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Abstract

Assimilatory nitrate reductase gene fragments were isolated
from epiphytes and plankton associated with seagrass
blades collected from Tampa Bay, Florida, USA. Nitrate
reductase genes from diatoms (NR) and heterotrophic
bacteria (nasA) were amplified by polymerase chain
reaction (PCR) using two sets of degenerate primers. A
total of 129 NR and 75 nasA clones from four clone
libraries, two from each of epiphytic and planktonic
components, were sequenced and aligned. In addition,
genomic DNA sequences for the NR fragment were
obtained from Skeletonema costatum and Thalassiosira
weissflogii diatom cultures. Rarefaction analysis with an
operational taxonomic unit cut-off of 6% indicated that
diversity of the NR and nasA clone libraries were similar,
and that sequencing of the clone libraries was not yet
saturated. Phylogenetic analysis indicated that 121 of the
129 NR clones sequenced were similar to diatom
sequences. Of the eight non-diatom sequences, four were
most closely related to the sequence of Chlorella vulgaris.
Introns were found in 8% of the Tampa Bay NR
sequences; introns were also observed in S. costatum, but
not T. weissflogii. Introns from within the same clone
library exhibited close similarity in nucleotide sequence,
position and length; the corresponding exon sequences
were unique. Introns from within the same component
were similar in position and length, but not in nucleotide
sequence. These findings raise questions about the
function of introns, and mechanisms or time evolution
of intron formation. A large cluster of 14 of the 75 nasA
sequences was similar to sequences from Vibrio species;
other sequences were closely related to sequences from
Alteromonas, alpha-proteobacteria and Marinomonas-like
species. Biogeographically consistent patterns were ob-
served for the nasA Tampa Bay sequences compared with

sequences from other locations: for example, Tampa Bay
sequences were similar to those from the South Atlantic
Bight, but not the Barents Sea. The Tampa Bay NR clone
libraries contained sequences that exhibited phylogenetic
similarity with sequences from coastal New Jersey and
Monterey Bay, USA. For both NR and nasA, the sequences
formed phylogenetic clusters containing nitrate reductase
gene fragments that were common to both plankton and
epiphyte components, and sequences that were unique to
just one component. The implication that some organ-
isms may be differentially represented in epiphytic versus
planktonic components of the community suggests that
local environmental conditions may have ramifications for
regulation of nitrate assimilation processes, community
composition, and ecosystem function.

Introduction

The assimilation of inorganic nitrogen into organic
nitrogen is an important component of the marine
nitrogen cycle. Organisms can take up dissolved inor-
ganic nitrogen in the form of nitrate, which is then
successively reduced to nitrite and ammonium before
being transformed into organic nitrogen. The reduction
of nitrate to nitrite is catalysed by the enzyme nitrate
reductase. In this work, we characterized the microbial
community containing the assimilatory nitrate reductase
gene within different components of a seagrass bed
studied in a flume tank. This is the first step toward the
goal of investigating the effects of environmental con-
ditions on the rate of nitrate uptake by organisms in a
seagrass community.

Seagrass communities are globally important coastal
habitats [17] of ecological and biogeochemical signifi-
cance. Seagrass beds are highly productive systems [e.g.,
13, 25], and this productivity is supported by a high
demand for nutrients, including inorganic nitrogen.Correspondence to: Anita Adhitya; E-mail: aadhitya@princeton.edu
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Seagrass canopies can play an important role in nutrient
exchange by filtering nutrients from the water column
[e.g., 29] and form a link in local food webs [e.g., 32].
Further, submerged vegetation can affect sediment
accretion rates [15] and be a significant source of carbon
in shallow systems [e.g., 27]. Seagrass systems can either
accumulate or export detritus [6, 18, 21], thus playing an
important role in the carbon cycle in coastal environments.

Several components of the seagrass ecosystem may
contribute to nitrate uptake. The seagrass plant itself
takes up dissolved inorganic nitrogen (DIN) through the
leaves and roots [23, 24]. Various flora and fauna
associated with seagrass ecosystems, including benthic
and water column organisms and a diverse and extensive
range of epiphytic organisms [10, 16] resident on the
surface of the seagrass blades, also contribute to nitrate
uptake [8, 9]. The macroalgal epiphytes can be a
significant nitrate sink [34]. Identifying the members
that contribute to nitrate uptake within seagrass com-
munities is the first step in determining the relative
contribution of these different components of the
community to nitrate metabolism of the system, which
in turn is important in understanding how seagrass
ecosystems may respond to changes in nitrate loading or
community composition.

