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PCR primers were patterned after chitinase genes in four g-proteobacteria in the families Alteromonadaceae
and Enterobacteriaceae (group I chitinases) and used to explore the occurrence and diversity of these chitinase
genes in cultured and uncultured marine bacteria. The PCR results from 104 bacterial strains indicated that
this type of chitinase gene occurs in two major groups of marine bacteria, a- and g-proteobacteria, but not the
Cytophaga-Flavobacter group. Group I chitinase genes also occur in some viruses infecting arthropods. Phylo-
genetic analysis indicated that similar group I chitinase genes occur in taxonomically related bacteria.
However, the overall phylogeny of chitinase genes did not correspond to the phylogeny of 16S rRNA genes,
possibly due to lateral transfer of chitinase genes between groups of bacteria, but other mechanisms, such as
gene duplication, cannot be ruled out. Clone libraries of chitinase gene fragments amplified from coastal
Pacific Ocean and estuarine Delaware Bay bacterioplankton revealed similarities and differences between
cultured and uncultured bacteria. We had hypothesized that cultured and uncultured chitin-degrading bac-
teria would be very different, but in fact, clones having nucleotide sequences identical to those of chitinase
genes of cultured a-proteobacteria dominated both libraries. The other clones were similar but not identical
to genes in cultured g-proteobacteria, including vibrios and alteromonads. Our results suggest that a closer
examination of chitin degradation by a-proteobacteria will lead to a better understanding of chitin degradation
in the ocean.

Surveys of microbial diversity without cultivation have dis-
covered types of microbes not detected in culture-based stud-
ies largely because ,1% of the microorganisms observable in
nature can be cultivated using standard techniques (3). Fur-
thermore, the few bacteria that can be cultured appear to be
very different from uncultured bacteria, based on comparisons
of 16S rRNA gene sequences. Consequently, the lack of closely
related cultured representatives raises questions about the
metabolic capacities of the uncultured bacteria and the role of
these microbes in specific biogeochemical processes. Some
physiological capacities are restricted to specific taxonomic
groups of microbes, for example, oxygenic photoautotrophy in
cyanobacteria, but in general, the relationship between the
taxonomy of uncultured bacteria and many biogeochemically
interesting capacities is not known. One approach for explor-
ing the metabolic capacities of uncultured bacteria is to exam-
ine genes encoding enzymes involved in specific biogeochemi-
cal processes. This approach is a step toward identifying
microbial groups driving those processes and determining
whether the metabolism of cultured bacteria adequately rep-
resents the metabolic capacities of uncultured bacteria.

Previous studies have already examined several genes en-
coding enzymes mediating biogeochemical reactions in C, N,
and S cycles and have compared these genes in cultured and
uncultured bacteria in natural microbial communities. These
enzymes, genes, and bacteria include the nitrogen-fixing en-
zyme (nifH) (42) in nitrogen-fixing bacteria, nitrite reductase
(nirK and nirS) and nitrous oxide reductase (nosZ) in denitri-
fying bacteria (5, 18), particulate methane monooxygenase
(pmoA) and methanol dehydrogenase (mxaF) found in bacte-

ria using C1 and methylated compounds (30, 31), and dissim-
ilatory bisulfite reductase (dsv) in sulfate-reducing bacteria (7).
In most cases, the genes of cultured and uncultured bacteria
were not identical, suggesting that cultured bacteria do not
adequately model biogeochemical processes driven by uncul-
tured bacteria.

The genes that have been examined to date in uncultured
bacteria are essential to the microbes’ survival, even if only
under selected conditions (e.g., denitrification genes are essen-
tial only under anoxic conditions). In contrast, little is known
about nonessential genes in uncultured bacteria. Variation and
correlation of nonessential genes with rRNA gene phylogeny
might differ from those of essential genes. Differences could
arise from various mechanisms, including different rates of
evolution, gene duplication, and lateral gene transfer (9).
There seems to be less resistance to lateral transfer of nones-
sential genes than essential genes (9).

