (complete and unfinished) were
obtained from the National Center for Biotechnology Information (NCBI) web-
site on 10 May 2007; Shewanella oneidensis MR-1 was included as an outgroup.
A list of genomes and their accession numbers is contained in Table S1 in the
supplemental material. OrthoMCL (23) was used to identify orthologous groups
(families) in the sequenced genomes. This program takes all-against-all BLASTp
as input and defines putative pairs of orthologs or recent paralogs based on the
reciprocal best BLAST hit. Recent paralogs are identified as genes within the
same genome that are more similar to each other than any sequence from
another genome. OrthoMCL then converts the reciprocal BLASTp values to a
normalized similarity matrix that is analyzed by a Markov Cluster algorithm
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FIG. 1. Schematic of the chitin catabolic cascade in V. cholerae.
Enzymes and transporters are given gene identifiers from V. cholerae
N16961 when possible. The boxes around gene identifiers denote how
functions were predicted: gray shading, biochemical evidence in the
vibrios; thick outline, microarray expression data (27); thin lines, bioin-
formatic prediction only; and dashed lines, predicted functions based
on experimental evidence. (Expanded from reference 34 with permis-
sion of the publisher.)

(MCL). In return, the MCL yields a set of clusters, with each cluster containing
a set of orthologs and/or recent paralogs. OrthoMCL was run with a BLAST
E-value cutoff of 1e—6 and an inflation parameter of 1.5. Families related to
chitin metabolism were obtained from the chitin pathway defined for Vibrio
cholerae (Fig. 1) and by using a keyword search for “chitin” in the annotated
genomes. For each of the chitin-related families, the orthologous genes were
identified for all Vibrionaceae genomes with OrthoMCL, and a presence/absence
profile was constructed. A complete list of locus tags and gene locations is
provided in Table S2 in the supplemental material.

Vibrionaceae genome phylogeny. A “whole-genome phylogeny” was generated
for the annotated genomes by taking 100 randomly selected, single-copy genes
present in all genomes. These were aligned in MUSCLE (9), and poorly aligned
regions were removed; this concatenated alignment was used to estimate a
maximum-likelihood phylogenetic tree by using the PhyML program with 100
bootstrap replicates (10), with options “0 i 1 100 GTR e ¢ 4 ¢ BIONJ y y.”

Growth assays. Vibrionaceae strains were tested for growth on GlcNAc, «, and
B chitin as the nitrogen and carbon nutrient sources (Table 1). Cultures were
grown overnight in 0.25X 2216 medium (Difco) and diluted 1:100 in minimal
medium containing chitin substrates. The minimal medium was derived from
that used by Meibom et al. (26), i.e., 234 mmol/liter (brackish) or 428 mmol/liter
(marine) NaCl, 27.5 mmol/liter MgSO,, 4.95 mmol/liter CaCl,, 5.15 mmol/liter
KCl, 0.07 mmol/liter Na,B,0-, 0.187 mmol/liter K,HPO,, 1X “K” trace metals
(14), and 50 mmol/liter HEPES, pH 7.4, and supplemented with a filter-sterilized
vitamin mixture (30). B-Chitin was isolated from squid pen (Loligo pealei) by
treatment with 1 mol/liter NaOH for 5 h to remove protein, followed by extensive
washing to remove residual base (6). Tubes containing media (15 ml) were
supplemented with 25 mmol/liter GlcNAc or 0.05 g of either crab shell a-chitin

CHITIN UTILIZATION IN VIBRIONACEAE 45

(Sigma) or B-chitin. Strains were grown at room temperature (~22°C) with
shaking at 150 rpm, and growth was assessed every 2 days. A starting optical
density at 600 nm of less than or equal to 0.01 that increased to a value of at least
0.1 by day 30 was scored as positive.

PCR amplification and phylogeny of chid. PCR primers designed to target all
known proteobacterial chid genes were used to amplify and sequence this gene
in vibrio isolates: chiAf (GGN GGN TGG CAN YTN WSN GAY CCN TT) (8)
and chiAr (ATR TCN CCR TTR TCN GCR TC) (22). DNA was obtained using
a DNA extraction kit (Gentra) or Lyse’N Go (Pierce). The PCR mixture con-
tained 1 pmol/liter final concentration of chiAf and chiAr, 0.75 U Jumpstart Taq
(Sigma), 200 pmol/liter deoxynucleoside triphosphates, and 1X buffer. The
PCRs were thermocycled as follows: 3 min at 94°C, followed by 35 cycles of 1 min
at 94°C, 1 min at 50°C, and 2 min at 72°C, with a final 6-min extension at 72°C.
Alternate primers targeting Photobacterium profundum chiA family sequences
were designed based on the sequences of strains SS9 and 3TCK and contain all
codon degeneracies. Primers Pprof_chiAf (AAR CAY TTY CCN GAR ATG
GCN GC) and Pprof_chiAr (TCR TTR TCN ACD ATR TAY TGN GC) were
amplified as described above.

