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Degradation of lignin-related aromatic compounds is an important ecological process in the highly produc-
tive salt marshes of the southeastern United States, yet little is known about the mediating organisms or their
catabolic pathways. Here we report the diversity of a gene encoding a key ring-cleaving enzyme of the
�-ketoadipate pathway, pcaH, amplified from bacterial communities associated with decaying Spartina alter-
niflora, the salt marsh grass that dominates these coastal systems, as well as from enrichment cultures with
aromatic substrates (p-hydroxybenzoate, anthranilate, vanillate, and dehydroabietate). Sequence analysis of
149 pcaH clones revealed 85 unique sequences. Thirteen of the 53 amino acid residues compared were invariant
in the PcaH proteins, suggesting that these residues have a required catalytic or structural function. Fifty-eight
percent of the clones matched sequences amplified from a collection of 36 bacterial isolates obtained from
seawater, marine sediments, or senescent Spartina. Fifty-two percent of the pcaH clones could be assigned to
the roseobacter group, a marine lineage of the class �-Proteobacteria abundant in coastal ecosystems. Another
6% of the clones matched genes retrieved from isolates belonging to the genera Acinetobacter, Bacillus, and
Stappia, and 42% of the clones could not be assigned to a cultured bacterium based on sequence identity. These
results suggest that the diversity of the genes encoding a single step in aromatic compound degradation in the
coastal marsh examined is high.

In southeastern United States salt marshes, lignin-related
aromatic compounds comprise a significant fraction of the
total organic carbon pool. These compounds arise primarily
from Spartina alterniflora, a grass responsible for more than
80% of the total primary production (33), and from other
vascular plants that decompose in the marsh sediments. While
it is widely recognized that bacteria play a major role in trans-
formation of vascular plant material (24–26), the bacteria re-
sponsible and the enzymatic pathways involved have yet to be
properly characterized.

In terrestrial soils a major catabolic route for lignin-related
aromatic compounds is the �-ketoadipate pathway (31). This
primarily chromosomally encoded convergent pathway plays
an integral role in the catabolism of a vast array of phenolic
compounds and is widespread in phylogenetically diverse soil
bacteria and fungi (18). In this pathway, polycyclic and homo-
cyclic aromatic compounds are transformed into one of two
dihydroxylated intermediates, catechol or protocatechuate.
Each of these phenolic compounds is then cleaved between its
two hydroxyl groups (ortho cleavage) by catechol 1,2 dioxyge-
nase or protocatechuate 3,4-dioxygenase (3,4-PCD). Following
ring cleavage the products are converted to �-ketoadipate, the
intermediate for which the pathway is named. Two additional
steps complete the conversion of �-ketoadipate to tricarboxylic
acid cycle intermediates (Fig. 1). While this pathway has been
identified in a number of bacterial genera, including Acineto-
bacter, Alicaligenes, Azotobacter, Bacillus, Pseudomonas, Rho-
dococcus, and Streptomyces (7, 18), it is not known whether it
is prevalent in marine communities.

The �-ketoadipate pathway is biochemically conserved and
the structural genes encoding enzymes in this pathway are
similar in the phylogenetically diverse organisms that possess it
(18). Both 3,4-PCD and catechol 1,2-dioxygenase belong to a
large class of non-heme-iron-containing dioxygenases. 3,4-PCD is
composed of equimolar amounts of two nonidentical subunits,
termed � and �, which are encoded by the usually cotrans-
cribed pcaG and pcaH genes, respectively. The �-subunit con-
tains all of the ligands required for formation of the catalytic
site, which may explain the greater similarity of PcaH se-
quences than of PcaG sequences in various organisms (29).
This conservation of PcaH facilitates the use of molecular tools
to detect the corresponding gene in isolates and environmental
samples.

Although the �-ketoadipate pathway is an important cata-
bolic pathway in soil bacteria, alternative routes of aromatic
compound degradation, including meta and para cleavage
pathways, have been identified (18). However, since studies of
these pathways have also focused primarily on soil organisms,
their relevance in marine systems remains relatively unex-
plored. In this study, we investigated the potential ecological
role of the �-ketoadipate pathway in coastal marine environ-
ments by assessing the presence and diversity of pcaH gene
pools in natural bacterial communities associated with decay-
ing Spartina. We also identified pcaH gene fragments in marine
isolates cultured from seawater, marine sediments, and decom-
posing Spartina and used them for comparative studies with
genes from uncultivated organisms. Our results suggest that
the �-ketoadipate pathway is widespread in southeastern
United States coastal bacteria and that members of the ro-
seobacter lineage, an ecologically important marine clade, may
be the dominant aromatic compound-degrading bacteria in
these systems.
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MATERIALS AND METHODS

Natural community DNA. Spartina detritus was collected from a marsh at the
Skidaway Institute of Oceanography (Savannah, Ga.) in April 2000. Spartina
leaves were vigorously agitated in filter-sterilized (pore size, 0.2 �m) seawater to
dislodge bacteria. The rinse water was passed through a series of Nitrex filters
(140, 70, and 30 �m) to remove larger plant pieces and sediment. The bacterial
community was captured by passing 100 ml of the screened rinse water through

a 0.2-�m-pore-size filter, and DNA was extracted from the filter with a soil DNA
extraction kit (Mega Size; MoBio, Solana Beach, Calif.). The remaining rinse
water was used as the inoculum for enrichments as described below.