This work probes the epiphytic and planktonic
components of a seagrass community, identifying the
microbes capable of participating in assimilation of
nitrate. Nitrogen uptake at the microbial level has not
yet been studied in the seagrass literature, and investiga-
tion of uptake of other nutrients by microbes in seagrass
communities is minimal. Characterization of the micro-
bial community in terms of nitrate assimilation potential
requires the specificity afforded by molecular tools,
which, unlike traditional approaches such as stable
isotope tracer experiments, allows us to distinguish
between components of the microbial assemblage. Two
groups of microbial organisms that can be significant
contributors to nitrate uptake, and which may compete
for available nutrients, are heterotrophic bacteria and
diatoms [19].

The database of assimilatory nitrate reductase gene
sequences for heterotrophic bacteria and diatoms is
currently small: few cultivated strains have been se-
quenced, and only a few field sites have been investigated
to any significant extent for each of these groups of
organisms [1–3]. Expanding the database is necessary to
ascertain genetic diversity, dominant organisms, and
environmental distribution. Moreover, a sequencing ef-
fort is also essential in elucidating nitrate reductase gene
structure. Previous studies have not investigated introns
within the eukaryotic diatom nitrate reductase gene
because sequencing efforts thus far have mostly been of
cDNA rather than genomic DNA [3]. Generalization of
features such as conserved sites, regions of divergence,

and introns, may inform evolutionary theories and will
facilitate future developments in the field. For example,
details of genetic diversity and structure are invaluable in
designing molecular probes to study gene expression.
Extensive sequence information is particularly relevant in
designing methods for field studies, where samples will
often contain a range of organisms of which it may be
desired to target selected groups.

Methods

Samples. Thallassia testudinum seagrass plants and
ambient seawater were collected at 30–40 cm depth from
Fort Desoto, Tampa Bay, Florida, USA (27.63-N
82.73-W), in September 2002. The seagrass and seawater
were maintained on shore in a tank [see 7] with nitrate
(NaNO3) added to a total concentration of 3 mM, for
5–9 hr before sampling. Although this represents a
slightly elevated NO3 concentration, community
changes were unlikely as exposure time was limited.

Plankton samples were collected by filtration of 100–
250 mL seawater onto 0.2 mm pore size, 47 mm diameter
Supor membrane filters (Gelman). Epiphyte samples
consisted of material scraped from the surface of seagrass
blades using a glass microscope slide [e.g., 8, 9]. All
samples were flash frozen on dry ice and stored in 2 mL
cryovials at _80-C. The epiphyte samples were centri-
fuged to remove moisture, leaving approximately 15–20
mg of sediment-like solids. Four samples were analyzed:
two plankton samples (TBF1x5w and TBF1x7w), and two
epiphyte samples (TBF1x5e and 1x9e). Sample labels
(BTBF1xyz^) indicate sampling location and experiment
(TBF1); gene targeted in PCR (x= r or a, where r=NR
and a= nasA); sample number; and component (z=w or
e, where w=plankton, e= epiphyte).

In addition, samples of Thalassiosira weissflogii and
Skeletonema costatum diatom cultures were investigated.
Cultures were grown in f/2 medium with 100 mM
NaNO3 and harvested in mid-exponential growth phase
on 0.2 mm Supor filters.

Sample Analysis DNA and RNA Extraction. DNA
was extracted from the planktonic samples using a phenol/
chloroform method. The epiphytic DNA was extracted
using a FastaDNA SPIN kit for Soil (Qbiogene). DNA
extractions of the S. costatum and T. weissflogii cultures
were performed using a DNeasy Plant kit (Qiagen).
Electrophoresis was used to visualize the extracted DNA
on a 1% agarose gel in Tris–acetate–EDTA (TAE).

RNAwas extracted from S. costatum and T. weissflogii
cultures using an RNAqueous-4PCR kit (Ambion)
including DNase treatment and inactivation. cDNA was
synthesized using the First-strand cDNA Synthesis Kit
with random hexamer primers (Amersham Biosciences).
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PCR Amplification. Polymerase chain reaction
(PCR) amplification was used to obtain target gene
fragments from DNA and RNA extracts. Amplification
was performed using nasA and NR primer sets [1, 3],
targeting heterotrophic bacteria and diatoms, respectively.
Nested reactions were used in which the PCR product of a
first (outer) reaction was used as the template of a second
(inner) reaction to increase the sensitivity and specificity
of the PCR.