Genes encoding chitinases and other glycosyl hydrolases
may be particularly interesting examples of nonessential genes
in uncultured bacteria, since previous work has already sug-
gested that the evolution of these enzymes has been impacted
by lateral gene transfer (10). Chitinases are probably not es-
sential for heterotrophic bacteria living in most environments,
including the oceans, where chitin is very abundant (25), be-
cause many other organic carbon sources are available. Al-
though perhaps nonessential to an individual bacterium, hy-
drolysis of chitin and other high-molecular-weight biopolymers
by hydrolases is still an essential first step in the degradation of
organic material in nature. Many types of cultured bacteria and
archaea are known to hydrolyze chitin (17, 21), but the identity
of uncultured bacteria degrading chitin in nature is unknown.
Chitinase genes cloned directly from uncultured marine micro-
organisms suggested the presence of a large pool of uncultured
chitin-degrading bacteria in aquatic systems (8).

Information on bacterial chitinase genes is largely restricted
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to cultured g-proteobacteria and gram-positive bacteria. Since
g-proteobacteria are widespread in the ocean (11), comparing
chitinase genes in cultured and uncultured bacteria in this
phylogenetic group should be informative. In contrast, gram-
positive bacteria are quite rare in seawater (11). To access
chitinase genes in uncultured g-proteobacteria and potentially
in other bacteria, it may be possible to use a PCR-based ap-
proach with oligonucleotide primers patterned after conserved
nucleotide sequences of chitinase genes in cultured bacteria.
However, it is not possible to design a single pair of PCR
primers that will amplify even all g-proteobacterial chitinases
because they are too different. Svitil and Kirchman (38) did
identify 13 and 15 consensus amino acids in the catalytic and
chitin-binding domains of bacterial chitinases, respectively. But
since PCR primers require adjacent identical nucleotides or
amino acids, the conserved regions in bacterial chitinases are
insufficient for designing PCR primers that would amplify all
bacterial chitinases. An alternative approach would be to tar-
get selected subsets of bacterial chitinases. One such subset is
group I, which has the highest average percent similarity of the
five chitinase groups classified by Svitil and Kirchman (38).

Our goals were to compare the group I chitinase genes of
cultured and uncultured bacteria and to examine the relation-
ship between the phylogeny of these chitinase genes and the
phylogeny of 16S rRNA genes. We hypothesized that PCR
primers for group I chitinase genes would amplify chitinase
genes of other cultured and uncultured g-proteobacteria. It
was unclear if more distantly related bacteria possess this type
of chitinase as well. We also expected that chitinase genes of
cultured and uncultured chitin-degrading bacteria would differ
and that chitinase gene phylogeny would not follow the phy-
logeny of 16S rRNA genes. In fact, we found that a few chiti-
nases from uncultured bacteria were very similar, and in some
cases identical, to those in cultured bacteria, but overall, the
phylogeny of chitinase genes differed from 16S rRNA phylog-
eny.

MATERIALS AND METHODS

Isolation and characterization of bacterial strains. Surface seawater was col-
lected from the Indian River Inlet on the Atlantic coast of Delaware and the
University of Delaware dock at the Roosevelt Inlet, situated 8 km inside the
Delaware Bay estuary. Bacterial strains were isolated on 1.5% agar prepared
using unenriched seawater and seawater enriched with R2A nutrients, which
include 0.5 g each of yeast extract, peptone, Casamino Acids, and dextrose per
liter and 0.3 g of sodium pyruvate per liter (37). Plates were incubated at 20 to
25°C and inspected daily for growth. Strains were purified by two iterations of
streaking on agar. Strains were analyzed by using a mixture of the restriction
enzymes RsaI and HhaI (32) to digest 16S rRNA genes amplified using primers
EubA and EubB (12). Strains having different restriction patterns were used in
subsequent analyses. Bacterial strains were classified phylogenetically using flu-
orescent in situ hybridization of fluorochrome-labeled rRNA probes specific for
a-proteobacteria, Alf1b (29), b-proteobacteria, Bet42a (29), g-proteobacteria,
Gam42a (29), the Cytophaga-Flavobacter cluster (28), and gram-positive bacteria
having high DNA G1C content (35). Established hybridization conditions were
used for each probe (41). One strain producing ambiguous results using fluores-
cent in situ hybridization was characterized by sequencing of the 16S rRNA gene.