Amplification of pcaH from the natural community. A degenerate PCR primer
set based on conserved regions in PcaH (P340IDf [5� YTI GTI GAR RTI TGG
CAR CGI AAY GC 3�] and P340IDr [5� ICY IAI RTG IAY RTG IGC IGG
ICK CCA 3�]), where Y � C or T, R � A or G, and K � T or G, was used to
amplify a 212-bp fragment of pcaH (3). Each PCR mixture contained 1� buffer
(10 mM Tris-HCl, 1.5 mM MgCl2, 50 mM KCl; pH 8.3), each deoxynucleoside
triphosphate at a concentration of 2 mM, each primer at a concentration of 1.0
�M, 50 ng of DNA, and 1 U of Taq polymerase. The PCR was performed with
a DNA Engine (MJ Research, Incline Village, Nev.) by using an initial cycle of
3 min at 95°C, followed by 30 cycles of 45 s at 95°C, 45 s at 60°C, and 45 s at 72°C.
Products of the appropriate size were recovered from the gel with a QiaSpin gel
extraction kit (Qiagen, Valencia, Calif.), and the PCR products were cloned by
using a TA cloning kit (Invitrogen Corp., Carlsbad, Calif.).

Enrichment design. Enrichment cultures consisting of 10 liters of filter-ster-
ilized seawater (salinity, 27 practical salinity units) amended with a single sub-
strate were established in 20-liter polycarbonate carboys. The natural community
described above was used as the inoculum for the enrichments at a 1:40 dilution.
The substrates (acetate, p-hydroxybenzoate, anthranilate, vanillate, and dehy-
droabietate) were added at zero time (final concentration, 10 �M) and again on
days 2, 5, 8, and 11. A preparation that received no substrate was also included.
The enrichments were prepared in duplicate and were incubated at room tem-
perature in the dark; the carboys were manually shaken every other day. On day
14, bacterial cells were collected on 293-mm-diameter, 0.2-�m-pore-size poly-
carbonate filters. The filters were cut in half; one half of each filter was processed
immediately, and the other half was stored at �70°C. DNA was extracted from
the filter halves with a soil DNA extraction kit (Mega Size; MoBio). The bacterial
abundance in each enrichment was determined by acridine orange direct count-
ing (19) at zero time and on day 14. The dissolved organic carbon concentration
was measured at zero time with a TOC-5000 (Shimadzu Corp., Norcross, Ga.).

Amplification of pcaH from enrichment communities. pcaH clone libraries
were established for the enrichment communities by using the protocol used for
the natural community. Each clone sequence was named by using the substrate
used in the enrichment (Table 1) and a number.

A nondegenerate version of the P340 primer set based on the pcaH sequence
previously obtained from isolate Y3F (3) was also designed. Primers Y3Ffor (5�
CTG GTG GAG ATC TGG CAG GCC AAT GC 3�) and Y3Frev (5� CGA
AAC GTG GAT ATG CGC GGG CCG CCA 3�) were used to amplify a product
from one replicate of the p-hydroxybenzoate enrichments and the natural com-
munity. The PCR and cloning procedures used were those described above.
Clones obtained with this PCR primer set were designated by using the prefix Y
and numbers.

T-RFLP analysis. 16S rRNA genes were amplified from enrichment DNA by
using general bacterial primers 8F and 1522R (12). The primer 8F was fluores-
cently labeled at the 5� end with either FAM or TET. The PCR was carried out
with Ready-To-Go PCR beads (Amersham Pharmacia, Piscataway, N.J.) by
using each primer at a concentration of 0.2 �M, and 50 ng of DNA. An initial
incubation for 3 min at 95°C was followed by 25 cycles of 1 min at 95°C, 1 min
at 60°C, and 1.5 min at 72°C. Products of the correct size (ca. 1,500 bp) were
recovered from a 1.0% agarose gel with a QiaSpin gel extraction kit (Qiagen),
followed by an additional purification step with a PCR purification kit (MoBio).
Restriction digestion was carried out in a 10-�l (total volume) mixture containing
100 ng of purified PCR product and 10 U of either CfoI or RsaI (Roche,
Indianapolis, Ind.). Digestion was carried out at 37°C for 3 h, after which samples
were precipitated in ethanol and suspended in 12 �l of deionized formamide with
1 �l of the fluorescently labeled DNA fragment length standard Genescan-2500
(TAMRA; Applied Biosystems). The terminal restriction fragment lengths were
determined with an ABI PRISM 310 (Applied Biosystems) in GeneScan mode.
Typically, DNA extracted from replicate enrichments were analyzed simulta-
neously by using the FAM label for one replicate and the TET label for the other
and coinjecting the samples. Similarities among the enrichment assemblage
terminal restriction fragment length polymorphism (T-RFLP) profiles were de-
termined by cluster analysis using KyPlot, version 2.0 (http://ftp.vector.co.jp
/pack/Win95/business/calc/graph).

Bacterial isolation and 16S rDNA analysis. Most isolates examined in this
study were cultured from seawater, sediments, or decaying salt marsh grass
collected in estuaries and coastal waters of the southeastern United States.
Several of the strains had been described previously, having been isolated from
lignin or aromatic monomer enrichment cultures (isolates Y3F, Y4I, and IC4,
Sagittula stellata E-37, and Sulfitobacter sp. strain EE-36) (3, 17). Some strains
were cultured directly from coastal seawater by using nonselective, low-nutrient

FIG. 1. Protocatechuate branch of the �-ketoadipate pathway.
Gene designations are in italics. CoA, coenzyme A.