An alignment, including chi4 gene sequences from diverse isolates, previously
analyzed taxa (22), and whole genomes, was prepared using Clustal and refined
manually. Ambiguously aligned regions were excluded, yielding an alignment of
603 nucleotide positions. The maximum-likelihood tree was constructed using
PHYML under the GTR model with estimation of all parameters and generation
of 100 bootstraps (10).

Additional gene sequencing. The partial 16S rRNA gene was amplified as
described previously (41) and identified based on similarity to database se-
quences (1). For a limited subset of isolates, adenylate kinase (adk) and malate
dehydrogenase (mdh) sequences were amplified as described previously (38).

Nucleotide sequence accession numbers. Sequences were submitted to
GenBank with accession numbers EU177043 to EU177094.

RESULTS AND DISCUSSION

Chitinolytic pathway in V. cholerae. The chitinolytic system
in the vibrios channels chitin monomers into the central me-
tabolism as fructose-6-phosphate (fructose-6-P), acetate, and
ammonium (18). We refine a previous representation of the
chitinolytic pathway (34) by incorporating literature data on
biochemical experiments, microarray expression data, and
bioinformatic predictions to fill gaps in the pathway related to
chitobiose metabolism and identify a core set of genes which
are responsible for chitin degradation in vibrios.

Figure 1 depicts the proposed chitin catabolic cascade in V.
cholerae, beginning with the breakdown of chitin polymer into
oligomers by extracellular chitinases (Fig. 1, label 1). These
genes are assumed to have differential activity or regulation
and act collectively to degrade chitin into (GlcNAc), -, oligo-
saccharides (31, 39), which are transported into the periplas-
mic space via a specific porin (Fig. 1, label 2) (15). The mono-
mer GIcNAc and dimer N,N'-diacetylchitobiose are thought to
enter the periplasm by nonspecific porins. Once in the
periplasm, chitin oligosaccharides are degraded by periplamic
chitinodextrinases (Fig. 1, label 3) (17) and B-N-acetylglu-
cosaminidases (Fig. 1, label 4) (16) to (GIcNAc), ,. (GIcNAc),
is transported across the inner membrane by an ABC-type
transporter (Fig. 1, label 5) (24), whereas GIcNAc can be
transported into the cytosol and phosphorylated via a PTS trans-
porter (Fig. 1, label 8) (5). In the cytosol, (GIcNAc), is con-
verted into 2(GlcNAc-6-P) by an N,N'-diacetylchitobiose phos-
phorylase (Fig. 1, label 6) (32), a GlcNAc-1P-mutase (Fig. 1,
label 7) (24), and a predicted GlcNAc-specific ATP-dependent
kinase (gene not identified) (4). The GlcNAc-6-P generated
either during uptake by the PTS or by the N,N’-deacetylchito-
biose phosphorylase pathway is converted into fructose-6-P via
the action of an N-acetylglucosamine-6-phosphate deacetylase
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TABLE 1. Growth of vibrio isolates on different forms of chitin and GIcNAc