Strains were screened for the ability to produce clearing zones on unenriched
seawater agar and R2A-enriched seawater agar containing colloidal chitin. Cul-
tures were also assayed for hydrolysis of the fluorogenic chitin analogue 4-methyl-
umbelliferyl-b-D-N,N9-diacetylchitobioside. For this analysis, cultures were
grown on R2A-enriched seawater broth and artificial seawater enriched with 50
mg of chitin oligomers (Vector Labs) per liter 10 mM NH3Cl, and 2 mM
NaH2PO4.

Isolation of environmental DNA. Coastal Pacific Ocean water was collected
from a depth of 1 m at Station 5, located 60 km off the coast of Oregon (salinity
equal to 28 ppt) in July 1997. Delaware Bay estuarine water was collected at a
depth of 0.5 m from Station 16, located 80 km upstream from the mouth of the
estuary (20) (salinity equal to 2.0 ppt) in September 1997. The coastal Pacific
sample (10 liter) was filtered through a 1-mm-pore-size filter, and bacteria were
collected on 0.2-mm Gelman Supor filters. The Delaware Bay sample (10 liters)
was filtered through a 1-mm filter, and bacteria were collected using a Millipore
Sterivex-GV filtration cartridge (0.22 mm). The samples were stored frozen at

280°C in a storage buffer (13). Frozen samples were thawed, and the cells were
lysed using sodium dodecyl sulfate and proteinase K. The lysate was extracted
sequentially with phenol-chloroform and chloroform. The nucleic acids were
precipitated with ethanol and further purified using cetyltrimethylammonium
bromide extraction.

PCR primer design. We identified conserved amino acids in the chitinases
encoded by the chiA genes of Alteromonas sp. (40), Aeromonas caviae (36),
Serratia marcescens (22), and Enterobacter agglomerans (19). The conserved re-
gions were in the putative catalytic and chitin-binding domains and a region with
no known function (38). The forward primer was based on conserved amino acids
in the catalytic region at amino acid 260 of ChiA in Alteromonas sp. strain 0-7.
The reverse primer bound to a conserved region with no known function at
amino acid 571 of chitinase A in the Alteromonas strain. Deoxyinosine residues
in the third position of codons were used to accommodate every codon for all
amino acids in the targeted regions without increasing degeneracy of the primers.
This group of chitinase genes is called group I (38).

Clone library construction and screening. Group I chitinase genes were am-
plified from DNA of coastal Pacific Ocean and Delaware Bay bacterioplankton
using 25-ml PCR mixtures containing 4 ng of template DNA per ml, the four
deoxynucleoside triphosphates (dTTP, dCTP, dGTP, and dATP) at 0.2 mM
each, 1.5 mM MgCl2, 1 mM each primer, and 2.5 U of Taq DNA polymerase
(Promega). Thermal cycling conditions included 1 min of denaturation at 94°C,
1 min of primer annealing at 50°C, and 3 min of primer extension at 72°C. This
cycle was repeated 35 times. PCR products were cloned by using the TOPO-TA
cloning kit with the pCR 2.1 vector (Invitrogen) following the manufacturer’s
protocol. Approximately 60 recombinant clones were screened for full-size in-
serts (approximately 900 bp) by transferring small aliquots of cells to PCR
mixtures containing the group I chitinase gene primers and PCR amplified using
the conditions described above. The PCR products were cut with a mixture of
restriction enzymes HhaI and RsaI. The restriction fragments were separated by
agarose gel electrophoresis using 2% Metaphore (FMC) agarose. Clones having
identical restriction patterns were grouped together into clone families.

Nucleotide sequencing. Nucleotide sequencing was performed using an ABI
PRISM 310 (Perkin-Elmer) genetic analyzer and ABI PRISM Big Dye termi-
nator cycle sequencing reagent. Double-stranded DNA templates were prepared
using the manufacturer’s alkaline-lysis procedure. M13 forward and reverse
sequencing primers and internal sequencing primers were used to obtain the
complete nucleotide sequences of both DNA strands of one clone from each
clone family. Deduced amino acid sequences were analyzed by using the
BLASTX (2) tool.