5802 BUCHAN ET AL. APPL. ENVIRON. MICROBIOL.



seawater plates (all isolates with the prefix GAI) (15, 17). Some isolates were
derived from a marine dimethylsulfoniopropionate enrichment (isolate DSS-3)
(16). Additional strains were isolated for this study from Spartina detritus col-
lected at the Skidaway Institute of Oceanography during October 1999 (all
isolates with the prefix SE). The SE isolates (a total of 176 isolates) were
obtained by grinding Spartina leaves in a blender with filter-sterilized seawater
and spreading the liquid onto low-nutrient seawater plates containing, (per liter)
10 mg of peptone (Difco Laboratories, Detriot, Mich.), 5 mg of yeast extract
(Difco), and 1.5% purified agar (Difco) in filter-sterilized diluted Sargasso Sea
water that had been aged for more than 1 year in the dark (final salinity, 24 psu)
(15). Finally, the following two isolates that were not obtained from the south-
eastern United States coast were examined: Sulfitobacter pontiacus ChLG 10,
which was cultured from the Black Sea (40); and strain ISM, which was cultured
from the Caribbean Sea (10).

The 16S ribosomal DNA (rDNA) sequences of the following isolates have
been reported previously: DSS-3 (accession no. AF09491), EE-36 (AF007254),
GAI-05 (AF007256), GAI-37 (AF007260), GAI-111 (AF098494), IC4 (AF254098),
ISM (AF098495), and Y3F (AF253467). If not already available, 16S rDNA
sequences for the isolates were obtained by PCR amplification using the general
bacterial primers 27F and 1522R (12). Genomic DNA was prepared from each
isolate by a colony boil method as previously described (3). Approximately 500
bp of the PCR product was directly sequenced by using primer 27F and an ABI
PRISM 310 genetic analyzer (Applied Biosystems) following purification with an
Ultra Clean PCR clean-up kit (MoBio). Sequences were analyzed by using
Genetics Computer Group program package 10.0 (Wisconsin Package version;
Madison, Wis.).

pcaH genes were amplified from isolates by using the degenerate primer set as
described above, except that 3 �l of cell lysate was used in the PCR mixture. Both
strands of pcaH gene fragments were sequenced.

Sequence and phylogenetic analyses. Sequence analysis was performed with an
ABI PRISM 310 genetic analyzer by using a BigDye terminator cycle sequencing
kit (Applied Biosystems). DNA sequences were determined with M13 primers
that recognized the cloning vectors. Phylogenetic trees were constructed with the
PHYLIP package by using evolutionary distances (Jukes-Cantor) and the neigh-
bor-joining method.

Nucleotide sequence accession numbers. Sequences determined in this study
have been deposited in the GenBank database under the following accession
numbers: AF388307, AF388308, AY038900 to AY038926, and AY040248 to
AY040273.

RESULTS

pcaH diversity in the salt marsh community. A pcaH clone
library was established for the natural bacterial community
associated with decaying Spartina (referred to below as the salt
marsh community) by amplifying DNA with the degenerate
primer set. Twenty-one clones were sequenced, which yielded
14 unique sequences (Fig. 2). Homology searches with se-
quences from GenBank confirmed that amino acid sequences
deduced from the PCR products of the clones had the highest
levels of similarity with the approximately 240-residue PcaH
molecules from members of various bacterial genera. The de-
duced levels of amino acid similarity ranged from 82 to 100%,
and the levels of identity ranged from 73 to 100%. Further-
more, two residues demonstrated to be involved in Fe2� bind-
ing, Tyr408 and Tyr447, and a residue involved in substrate
specificity, Trp449 (29, 43), were conserved in all sequences.

Aromatic substrate enrichments. Enrichments were estab-
lished to monitor the responses of the bacterial community
from decaying Spartina to specific aromatic substrates repre-
senting compounds associated with vascular plant decay. An-
thranilate, p-hydroxybenzoate, and vanillate are aromatic
monomers that have been shown to be degraded through the
�-ketoadipate pathway in soil microorganisms (18). Studies of
soil microbes have indicated that p-hydroxybenzoate and va-
nillate are converted to protocatechuate, whereas anthranilate
is typically converted to catechol prior to intradiol ring cleav-
age (18). Dehydroabietate is a plant diterpenoid that is com-
monly associated with pulp and paper mill effluent, and an
extradiol cleavage pathway has only recently been elucidated
for this compound (22). Enrichments with acetate, a nonaro-
matic compound, and no-carbon controls were established for
comparison with the aromatic compound enrichments.

The natural dissolved organic carbon concentration in the
filter-sterilized coastal seawater was 365 �M, and the four
additions of substrate (10 �M each) during the enrichments
increased this value by 	11%. Direct counts obtained at zero
time and on day 14 showed that there were increases in the
numbers of bacterial cells in all enrichments; the average in-
creases were 2.8-fold during the 2-week enrichment period for
the enrichments to which substrates were added and 1.4-fold
for the no-carbon controls (Table 1). The larger increases in
numbers of cells in the presence of added substrates suggest
that bacteria capable of metabolizing the compounds became
established in the enrichment cultures.