Organism (BLAST Strai chiA PCR Growth assay result® Reference or
: . a train b d
identity [%]) result! GleNAc «-Chitin B-Chitin source
P. damselae (99) 12H05 - + + + 37
P. kishitanii (95) 14H04 - + + + 37
P. phosphoreum (96) 14E11 - + + + 37
P. profundum (96) 14G04 - + + + 37
P. profundum (99) 7A02 - + - - 37
V. aestuarianus (99) 12C03 + + + + 37
V. alginolyticus PWH3a + + - +
V. alginolyticus (99) 14C03 + + + + 37
V. alginolyticus (99) 12G01 + + + + 37
V. anguillarum ATCC 14181 + + + + KB
V. calviensis (99) FALF182 + + + + IBYC
V. cholerae 0395 + + + + M
V. cholerae VO-146 + + — + M
V. cholerae (99) OP3D + + + + OP
V. cholerae (99) OP7F + + + + oP
V. cholerae 569B ATCC 25870 + + + + M
V. cholerae E7946 ATCC 55056 + + + + M
V. fischeri (98) 14A09 + + + + 37
V. fischeri (98) 14A08 + + - - 37
V. fischeri (99) 14C05 + + + + 37
V. fischeri (99) 7HO1 - + - - 37
V. fortis (99) 12F11 + + + + 37
V. furnissii (99) 12F04 + + + + 37
V. halioticoli (97) 7A03 - + - - 37
V. halioticoli (97) 7HO3 - + - - 37
V. halioticoli (98) 1C10 - + - - 37
V. halioticoli (99) 1A06 - + - - 37
V. halioticoli (99) 1A07 - + - - M
V. harveyi B392 + + + + KB
V. hispanicus (98) FALF230 - + - — IBYC
V. ichthyoenteri (94) FALF124 + + + + IBYC
V. lentus (98) 12B10 + + — + 37
V. logei ATCC 35077 + + - + KB
V. logei (99) 7TA08 - + - + 37
V. metschnikovii (99) OPSF + + - + OoP
V. mytili (98) 1B04 + + + + 37
V. natriegens ATCC 14048 + + - + KB
V. neptunius (98) FALF109 + + + + IBYC
V. ordalii ATCC 33509 + + + + KB
V. ordalii (100) 14C08 + + + + 37
V. orientalis ATCC 33434 + + + + KB
V. parahaemolyticus ATCC 17802 + + + + ATCC
V. parahaemolyticus (97) 1A02 - + - - 37
V. ponticus (97) 12D02 - + + + 37
V. rumoiensis (95) 1C01 + + - - 37
V. shilonii (99) 12F08 + + + + 37
Vibrio sp. MED?222 + + + + JP
V. splendidus (97) 14F04 + + - + 37
V. splendidus (99) 12B01 + + + + 37
V. splendidus biovar 2 (99) 1C05 + + - + 37
V. tasmaniensis (98) 13B08 + + - + 37
V. tubiashii ATCC 19105 + + + + KB
V. vulnificus “kathy” + + + + KB
V. vulnificus ATCC 27562 + + + + ATCC

“ Environmental isolates were named using the best BLAST (1) hit for the partial 16S rRNA gene.

> 4+, a PCR band of the correct size was amplified; —, two or more PCRs failed to amplify a band of the correct size.

¢ +, an optical density at 600 nm of >0.1 was reached by day 30; —, no observable growth on the chitin substrate.

 Type strains used to assay chitin growth and amplify chitinase A sequences were obtained from ATCC (American Type Culture Collection), JM (laboratory of John Mekalanos,
Harvard Medical School), JP (laboratory of Jarone Pinhassi, Kalmar University), or KB (laboratory of Kathy Boetcher, University of Maine). Environmental isolates were obtained
from a previous study (41), and new strains were isolated from the IBYC (Ipswich Bay Yacht Club, Ipswich, MA) and OP (Oyster Pond, Falmouth, MA) as described previously (41).
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likelihood analysis of a concatenation of 100 shared genes. Numbers at nodes represent values based on 100 bootstrap replicates. Each of the
columns corresponds to a chitin metabolism-related gene family, with the family name indicating the predicted function and the number indicating
the reaction or transport mechanism identifier from Fig. 1, with a representative gene designation in parentheses. The number within the box
indicates the number of copies of that gene family in the corresponding genome, which is further indicated by light-gray shading for one gene copy
or dark-gray shading for two or more gene copies. An asterisk indicates a complete genome sequence.

(Fig. 1, label 9) and a glucosamine-6-phosphate deaminase
(Fig. 1, label 10) (11).

Complete degradation of chitin must also take into account
the assimilation of deacetylated residues (GIcN), which can
comprise up to a sixth of the residues in natural forms of chitin
(28). Here, we propose a mechanism by which GlcN could be
incorporated into the chitin catabolic cascade. Recently, a set
of genes annotated as a cellobiose PTS transporter (Fig. 1,
label 12) (VC1281 to VC1286) was demonstrated to transport
(GIceN), into the cytosol (27). An adjacent gene (VC1280) was
also upregulated upon addition of (GlcN), and has a predicted
deacetylase function (Fig. 1, label 11), suggesting it converts
GIcN-GIcNAc to (GleN),. Once in the cytoplasm, the B1-4
linkage between the glucosamine residues could be broken by
an enzyme (Fig. 1, label 13) currently characterized as a cel-
lobiase (33). We reannotate this gene as a chitobiase, as V.
cholerae does not grow on cellobiose and both substrates con-
sist of B1-4-linked glucose. Further, this gene is upregulated by
growth on chitin (27) and is adjacent to components of the
chitin metabolic pathway. The cytoplasmic GlcN can be phos-
phorylated by an ATP-dependent glucosamine kinase (Fig. 1,