Phylogenetic analysis. Similarity between chitinases (percent identical aligned
amino acids) was determined from conceptual translations of open reading
frames. Percentages of identical aligned nucleotides were compared for se-
quences having identical deduced amino acid sequences. Nucleotides were
aligned using the corresponding amino acid alignment made using CLUSTAL in
Sequence Navigator version 1.01 (Perkin-Elmer). Phylogenetic analysis was per-
formed using SEQBOOT, DNADIST (Kimura 2-parameter model), NEIGH-
BOR, and CONSENSUS in PHYLIP version 3.527.

Nucleotide sequence accession numbers. The nucleotide sequences described
in this paper have been deposited in GenBank under accession no. AF193488 to
AF193506.

RESULTS

Primer design. Amino acid sequences of bacterial chitinase
genes are very different, except for the catalytic and chitin-
binding domains, but variation in even these two domains is
too great for a single PCR primer set to match all bacterial
chitinase genes. An alternative approach is to design PCR
primers for sets of similar bacterial chitinases. The primers
designed for this study were based on deduced amino acid
sequences of chitinases in four g-proteobacteria. This set of
chitinases has been designated group I (38).

The forward PCR primer (IICRFORB) was patterned after
conserved amino acids in the catalytic domain of group I chiti-
nase genes, including the chiA genes in Alteromonas sp., A.
caviae, S. marcescens, and E. agglomerans (Fig. 1). The chitin-
binding domains were too variable for a PCR primer, but
alignment of the complete deduced amino acid sequences of
these four group I chitinase genes revealed 12 adjacent, con-
served amino acids about 300 amino acids downstream from
the forward priming site. A reverse primer (GRPI571AR) was
patterned after seven of the conserved amino acids in this
region (Fig. 1). The forward and reverse primers are degener-
ate 20-mer oligonucleotides incorporating every codon for the
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conserved amino acids. The oligonucleotides IICRFORB and
GRPI571AR are referred to here as the group I primers.

Specificity of group I primers. The group I primers yielded
products having the predicted size (900 bp) from genomic
DNA of 18 g-proteobacteria out of the total of 38 strains
tested, including the strains used to design the primers (Table
1). BLASTX analysis indicated that the deduced amino acid
sequences of amplification products from g-proteobacteria
were .69% similar to known chitinase genes. Four of the 24
a-proteobacteria tested yielded 900-bp products having de-
duced amino acid sequences similar to those of chitinase genes
(Table 1). All of the g-proteobacteria amplifying with the
group I primers were chitinolytic, but none of the four positive
a-proteobacteria proved to be chitinolytic under the conditions
tested. No amplification was obtained from the four chitino-
lytic a-proteobacteria.

None of the 6 b-proteobacteria, 30 Cytophaga-Flavobacter
bacteria, or 6 gram-positive bacteria we tested yielded 900-bp
amplification products (Table 1), even though more than half
of the strains in each group were chitinolytic. Less than 10% of
all strains yielded nonspecific amplification products, i.e., a
product smaller or larger than 900 bp. These nonspecific prod-
ucts had deduced amino acid sequences substantially different
from those of chitinases.

Construction and composition of clone libraries. The occur-
rence of group I chitinase genes in naturally occurring bacteria
was investigated using DNA extracted from bacterioplankton
in the coastal Pacific Ocean and Delaware Bay. Bacterial com-
munity DNA from coastal and estuarine environments yielded
the expected 900-bp products (Fig. 2). The Pacific sample
required concentrating before cloning (Fig. 2A), while ample

product was generated from the Delaware Bay sample without
a concentrating step (Fig. 2B).