16S rDNA T-RFLP analysis of enrichment communities.
The enriched bacterial communities were characterized by us-
ing the 16S rDNA T-RFLP procedure (20a). Independent
PCR amplification and GeneScan analysis of each sample on at
least two occasions confirmed the reproducibility of T-RFLP
profiles. Replicate enrichments with the same substrate typi-
cally developed very similar bacterial communities. A cluster
analysis performed by using the relative peak area of each of
the major peaks in the T-RFLP chromatograms digested with
CfoI (31 peaks) and RsaI (32 peaks) confirmed that replicates
supplemented with the same aromatic compound were most
similar in terms of the amplifiable 16S rRNA genes (Fig. 3).
The vanillate and p-hydroxybenzoate enrichment culture com-
munities formed a subgroup in this analysis, perhaps due to the
structural similarity of these two compounds. The two prepa-

TABLE 1. Bacterial cell growth during a 2-week enrichment period
with aromatic substrates and pcaH clone recovery from the

enrichments and the original salt marsh community

Sample Substrate Increase in no. of
cells (fold)

No. of
pcaH
clones

sequenced

%
Unique

sequences

SMCa NAb NA 21 76

NocA None 1.6 10 40c

NocB None 1.1 NA

AcetA Acetate 5.1 12 52
AcetB Acetate 3.2 11 52

PhbA p-Hydroxybenzoate 3.4 15 42
PhbB p-Hydroxybenzoate 2.7 11 42

VanlA Vanillate 2.4 10 60
VanlB Vanillate 3.2 10 60

AnthA Anthranilate 1.6 10 55
AnthB Anthranilate 1.7 10 55

DhaA Dehydroabietate 2.8 10 57
DhaB Dehydroabietate 1.9 11 57

a SMC, salt marsh community.
b NA, not applicable.
c Calculated for the NocA sample only.
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FIG. 2. Phylogenetic tree of pcaH sequences from isolates, the natural salt marsh community, and the enrichment communities. The tree is
based on the 159 nucleotides located in between the degenerate primer binding sites and is unrooted; pcaH from Rhodoccocus opacus 1CP is the
outgroup. Major clone groups are indicated, and the numbers in parentheses are the numbers of clones. Isolate sequences are color coded with
either black type (sequences from roseobacter group isolates) or white type (sequences from members of other phylogenetic groups). Sequences
from the salt marsh community and enrichment communities are color coded by treatment and are identified by the designations shown in Table
1. Bootstrap values greater than 50% are indicated at branch nodes.
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rations that were not supplemented with an aromatic com-
pound (the acetate and no-carbon-addition preparations) also
formed a distinct cluster.

pcaH in enrichment communities. To characterize the ring
cleavage genes harbored by the enriched bacterial communi-
ties, pcaH clone libraries were established for 11 of the 12
enrichments by amplification with the degenerate primer set.
The remaining sample (no-carbon replicate NocB) did not
yield a PCR product when it was amplified with the degenerate
primer set (although it did produce a product when it was
amplified with 16S rDNA primers). Repeated attempts to ob-
tain a PCR product from this replicate (including carrying out
a second DNA extraction with the unused filter half) were not
successful, and thus this sample was not characterized further.
From all of the other samples, a total of 120 pcaH clones were
sequenced; at least 10 clones were sequenced from each library
(Table 1).

Seventy-six unique sequences were identified, and five of
these sequences matched sequences retrieved from the natural
community (Fig. 2). The pcaH sequences did not segregate
according to enrichment substrate. For example, the 20 pcaH
sequences retrieved from the replicate vanillate enrichments
were distributed throughout the pcaH tree, and 19 clustered
with sequences from other types of enrichments. Similarly, 14
of the 20 sequences obtained from the anthranilate enrich-
ments clustered with sequences from other enrichments (Fig.
2).

Phylogeny of Spartina-associated isolates. For comparative
purposes, a collection of culturable marine bacteria harboring
the pcaH gene was assembled. An initial screening of the 176
SE isolates obtained from decaying Spartina was carried out
with the degenerate PCR primers targeting pcaH. For all 28
isolates (16%) that gave a PCR product of the correct size, a
phylogenetic analysis of 16S rDNA sequences was carried out.
Twenty-three of these isolates showed close phylogenetic af-
finities to members of the class �-Proteobacteria previously
isolated from marine environments. Eighteen of these 23 iso-
lates fell into the Rhizobium-Agrobacterium group, exhibiting
�96.7% similarity to a symbiont isolated from the eastern

oyster, Crassostrea virginica (isolate CV902-700) (1). The clos-
est previously described relative of these CV902-700-like iso-
lates is Stappia stellulata (originally described as an Agrobacte-
rium), an organism isolated from marine sediments and
seawater (37). The remaining �-proteobacterial isolates were
affiliated with the rhodobacter group or the roseobacter group.
Two of the isolates showed affiliations with 
-proteobacteria,
and three were closely related to Bacillus spp. (Table 2).