label 14) (34) and converted to fructose-6-P (Fig. 1, label 10).
The proposed chitin utilization scheme described above iden-
tifies a predicted chitin degradation core; the question is how
well conserved this pathway is in the vibrios.

Distribution of chitin pathway genes in Vibrionaceae ge-
nomes. The conservation of the chitin degradation pathway in
the sequenced Vibrionaceae genomes suggests that chitin me-
tabolism is an ancestral feature of the vibrios (Fig. 2). In Fig.
2, the left panel depicts the phylogenetic relationships of the
sequenced genomes, which demonstrate that gene presence/
absence in the right panel has a phylogenetic context (e.g., the
second copy of chitinodextrinase is shared among all V. chol-
erae genomes but not other isolates). The chitin degradation
genes identified in V. cholerae (Fig. 1) appear to be almost
universally conserved, with homologs identified for 91% of
core gene matrix positions in sequenced genomes (Fig. 2). The
genes in V. cholerae which are not well conserved in other
genomes include the second copy of a GIcNAc-6-P deacety-
lase, an alternative chitinase (VC1952), and the (GlcN), PTS
transporter. We note that the V. angustum S14 whole-genome
phylogeny and 16S rRNA gene sequence place this strain
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within the genus Photobacterium, and it is included in this
group for subsequent analyses. Gene families annotated with
chitin-related functions and present in at least two genomes
are also shown in Fig. 2; these genes have a spotty distribution
in Vibrionaceae genomes, suggesting that outside of the chitin
degradation core, there is tremendous gene content flexibility.

There is also evidence for several gene duplications. For
example, the chitodextrinases (Fig. 1, label 3) contain two
orthologous copies in all V. cholerae genomes and in P. pro-
fundum SS9, although one of the copies (VC1073) is not up-
regulated in the presence of chitin (27), suggesting that this
gene may no longer be active in chitin degradation. Addition-
ally, the chiAd gene family has two copies in Photobacterium sp.
strain SKA34 and V. angustum, one of which clusters with the
vibrios while the second is more closely related to other pro-
teobacteria (Fig. 3). However, multiple copies of PTS genes
(Fig. 1, labels 8 and 12) may reflect similarities between trans-
porters for different substrates rather than multiple copies of
the same gene.

Growth of Vibrionaceae environmental isolates on chitin
substrates. Although the genome analysis suggests that chitin
utilization is a universal characteristic among Vibrionaceae, a
previous study indicated that growth on chitin was distributed
spottily among Vibrionaceae isolates (35). Therefore, a more
diverse set of isolates was tested for growth on o and $ chitin
as well as GlcNAc, the monomer of chitin. Growth on GlcNAc
is common among marine bacteria, even among those not
capable of metabolizing chitin (44). Indeed, all 54 Vibrionaceae
strains assayed grew on GIcNAc as the sole nitrogen and car-
bon nutrient, including the few strains which did not grow on
chitin and appeared to lack chid genes (e.g., V. halioticoli and
V. hispanicus) (Table 1). This suggests that growth on GlcNAc
is not a good indicator of chitin metabolism and is consistent
with the previously suggested GIcNAc uptake by the PTS sys-
tem, which is independent of chitin degradation (Fig. 1).

The majority of isolates also grew on both a and B chitin,
although 10 strains grew only on the more enzymatically ac-
cessible B form. Overall, the broad distribution of chitin me-
tabolism suggests that chitin degradation is indeed an ancestral
capability of the vibrios. However, several isolates were inca-
pable of chitin degradation (Table 1), corroborating that it is
not a universally conserved characteristic within the vibrios and
that strains within a family may have alternate lifestyles. How-
ever, the fraction of isolates which displayed growth on chitin
was much higher than that reported in the previous study (35),
and we attribute this to more complete media containing trace
metals and vitamins. Several isolates, including both V. ordalii
strains, V. ichthyoenteri, and V. calviensis, produced a yellow
pigment when attached to chitin but not when grown on rich
media, glucose, or GlcNAc, indicating that chitin or perhaps
biofilm growth regulates pigment production.