Sixty clones from the Pacific library treated with a mixture of
restriction enzymes HhaI and RsaI yielded 14 different banding
patterns. Clones sharing the same restriction pattern were as-
sembled into clone families (Table 2). Twenty-six clones rep-
resenting 43% of the Pacific library were assigned to clone
family A (Table 2 and Fig. 3). Clone family B, comprised of
nine clones, represented 15% of the library, while clone fam-
ilies C to N each contained seven or fewer clones. One clone
from each clone family was completely sequenced and ana-
lyzed using BLASTX to determine its similarity to known chiti-
nases. Seven of the 14 clone families in the Pacific library
encoded proteins that were greater than 69% similar to known
chitinases (Table 2 and Fig. 3). The seven chitinase clone
families contained 82% of the clones in the library. Clone
families not representing chitinase genes comprised half of the
clone families but only 18% of the clones in the library.

Digestion of 57 clones in the Delaware Bay library with a
mixture of restriction enzymes HhaI and RsaI produced nine
different restriction patterns. Clones having identical restric-
tion patterns were segregated into nine clone families (Table
2), including three (A, B, and C) that occurred in the Pacific

FIG. 1. Aligned nucleotide and deduced amino acid sequences used to design forward and reverse group I PCR primers IICRFORB and GRPI571AR, respectively.
Dots indicate the same nucleotides or amino acids as in the Alteromanas sp. strain 0-7 sequence. The forward priming site is located in the hydrolytic domain, while
the reverse priming site is approximately 900 bp downstream. The nucleotide sequences of the chiA genes of Alteromonas sp. (39), A. caviae (35), S. marcescens (22),
and E. agglomerans (19) were obtained from GenBank.

FIG. 2. Ethidium bromide-stained agarose gel of PCR amplification prod-
ucts obtained with the group I primers. (A) Amplification of chitinase genes from
microbial DNA collected from the coastal Pacific Ocean. Lanes: 1, molecular size
markers; 2, PCR with bacterial community DNA; 3, PCR with bacterial com-
munity DNA concentrated by ultrafiltration; 4, PCR with Alteromonas sp. strain
0-7 DNA; 5, no-template control. (B) Amplification of chitinase genes from
microbial DNA collected from the Delaware Bay estuary. Lanes: 1, molecular
size markers; 2, PCR with bacterial community DNA; 3, PCR with Alteromonas
sp. strain 0-7 DNA; 5, no-template control.

TABLE 1. Bacterial strains tested for amplification with PCR
primers for group I chitinase genesa

Classification

No. of strains
tested No. of strains amplifying

Total Chitinolytic Chitinolytic Nonchitinolytic

a-Proteobacteria 24 4 0 4
b-Proteobacteria 6 4 0 0
g-Proteobacteria 38 28 18 0
Cytophaga-Flavobacter 30 17 0 0
Gram positive 6 4 0 0

a Strains were scored as amplifying if they yielded 900-bp products having
deduced amino acid sequences similar to those of known chitinases.
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library as well. Clone families A and B, which dominated the
Pacific library, also comprised the bulk of the Delaware Bay
library (Table 2 and Fig. 4). Thirty clones representing 53%
and 17 clones representing 30% of the Delaware Bay library
were assigned to clone families A and B, respectively. Two
clones were assigned to clone family C, which occurred in both
libraries. Six clone families (O, P, Q, R, S, and T) represented
by two or fewer clones were present only in the Delaware Bay
library.

Sequencing of one clone in each clone family of the Dela-
ware Bay library revealed that 89% of the clones in the Dela-
ware Bay library encoded proteins that were .69% similar to

known chitinases (Table 2). Five of the nine clone families (A,
B, P, S, and T) represented chitinase genes, whereas four clone
families (C, O, Q, and R) did not encode chitinases.

Similarities among chitinase genes. Chitinase genes in tax-
onomically related, cultured bacteria were similar, but chiti-
nase phylogeny did not correlate completely with 16S rRNA
phylogeny (Fig. 5). Chitinase genes in cultured Vibrio species
were greater than 77% similar to each other, and phylogenetic
analysis placed them in a clade separate from chitinases of
other cultured g-proteobacteria (Fig. 5). Chitinases in mem-
bers of the families Alteromonadaceae and Enterobacteriaceae
were less than 77 and 63% similar to Vibrio chitinases, respec-

FIG. 3. Frequency distribution of clone families in the coastal Pacific Ocean
library. The percentage of clones in each family was calculated relative to the
total number of clones in the library.