Many pcaH-containing SE isolates were related to organisms
in which 3,4-PCD activity has been reported previously. These
organisms include members of the roseobacter group (3),
Agrobacterium species (5, 30, 32), Acinetobacter species (11, 31,
42), and Bacillus species (23). 3,4-PCD activity has not been
found in members of the rhodobacter group or the Halomona-
daceae group (in which isolates SE37 and SE96 cluster), al-
though both of these groups contain members capable of me-
tabolizing aromatic compounds (9, 35).

pcaH in marine isolates. In addition to the 28 SE isolates
described above, strains previously isolated from seawater or
sediments and belonging to the roseobacter clade were also
screened for pcaH. Nine members of the roseobacter group
yielded a PCR product of the correct size when the pcaH
primers were used (ISM, Y4I, DSS-3, GAI-05, GAI-21, GAI-
109, GAI-111, GAI-37, and S. pontiacus). We previously iden-
tified this gene in four other roseobacter group isolates (S.
stellata E-37, EE-36, Y3F, and IC4) (3) and included these
organisms in all of the analyses described here. The PCR
products from most SE isolates and roseobacter group isolates
were sequenced; the only exceptions were the PCR products
from the SE isolates exhibiting very high levels of similarity as
determined by 16S rDNA analysis to the C. virginica symbiont
CV902-700. Due to the strain level 16S rDNA sequence iden-
tity of the 19 isolates examined, only 8 were selected for pcaH
sequence analysis. Altogether, 26 pcaH sequences were ob-
tained from marine isolates.

Similarity of pcaH sequences was typically observed for
closely related isolates. S. pontiacus, EE-36, GAI-37, and
GAI-21 formed a cluster in the roseobacter lineage based on
16S rRNA analysis, and pcaH genes from these organisms also
clustered with a high bootstrap value (Fig. 2), exhibiting
�81.8% sequence similarity at the nucleotide level. Isolates
Y3F and Y4I had a level of 16S rDNA sequence similarity of
100% and a level of pcaH sequence similarity of 97.5%. Isolate
SE197 and Acinetobacter calcoaceticus exhibited 99.7% 16S
rRNA gene sequence similarity, and their pcaH sequences
formed a distinct cluster that was supported by a high boot-
strap value (Fig. 2). All of the C. virginica symbiont CV902-
700-like isolates had pcaH sequences that were �97.5% similar
and deduced amino acid sequences that were �94.3% identi-
cal. Finally, two pairs of isolates, isolates GAI-109 and GAI-
111 and isolates SE45 and SE95, had identical 16S rDNA
sequences and identical pcaH sequences.

The 16S rDNA and pcaH phylogenies were not always con-
gruent, however. Comparisons of isolate SE37 and the CV902-
700-like strains revealed only ca. 84% sequence similarity
based on 16S rDNA analysis but as little as 1-bp difference
when the pcaH sequences were compared. Furthermore, the
pcaH gene sequences available for two agrobacterial strains
related to the CV902-700-like isolates did not appear to cluster
with the pcaH gene sequences for these isolates obtained in

FIG. 3. Cluster analysis of 16S rRNA T-RFLP profiles from the
salt marsh and enrichment communities based on the relative areas of
the major peaks. A similarity matrix was constructed by using Euclid-
ean distances, and clustering was performed by using Ward’s method.
The enrichment designations are described in Table 1.
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our analysis (Fig. 2). Finally, the obvious lack of similarity
among pcaH sequences retrieved from Bacillus isolates SE98,
SE105, and SE165 suggests that this gene may be highly diver-
gent in these organisms, although no other Bacillus pcaH genes
are available for comparision (i.e., this is the first report of
pcaH sequences for Bacillus isolates).

Comparisons of the PcaH sequences for all of the isolates
examined in this study and sequences previously deposited in
GenBank revealed levels of sequence similarity of �52.2% at
the nucleotide level and levels of similarity and identity of
�52.8 and �43.4%, respectively, at the deduced amino acid
level. Furthermore, the conservation of 13 residues in all clone
and isolate sequences suggests that these residues have a re-
quired catalytic or structural function.

Comparison of pcaH in clones and isolates. Of the 21 pcaH
clones obtained from the salt marsh community with the de-
generate primer set, 10 (44%) were considered matches (i.e.,
�1-bp difference) with genes from roseobacter group isolates.
One additional pcaH clone, SMC5, had a level of nucleotide
similarity of �98% with the sequence of the roseobacter group
isolate S. pontiacus. Finally, clones SMC1 and SMC7 exhibited
�94% sequence similarity with Bacillus isolate SE165, which
brought the total number of clones that clustered with pcaH
sequences from isolates to 13 (56%).

Of the 120 clones obtained from the enrichments, 67 (54%)
were considered matches (i.e., �1-bp difference) with genes
from roseobacter group isolates. A number of the remaining
clones differed from isolate pcaH sequences at more than one
position but nonetheless exhibited notable sequence similarity
with isolates (Fig. 2). Three clones (Van1A12, AcetB8, and
Van1A15) grouped with the S. stellata E-37 pcaH sequence and
exhibited �96.9% sequence similarity. Four clones clustered
with S. pontiacus and exhibited within-group levels of nucleo-

tide sequence similarity of �96.9%, which brought the total
number of clones that grouped with roseobacter group isolates
to 74 (60%). Two other clones had sequences which were
identical to the sequences of two Bacillus isolates (SE165 and
SE98), five clones had sequences identical to the Acinetobacter
isolate SE197 sequence, and three clones had sequences iden-
tical to the sequences of CV902-700-like isolates and
rhodobacter group isolate SE37. Clone DhaA9 was 93.1%
identical at the nucleotide level and 98.1% identical at the
amino acid level to the pcaH fragment of 
-proteobacterial
isolate SE96.