Diversity of chitinase A among Vibrionaceae. The chiA gene
fragments amplified from strains listed in Table 1 were se-
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quenced and found to be highly divergent, with a maximum
nucleotide divergence of 55% within the genus Vibrio, com-
pared to 22% for recA (40) and ~10% for the 16S rRNA gene
within Vibrionaceae (21). The photobacterial chid sequences
are even more diverse, with the second copy of the strain S14
and SKA34 chiA genes grouping with nonvibrio proteobacteria
(Fig. 3), while the P. profundum chiA family genes share only
~30% amino acid identity with other vibrio sequences. The
majority of Vibrionaceae strains form a large clade albeit with-
out strong bootstrap support (Fig. 3), although the Enterovibrio
sp. and V. fischeri sequences are distinct from this large cluster.

A positive chiA PCR assay was a good predictor of chitin
metabolism; however, several Photobacterium and Vibrio
strains gave negative PCR results but still grew on chitin. In-
deed, the P. profundum genomes harbor highly divergent se-
quences (see Table S2 in the supplemental material), which are
distinct from the other vibrio chi4 sequences but contain the
conserved catalytic site motif, suggesting chitinase activity (22).
Because the “universal” proteobacterial chi4 primers do not
match these P. profundum chiA sequences, new primers were
designed for the divergent chi4 genes (see Table S2 in the
supplemental material). However, these new primers did not
capture additional chid sequences in strains positive for
growth on chitin, suggesting that chiA is either not necessary
for chitin degradation or more diverse than previously antici-
pated. The second possibility is supported by phylogenetic
analysis using additional genes (hsp60, mdh, and adk) for five
Vibrionaceae isolates, which grew on chitin but had negative
PCR results for chid. Four of the strains, with 16S rRNA gene
sequences most similar to those of P. damselae and P. phos-
phoreum, formed two deep clades within the photobacteria
distinct from the sequenced genomes (see Fig. S1 in the sup-
plemental material). Given that the sequenced photobacterial
genomes contain divergent chid sequences, these additional
clades (see Fig. S1 in the supplemental material) may harbor
highly differentiated chiA genes. This is an indication that even
core chitin degradation genes are apparently subject to dupli-
cation and transfer.

The use of chiA to identify chitin degraders (8, 22, 35) is
problematic, as even within a single bacterial family, the chiA
gene family is too divergent to capture with PCR primers.
Additionally, there is evidence for lateral gene transfer (LGT)
or duplication of this gene, which will make developing rela-
tionships with the organismal phylogeny difficult (8). The phy-
logeny of the chid gene suggests several other instances of
LGT (Fig. 3); the most obvious is the placement of alphapro-
teobacterial sequences in a node within the Enterovibrio group
that has a well-supported bootstrap value. While some Alpha-
proteobacteria contain the pathways to assimilate GIcNAc,
chitinase-like sequences have not been observed thus far in
sequenced genomes (44). Moreover, Cottrell et al. (8) found
that the chiA-containing alphaproteobacterial isolates did not
grow on chitin, suggesting a nonfunctional chitinoclastic path-

FIG. 3. Phylogenetic relationships of partial chi4 gene sequences from Vibrionaceae and related organisms based on maximum-likelihood
analysis. Numbers shown at nodes represent values based on 100 bootstrap replicates; only nodes with values of >80 are shown. Branch length to
the outgroup is truncated, as indicated by the arrow. GenBank accession numbers are given for previously sequenced genes. Gray boxes indicate
potential LGT events. Round circles indicate the two copies of chid family genes in Photobacteria.
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way, potentially a hallmark of LGT into a strain without a
complete metabolic pathway. Perhaps the chitinase gene in
these strains has taken on another role, such as serving as a
chitin attachment protein. Less well-supported evidence of
gene transfer includes the presence of a second chid family
gene in Photobacterium SKA34 and V. angustum S14 more
closely related to nonvibrio proteobacteria, as well as several
gammaproteobacterial sequences that cluster within the
vibrios (Fig. 2 and 3). Although chiA appears subject to lateral
transfer and/or duplication, there is no other gene that serves
as a good indicator of growth on chitin; alternate exochitinases
are either not present in all sequenced genomes (Fig. 2) or not
upregulated in the presence of chitin (Fig. 1). Additional ge-
nome sequencing of photobacteria may reveal alternate genes/
pathways of chitin metabolism.
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