FIG. 4. Frequency distribution of clone families in the Delaware Bay estuary
library. The percentage of clones in each family was calculated relative to the
total number of clones in the library.

TABLE 2. Characteristics of cloned group I chitinase gene fragments amplified from microbial DNA from the coastal Pacific Ocean and
Delaware Baya

Clone family

No. of clones Sequenced clone % Amino
acid

similarity to
chitinaseb

Deduced
gene productPacific

Ocean
Delaware

Bay
Pacific
Ocean

Delaware
Bay

A 26 30 5-8 16-2 70 Chitinase
B 9 17 5-27 16-1 69 Chitinase
C 4 2 5-28 16-10 ,1 Other
D 2 0 5-5 NAc 80 Chitinase
E 7 0 5-63 NA 86 Chitinase
F 1 0 5-2 NA ,1 Other
G 1 0 5-11 NA ,1 Other
H 1 0 5-14 NA ,1 Other
I 1 0 5-19 NA ,1 Other
J 1 0 5-26 NA 76 Chitinase
K 3 0 5-37 NA 78 Chitinase
L 1 0 5-40 NA 80 Chitinase
M 1 0 5-43 NA ,1 Other
N 2 0 5-67 NA ,1 Other
O 0 2 NA 16-12 ,1 Other
P 0 2 NA 16-15 78 Chitinase
Q 0 1 NA 16-27 ,1 Other
R 0 1 NA 16-85 ,1 Other
S 0 1 NA 16-23 78 Chitinase
T 0 1 NA 16-24 69 Chitinase

a Sixty Pacific Ocean clones and 57 Delaware Bay clones were organized into families having identical restriction patterns produced by a mixture of HhaI and RsaI.
b The deduced amino acid sequence was analyzed using BLASTX.
c NA, not applicable.
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tively. Similarity was greater than 72% within clades of chiti-
nases in Alteromonadaceae, Enterobacteriaceae, and a-pro-
teobacteria. These assignments are supported by bootstrap
values of 57 to 100 (Fig. 5).

Group I chitinases occur in viruses infecting arthropods. The
viral group I chitinases were more diverse than the bacterial
groups revealed by our analysis and were 62 to 96% similar to
each other. Viral chitinases were only 45 to 64% similar to
group I chitinases from bacteria. However, these viral chiti-
nases are more similar to bacterial group I chitinases than
other bacterial chitinases are to bacterial group I chitinases.
For example, bacterial group I chitinases are only 32% similar,
on average, to the chitinase of Bacillus licheniformis (GenBank
accession no. U71214).

Similarity between chitinases of uncultured and cultured
bacteria ranged from 52 to 100% at the amino acid level (Fig.

5). At one extreme, clone 5-8 was identical at both the amino
acid and nucleotide levels to the chitinases of a-proteobacteria
including strain EE36 (14) and Sagittula stellata strain E37 (15)
in the Roseobacter group. Clone 5-27 was also very (.97%)
similar to the chitinase genes of a-proteobacteria. In contrast,
the chitinases of uncultured bacteria represented by clones 5-5,
5-37, 5-40, 16-15, and 16-23 were most (84 to 89% at the amino
acid level) similar to the chitinases of cultured Vibrio species
but none were identical to that of a cultured strain. The node
separating this clade of chitinase genes in uncultured bacteria
from the clade of chitinases in cultured Vibrio species had a
bootstrap value of 76 (Fig. 5). Finally, the chitinases of uncul-
tured bacteria represented by clones 5-63 and 5-26 were most
similar (76 to 83%) to chitinases of cultured bacteria including
Colwellia sp., Alteromonas sp., and Pseudoalteromonas sp.