The nasA primer set comprises the nas22, nas964,
nasA1733, and nas1933 primers (Table 1) [1]. The outer
reaction primer pair (nas22, nas1933) yields an expected
PCR amplicon size of 1,911 bp; the inner reaction pair
(nas964, nasA1733) yields an expected product length of
769 bp. The NR primer set consists of the NRPt907F,
NRPt1000F, NRPt1389R, and NR2325R primers (Table 1)
[3]. The outer reaction pair (NRPt907F, NRPt2325R) is
expected to amplify a 1,418 bp fragment; the inner re-
action primers (NRPt1000F, NRPt1389R) yield an ex-
pected product length of 389 bp.

Outer reactions for both nasA and NR were
performed in a 25-mL volume using the BD Advantage
2 Enzyme System (Clontech, BD Biosciences) with 2.5 mL
10� PCR buffer (includes 3.5 mM Mg2+), 0.16 mM of
each deoxyribonucleoside triphosphate, 2 mM of each
primer, 0.5–5 mg DNA template and 1 U Taq polymerase.
Inner reactions were performed in a 25-mL volume with
2.5 mL 10� PCR buffer (10 mM Tris–HCl pH 9.0, 50
mM KCl, 0.1% Triton X-100), 5 mM Mg2+, 0.16 mM of
each deoxyribonucleoside triphosphate, 2 mM of each
primer, and 1 U Taq polymerase; 1 mL of the outer
reaction was used as template in the nasA reaction and
0.5 mL in the NR PCR. The positive controls used for
nasA PCR were Barents Sea isolates BS10 (Marinobacter)
and BS25 (Pseudoalteromonas); for the NR reactions, the
positive control was T. weissflogii.

PCR thermocycles were performed on a PTC-200
thermocycler (MJ Research). The thermocycle used for
the outer reaction of both nitrate reductase primers
consisted of denaturation at 94-C for 5 min followed by
35 cycles of denaturation at 94-C for 5 s, annealing at
55.5-C for 10 s and extension at 72-C for 60 s, then a
final extension at 72-C for 7 min [1]. The inner reaction
thermocycle programme was the same except for an

extension time of 30 s. The PCR products were visualized
on a 1% agarose gel using electrophoresis.

Cloning of PCR products. PCR products of the
expected size were excised from the gel and purified using
a QIAquick Gel Extraction kit (Qiagen). The extracted
products were cloned into pCR2.1-TOPO vectors using a
Topo TA Cloning kit (Invitrogen). Positive transformants
were identified by PCR with the M13R and T7 primers.
Cells containing the insert were cultured in Luria–Bertani
medium with 50 mg L

_1 kanamycin and frozen in 15%
glycerol. Clone libraries were made for the nasA and NR
genes for all four samples.

RFLP. Restriction Fragment Length Polymorphism
(RFLP) was used to screen for unique clones for sequencing
of the TBF1a5w library; the other libraries were sequenced
randomly. The HaeIII enzyme was used to digest positive
transformants, and the fragments were examined on a 2%
agarose gel by electrophoresis.

Sequencing. PCR products were sequenced using
the ABI Prism BigDye Terminator Cycle Sequencing Kit
with M13 and T7 primers, and an ABI Prism 310 Genetic
Analyzer automatic sequencer. The 389 bp NR fragment
and approximately 300 bp from the nas964 50 end of the
nasA fragment were sequenced.

Analysis. The Basic Local Alignment Search Tool
(http://www.ncbi.nlm.nih.gov/BLAST/) was used to
identify closest known matching sequences. Sequences
that were not identified as assimilatory nitrate reductase
based on the GenBank database were removed from
further consideration. Consensus sequences for each clone
were generated using Sequencher v4.1.2 (GeneCodes
Corporation). The nucleotide sequences were translated
into amino acid sequences using the ExPASy Translate tool
(http://us.expasy.org/tools/dna.html). Multiple alignments
of the cloned sequences plus known assimilatory nitrate
reductase sequences were made using the Clustal-X
program from the GenBank database. Alignments were
made to compare the sequences with known database
sequences, including nine diatoms from culture; three
fungi; four green algae; four higher plants; and NR gene