Only a few pcaH clone sequences grouped with sequences
from isolates not identified in this study. NocA2 and DhaB19
exhibited �85% sequence identity and clustered with the
Pseudomonas putida and Pseudomonas aeruginosa pcaH se-
quences in GenBank. AcetA3 was 84% identical to the pcaH
sequence from the �-proteobacterium Burkholderia cepacia.

Clustering of clone pcaH sequences from the same enrich-
ment type was generally not observed. One of the few excep-
tions to this was the finding that clones resembling Acineto-
bacter sp. were recovered only the from the acetate- and
anthranilate-amended enrichments. In addition, seven clones
from the dehydroabietate and p-hydroxybenzoate enrichments
formed a cluster with pcaH genes from isolates with different
phylogenetic affinities (
- and �-proteobacteria and Streptomy-
ces sp.). Finally, 7 of the 10 clones obtained from the NocA
library exhibited sequence similarity to pcaH from S. stellata
E-37. This relatively low level of clonal diversity may suggest
that the pcaH-containing community in this preparation was
composed of only a few organisms. Indeed, a low abundance of
pcaH genes in the absence of aromatic substrates may also
explain our inability to obtain a PCR product from the second
no-substrate replicate (NocB).

TABLE 2. Phylogenetic affiliations of marine isolates with amplifiable pcaH genes

Isolate(s) Major taxa Group Closest relative (accession no.) % 16S rDNA similarity

Sagittula stellata E-37 �-Proteobacteria Roseobacter NAa NA
Sulfitobacter pontiacus �-Proteobacteria Roseobacter NA NA
DSS-3 �-Proteobacteria Roseobacter Ruegeria sp. strain AS-36 (AJ391197) 97
EE-36 �-Proteobacteria Roseobacter Sulfitobacter pontiacus (Y13155) 99
GAI-05 �-Proteobacteria Roseobacter Marine isolate JP88.1 (AY007684) 98
GAI-21 �-Proteobacteria Roseobacter Sulfitobacter sp. strain GAI-37 (AF007260) 98
GAI-37 �-Proteobacteria Roseobacter Sulfitobacter sp. strain GAI-21 (AF007257) 98
GAI-111, GAI-109 �-Proteobacteria Roseobacter Roseobacter clone NAC11-6 (AF245634) 94
IC4 �-Proteobacteria Roseobacter Hydrothermal vent strain TB66 (AF254109) 98
ISM �-Proteobacteria Roseobacter C. virginica symbiont CV919-312 (AF114484) 96
Y3F, Y4I �-Proteobacteria Roseobacter Marine bacterium PP-154 (AJ296158) 97
SE03b �-Proteobacteria Rhizobium-Agrobacterium C. virginica symbiont CV902-700 (AF246615) 97
SE09 �-Proteobacteria Rhizobium-Agrobacterium C. virginica symbiont CV902-700 (AF246615) 98
SE11 �-Proteobacteria Rhizobium-Agrobacterium C. virginica symbiont CV902-700 (AF246615) 97
SE65 �-Proteobacteria Rhizobium-Agrobacterium C. virginica symbiont CV902-700 (AF246615) 99
SE45, SE95 �-Proteobacteria Roseobacter Hydrothermal vent strain AG33 (AF254108) 98
SE62 �-Proteobacteria Roseobacter Isolate GAI-37 (AF007260) 96
SE37 �-Proteobacteria Rhodobacter Marine isolate Sippewissett 2-21 (AF055822) 99
SE197 
-Proteobacteria Moraxellaceae Acinetobacter calcoaceticus (AF159045) 99
SE96 
-Proteobacteria Halomonadaceae Noctiluca scintillans endocyte (AF262750) 97
SE98 Firmicutes Bacillus-Clostridium Bacillus cereus (AF274244) 99
SE105 Firmicutes Bacillus-Clostridium Bacillus sp. strain OS-5 (BSP296095) 99
SE165 Firmicutes Bacillus-Clostridium Bacillus subtilis (BAC180K) 91

a NA, not applicable.
b The following isolates had 16S rRNA gene sequences identical to that of SE03: SE22, SE26, SE27, SE32, SE35, SE36, SE39, SE44, SE49, SE55, SE57, SE60, SE83,

SE97, and SE114.
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Nondegenerate pcaH primers. Due to the phylogenetic dif-
ferences among the organisms whose pcaH genes had previ-
ously been sequenced, the design of universal pcaH primers
required a high degree of DNA sequence degeneracy. In an
attempt to investigate the potential bias of the degenerate
primers, a nondegenerate primer set was designed based on
the pcaH sequence from roseobacter group isolate Y3F, an
isolate for which no similar sequences were found among the
141 pcaH clones obtained with the degenerate primer set. This
second primer set was used to amplify pcaH gene fragments
from both the salt marsh community and one replicate of the
p-hydroxybenzoate enrichments (PhbA). Four representatives
of the cloned PCR products were sequenced for each sample.
One of the clones analyzed, SMCY6, had a pcaH sequence
identical to that of isolate Y3F. In addition, SMCY1 was 96.2%
similar at the nucleotide level and identical at the deduced
amino acid level to the pcaH fragment of SE62, another ro-
seobacter group isolate. Finally, clone PobY3 exhibited 87.4%
nucleotide similarity and 98.1% amino acid identity to ro-
seobacter group isolates SE45 and SE95. The remaining five
clones had no identifiable sequence similarity with either an
isolate or a clone.