Group I chitinase genes in uncultured bacteria from the

FIG. 5. Additive phylogenetic tree of group I chitinase genes from cultured and uncultured bacteria and viruses of arthropods. The neighbor-joining analysis used
a chitinase gene from B. licheniformis (GenBank accession no. U71214) as the outgroup. a-Proteobacteria (15, 16) and g-proteobacteria were isolated from coastal and
estuarine environments. Shewanella baltica was isolated from the Baltic Sea (42). The nucleotide sequences of the chitinase genes of reference strains of Pseudoaltero-
monas sp. (38), Enterobacter sp. (33), B. mori NPV (23), Autographa californica NPV (4), Orgyia pseudotsugata NPV (1), Helicoverpa zea NPV (26), Helicoverpa armigera
NPV (GenBank accession no. AF114795), Lymantria dispar NPV (25), and Cydia pomonella granulovirus (GV) (24) were obtained from GenBank. Bootstrap values
are indicated at the nodes separating the major groups. Genes from uncultured bacteria are underlined and are designated by a station and clone number (e.g., 5-40).
The scale bar indicates the amount of genetic change measured as the number of nucleotide substitutions per site.
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coastal Pacific and Delaware Bay were least similar to the
chitinase genes of cultured enterobacteria (,64% similar) and
viruses infecting arthropods (,58% similar). No genes of un-
cultured bacteria were in clades comprised of the family En-
terobacteriaceae or viruses infecting arthropods (Fig. 5).

DISCUSSION

Although many types of cultured bacteria are known to
degrade chitin and chitin degradation is widespread in nature,
the relationship between uncultivated chitin-degrading bacte-
ria and cultured strains is unknown. Since phylogenetic anal-
ysis of 16S rRNA genes indicates that cultured and uncultured
bacteria differ greatly (37), we hypothesized that uncultivated
chitin-degrading bacteria are probably different as well. We
used a pair of PCR primers patterned after chitinase genes
initially identified in g-proteobacteria to explore the diversity
of chitinase genes in uncultured bacteria from two contrasting
marine environments. It was necessary to begin with primers
based on chitinase genes in g-proteobacteria because this is the
only phylogenetic group of bacteria, aside from gram-positive
bacteria, which are quite rare in the ocean (11), for which
chitinase gene sequences are available. As predicted, most of
the chitinase genes amplified from natural bacterial assem-
blages using the group I primers were different from the chiti-
nase genes of cultured strains. However, some chitinase genes
from uncultured bacteria were very similar and even identical
to group I chitinase genes of a-proteobacteria. Phylogenetic
analysis of group I chitinases of cultured strains revealed clus-
ters of similar genes in taxonomically related bacteria. Still, the
overall phylogeny of chitinase genes did not coincide with 16S
rRNA phylogeny. Most prominently in the neighbor-joining
analysis (Fig. 5), as well as in parsimony and maximum-likeli-
hood analyses, the cluster of genes from a-proteobacteria
formed a clade within the larger clade of genes from g-pro-
teobacteria, including alteromonads and vibrios.

Testing of the group I primers on various cultured strains
revealed that group I chitinase genes occur, as expected, in
many types of g-proteobacteria, including Enterobacteriaceae,
Aeromonas, Vibrio species, and various Alteromonadaceae, in-
cluding strains of Shewanella and Pseudoalteromonas (Table 1).
Unexpectedly, amplification products were obtained from
strains in the Roseobacter group (Table 1), indicating that cul-
turable marine a-proteobacteria possess group I chitinase
genes. Of the 24 cultured a-proteobacteria strains we exam-
ined, only 1 produced a clearing zone on media containing
colloidal chitin while 3 other strains hydrolyzed the fluorogenic
chitin analogue 4-methylumbelliferyl-b-D-N,N9-diacetylchito-
bioside (D. L. Kirchman, M. T. Cottrell, L. Yu, and K. Dyit,
unpublished data, 1999). However, none of the a-proteobac-
teria amplifying with the group I primers expressed a chitino-
lytic phenotype (Table 1). There are clearly aspects of chitin
degradation by a-proteobacteria that are not understood.
Chitin degradation in a-proteobacteria has not been exten-
sively studied, but an examination of uncultured bacteria using
fluorescence in situ hybridization of 16S rRNA-directed oligo-
nucleotide probes combined with microautoradiography (6)
suggested that a-proteobacteria are involved in chitin degra-
dation in estuarine and coastal waters.