A total of 86 (58%) of the 149 pcaH clones obtained from
the salt marsh community and enrichments were considered
matches (�1-bp mismatch) with the gene sequences from iso-
lates examined in this study, and 78 (52%) matched one of five
roseobacter group isolates. Sixty-three (42%) of the cloned
pcaH sequences did not closely match the sequence of any
isolated bacterium. In almost all cases, the branch topologies
of trees based on nucleotide sequences were maintained when
deduced amino acids were analyzed (data not shown).

DISCUSSION

The ecological significance of the �-ketoadipate pathway for
degradation of naturally occurring aromatic compounds has
been inferred from studies of a select group of soil microor-
ganisms. While these studies were instrumental in character-
izing structural and sequence similarities, as well as the regu-
lation and function of the pathway in certain bacteria, they did
not establish that this catabolic route is widely distributed in
many natural systems. With the development of a degenerate
primer set targeting all known pcaH sequences, we can now
begin to investigate the importance and diversity of this key
aromatic ring cleavage gene in a variety of natural bacterial
communities.

pcaH diversity in salt marsh and enrichment communities.
The pcaH gene diversity in the bacterial communities associ-
ated with decaying Spartina was high. Fourteen of the 21 clones
derived by using the degenerate primer set were unique se-
quences. Enrichment cultures were established to assess the
diversity of pcaH genes harbored in marine bacterial assem-
blages by varying the amount and type of aromatic substrates
available, and T-RFLP analysis of 16S rRNA genes indicated
that distinct bacterial communities indeed developed in each
preparation (Fig. 3). Analysis of these communities revealed
an additional 76 gene sequences out of 120 partial pcaH se-
quences. Five of these sequences matched sequences found
after direct amplification from the salt marsh community, but
71 were novel sequences. The Y3F-specific primers yielded
even more novel pcaH sequences from the Spartina-associated
bacterial community; eight new sequences were obtained from
eight clones, and only one of these sequences was identical to
the sequence from the isolate for which this primer set was
specifically designed. The possibility that some fraction of the
pcaH diversity found in this study resulted from chimeric arti-
facts generated during PCR amplification does not change the
overall conclusion that there is significant diversity of this key
gene in aromatic compound degradation. Furthermore, the
small size of the amplified product reduced the likelihood of
heteroduplex formation (44).

High levels of functional gene diversity in environmental
samples are not unprecedented and have been noted previ-
ously for genes involved in denitrification (2, 38), bisulfite
reduction (6), and nitrogen fixation (21, 28). However, it is not
typical that functional genes retrieved directly from environ-
mental samples have such high levels of sequence similarity to
genes from cultured bacteria. For example, Scala and Kerkof
(38) identified 37 unique nosZ genes in marine sediments,
none of which resembled the nosZ genes of cultivated organ-
isms. Similarly, Lovell et al. (21) found 43 unique nifH se-
quences in the 59 clones which they analyzed, none of which
matched sequences of known nitrogen fixers. Yet for pcaH
genes retrieved from decaying Spartina, 58% of the clones
matched (i.e., �1-bp difference) sequences found in a com-
panion collection of marine isolates. Nearly one-half of the 25
genes amplified from the salt marsh community (44%)
matched the gene of one of five roseobacter group isolates
cultured from decaying Spartina detritus or seawater. Similarly,
more than one-half the 124 clones from the enrichment com-
munities (54%) matched the sequence of a roseobacter group
isolate (Table 3). A more conservative definition requiring no

TABLE 3. Phylogenetic affiliations of pcaH sequences from cultured members (SE isolate collection) and uncultured members (salt marsh
community clones) of the bacterial community associated with decaying Spartina and from enrichments of that community with a variety of

aromatic substrates (enrichment clones)a

Organisms

% of sequences affiliated with:

Roseobacter
group

Rhodobacter
group Acinetobacter Halomonas Bacillus Unidentified

organisms

Salt marsh community clones (n � 25) 44 0 0 0 0 56
Enrichment clones (n � 124) 54 2 4 0 2 38
SE isolate collection (n � 28) 11 71 3.5 3.5 11 NAb

a Clone affiliations were inferred based on �1-bp difference with pcaH sequences from isolates.
b NA, not applicable.
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mismatches between sequences still resulted in 32 and 28% of
the salt marsh and enrichment community pcaH sequences,
respectively, matching sequences of cultured roseobacter
group species. It is unlikely that this predominance of ro-
seobacter group-like pcaH sequences is due to a particular bias
in the degenerate primers, since the primers were designed to
target PcaH in 14 phylogenetically diverse organisms repre-
senting several bacterial lineages (e.g., �-, �-, and 
-proteobac-
teria, gram-positive organisms). Moreover, the pcaH gene was
previously found to be quite common in culturable members of
the roseobacter clade (3).

Members of the roseobacter clade are abundant in many
coastal and open-ocean environments (16, 27, 41) and have
been found to contribute up to 30% of the bacterioplankton
16S rRNA genes in southeastern United States coastal systems
(15). Unlike other dominant marine bacterial lineages that
have no close relatives in culture, roseobacter group members
are readily isolated from coastal and open-ocean systems (10,
13, 15, 20). Roseobacter group members have also been shown
to be primary colonists on surfaces in coastal salt marshes (8).
Both surface colonization and plant degradation typically in-
volve the production of exopolysaccharide, holdfast structures,
or fibrils which can assist in cellular attachment (34). The
largest number of pcaH clones clustered with the gene from
roseobacter group isolate S. stellata E-37, a bacterium able to
attach selectively to the surfaces of lignocellulose particles and
to mineralize cellulose and synthetic lignin (14).

The aromatic compounds used in the enrichment experi-
ments represent fused-ring and hydroxy-, methyl-, and amino-
substituted structures. The presence of roseobacter group-like
pcaH genes in all enrichments with aromatic substrates sug-
gests that these bacteria are capable of converting a variety of
ring structures and therefore may contain multiple sets of
catabolic genes. Anthranilate, p-hydroxybenzoate, and vanil-
late have been shown to require a unique set of upper pathway
genes for conversion to a dihydroxylated intermediate, such as
protocatechuate or catechol (4, 18, 36, 39).

While T-RFLP profiles of 16S rDNA amplicon pools from
enrichment community DNA indicated that distinctive bacte-
rial communities developed in response to each enrichment
substrate (Fig. 3), there was surprisingly little evidence that
pcaH gene sequences likewise segregated according to enrich-
ment type (Fig. 2). This absence of pcaH clustering by enrich-
ment type suggests that the marine bacteria responsible for
aromatic ring cleavage are nutritional generalists that are able
to funnel a variety of different aromatic structures through the
protocatechuate branch of the �-ketoadipate pathway. Two
alternative explanations for the lack of apparent pcaH cluster-
ing by enrichment substrate are that the diversity of pcaH
clones was high relative to the sample size of the clone libraries
(i.e., clustering may have been evident if more clones had been
sequenced per enrichment treatment) and that the distinct
T-RFLP patterns obtained for enrichment preparations re-
flected compositional differences of the component of the bac-
terial community that was not involved in aromatic ring cleav-
age.

Ecological significance. Despite the significance of the �-ke-
toadipate pathway in the processing and degradation of aro-
matic compounds in a variety of systems, the ecological role of
this pathway has not been demonstrated yet outside soil eco-

systems. Here we describe the importance and diversity of a
gene encoding a key enzyme of the pathway, 3,4-PCD, in both
natural and enriched bacterial communities from a southeast-
ern United States salt marsh. If we presume that successful
amplification of a portion of pcaH indicates the presence of a
functional 3,4-PCD enzyme (i.e., pcaH and pcaG), these results
suggest that taxonomically diverse marine bacteria, some of
which have yet to be identified, are involved in the processing
of aromatic compounds via a mechanism that has been well
described for soil bacteria. In the environment from which
these genes were amplified, lignin and lignin degradation prod-
ucts are the most likely sources of naturally occurring aromatic
substrates.

The pcaH primer set used here was based on previously
retrieved pcaH genes and therefore may target only a subset of
the ring cleavage dioxygenases present in the system studied.
Furthermore, at least six different ring cleavage dioxygenases
in addition to 3,4-PCD have been identified in soil bacteria,
and these or other novel dioxygenases may also be present in
coastal marine marshes. Nonetheless, the pcaH gene is present
in the decomposer community of this coastal marsh, and at
least 85 different versions are present, as indicated by sequence
differences in the 159-bp fragment amplified from pcaH.

The radiation of similar pcaH sequences raises questions
about phenotypic microheterogeneity in the salt marsh bacte-
rial community and potentially has interesting implications for
population dynamics and ecological function. The sequence
microheterogeneity observed in the pcaH fragment may reflect
genetic divergence within the phylogenetically broad clade that
has little ecological significance. Alternatively, it may serve as
the basis for slight differences in enzyme activity or stability
under different environmental conditions. Because members
of the roseobacter lineage are amenable to culturing, it should
be possible to perform laboratory-based physiological and ge-
netic studies of aromatic compound degradation by members
of this bacterial clade having distinctive pcaGH sequences.
Access to the physiology of ecologically relevant bacteria via
culturing is uncommon in microbial ecology, and such access
may lead to unique insights into the role of functional gene
microheterogeneity in natural environments.
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37. Rüger, H.-J., and M. G. Holfe. 1992. Marine star-shaped-aggregate-forming
bacteria: Agrobacterium atlantic sp. nov.; Agrobacterium meteor sp. nov;
Agrobacterium ferruginous sp. nov., nom. rev.; Agrobacterium gelatinovorum
sp. nov., nom. rev.; and Agrobacterium stellulatum sp. nov., nom. rev. Int. J.
Syst. Bacteriol. 42:133–143.

38. Scala, D. J., and L. J. Kerkhof. 1999. Diversity of nitrous oxide reductase
(nosZ) genes in continental shelf sediments. Appl. Environ. Microbiol. 65:
1681–1687.

39. Segura, A., P. V. Bunz, D. A. D’Argenio, and L. N. Ornston. 1999. Genetic
analysis of a chromosomal region containing vanA and vanB, genes required
for conversion of either ferulate or vanillate to protocatechuate in Acineto-
bacter. J. Bacteriol. 181:3494–3504.

40. Sorokin, D. Y., and A. M. Lysenko. 1993. Heterotrophic bacteria from the
Black Sea oxidizing reduced sulfur compounds to sulfate. Microbiology
(Engl. Transl. Mikrobiologiya) 62:1018–1031.

41. Suzuki, M. T., M. S. Rappé, Z. W. Haimberger, H. Winfield, N. Adair, J.
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