The most abundant type of group I chitinase gene amplified
from estuarine and coastal Pacific Ocean bacterioplankton
DNA was .98% similar to genes in cultured members of the
Roseobacter group. In fact, the nucleotide sequences of clones
in clone family A were identical to those of strain EE36 and S.
stellata strain E37 in the Roseobacter group. More than half of
the clones in the coastal Pacific and Delaware Bay libraries

represent chitinase genes most similar to those in cultured
a-proteobacteria, suggesting that chitin hydrolysis by cultur-
able a-proteobacteria may adequately model hydrolysis by un-
culturable a-proteobacteria in the coastal Pacific Ocean and
Delaware Bay. In contrast, none of the chitinase genes from
uncultured bacteria were identical to those of g-proteobacte-
ria. These data suggest that chitin hydrolysis by these uncul-
tured organisms in the ocean is not adequately represented by
cultured bacteria in these groups.

Chitinase gene phylogeny only partially followed the phylog-
eny of 16S rRNA genes, which currently defines bacterial phy-
logeny, in particular, the various classes of proteobacteria. Our
results show a closer relationship between chitinase genes of
vibrios (g-proteobacteria) and a-proteobacteria than between
Vibrio chitinases and other g-proteobacterial chitinases, such
as those in some alteromonads. The deviation in chitinase gene
phylogeny from 16S rRNA gene phylogeny may due to lateral
gene transfer. Although 16S rRNA genes are presumed to be
fairly resistant to lateral transfer, evidence is accumulating that
transfer of nonessential genes, e.g., chitinase genes, between
groups of bacteria is more prevalent than previously realized.
In fact, microbial genomes appear to be patchworks of genes
exchanged by lateral transfer (9). If this is so, the phylogeny of
chitinase genes may not be particularly exceptional.

Lateral transfer of chitinase genes is an attractive hypothesis
to explain the different phylogenetic relationships between
group I chitinase and 16S rRNA genes. However, other mech-
anisms cannot be excluded. The phylogenetic relationships of
similar chitinase genes could differ from the 16S rRNA tree if
the chitinase genes are actually a mixture of different genes
that arose from a gene duplication event (33). The 16S rRNA
and chitinase gene trees would likely differ if the 16S rRNA
gene reflects subsequent bacterial speciation decoupled from
independent evolution of the chitinase genes. The 16S rRNA
and chitinase gene trees would only match if all of the chitinase
genes from bacteria having the corresponding 16S rRNA genes
were compared. It is not possible to link definitively the chiti-
nase and 16S rRNA genes in uncultured bacteria.

In the case of arthropod viruses, however, lateral gene trans-
fer remains the most plausible explanation. The similarity of
chitinases in bacteria and viruses alone provides a compelling
argument for the idea that viruses obtained chitinase genes
from bacteria. Furthermore, there is little evidence suggesting
that these viruses acquired chitinase genes from their arthro-
pod hosts. For example, the chitinase of Bombyx mori nuclear
polyhedrosis virus (NPV) is 64% identical to ChiA of Enter-
obacter sp. strain G-1 at the amino acid level while the arthro-
pod host and viral chitinase genes are not very similar, sharing
only 24% identical aligned amino acids. In addition, the host
gene lacks the priming sites for the group I chitinase primers.
The viral group I chitinase genes probably originated in bac-
teria, not the arthropod host.

Group I chitinase genes provide an interesting perspective
for examining the diversity of hydrolytic enzymes involved in
organic matter degradation, the evolution of bacterial chitinase
genes (38), and the relationship between chitinases of cultured
and uncultured bacteria. Chitinase genes of uncultured mi-
crobes were both similar to and different from those of cul-
tured bacteria. The most surprising similarity was between
chitinase genes in uncultured bacteria and cultured a-pro-
teobacteria. Culture-based studies give little indication that
a-proteobacteria are important chitin degraders in aquatic sys-
tems, but our results suggest that exploration of the chitin-
degrading capacities of uncultured a-proteobacteria will lead
to a better understanding of chitin degradation in the ocean.
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