Table 1. NR and nasA primer sequences and target organisms

Primer Sequence (50 to 30) Target (gene, organism)

NRPt907F GGYGGNMGNATGRTBAAGTGGCT NR, diatom
NRPt2325R GGGVGTGATRCCHGTVCCDCCVGC NR, diatom
NRPt1000F GRDGGHTGGTGGTACAAGCC NR, diatom
NRPt1389R GTTGTTYMYCATBCCCAT NR, diatom
nas22 TGYCCNTAYTGYGGNGT nasA, heterotrophic bacteria
nas1935 CARTGCATNGGNAYRAA nasA, heterotrophic bacteria
nas964 CARCCNAAYGCNATGGG nasA, heterotrophic bacteria
nasA1733 ATNGTRTGCCAYTGRTC nasA, heterotrophic bacteria
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fragments from Monterey Bay, USA, and the Rutgers
University Marine Field Station Long-term Ecosystem
Observatory (LEO-15) site located in inner continental
shelf waters off the central coast of New Jersey, USA [3].
Accession numbers for published sequences are provided
in Figs. 1 and 2.

Phylogenetic trees were constructed for amino acid
alignments of the 390 bp NR and 300 bp nasA gene
fragments, using the neighbor-joining method in PAUP
version 4.0b10. Trees were bootstrapped with 1,000
replicates to produce a consensus tree retaining signifi-
cant branching of Q50%.

Rarefaction analysis was used to compare the
diversity of individual clone libraries. For the analysis,
operational taxonomic units (OTUs) were defined as
nitrate reductase amino acid sequence groups with
sequences differing by e6%, to be consistent with
clustering observed in the phylogenetic trees. Expected
number of OTUs per clones sequenced was calculated
using the Analytic Rarefaction program (http://www.
uga.edu/strata/software/). Rarefaction curves with nor-
malized values for both variables were used to compare
the extent of sampling of individual clone libraries.

Results

Sequences. Assimilatory nitrate reductase sequences
were obtained for the 389 bp NR fragment for 27–43
clones from each of the four NR clone libraries; and for
300 bp of the nasA fragment for 17–22 clones from each
of the four nasA clone libraries (Table 2). An additional
13% of total NR clones sequenced were not identified as
assimilatory nitrate reductase based on BLAST database
searches, and these sequences were removed from further
analysis. A total of 129 NR and 75 nasA sequences from
Tampa Bay were aligned. Sequences of the NR fragment
were also obtained for T. weissflogii and S. costatum
genomic DNA.

Introns. Introns were found in 8% of the 129 NR
sequences aligned, and were present in each of the
Tampa Bay clone libraries (Table 2). All of the introns
were found in diatom-like sequences. The diatom S.
costatum NR fragment, sequenced from culture, was also
found to contain an intron; previous work on this species
had only examined its cDNA sequence and introns were

not observed [3]. No intron was found in the NR
fragment for the T. weissflogii diatom.

The position, length and nucleotide sequence of the
introns exhibited close similarity for introns from within
the same Tampa Bay clone library. Introns from the same
component (epiphytic or planktonic), but not within the
same clone library, were similar in position and length,
but not in nucleotide sequence. The S. costatum intron
exhibited similar properties to introns from the plank-
tonic clone libraries. The intron-containing sequences
tended to form phylogenetic clusters (Section 3.2.1).

Intron lengths ranged from 88 to 157 bp. The
epiphytic introns were 132–143 bp in length. The
planktonic introns were 88–96 bp in length, except for
the 157 bp TBF1r7w-f6L intron (Table 3). The S.
costatum intron was 102 bp in length, comparable to
the other planktonic introns.

The location of the introns was position 122 bp or
335 bp of the nucleic acid sequence, as measured from
the NRPt1000F 50 end, for the epiphytic and planktonic
introns, respectively (Table 3). There was one exception:
the TBF1r7w-f6L intron was located at 140 bp. The S.
costatum intron was located in the same position as the
Tampa Bay planktonic introns, at 335 bp.

The nucleotide sequences of the three TBF1r5e
introns were almost identical (pattern A, Table 3),
differing only by 2 bp in length for TBF1r5e-d4L
compared to the other two sequences from that sample.
The TBF1r5w intron sequences were also nearly identical,
differing only by 3 bp in length and 5% basepair
substitution (pattern B). The S. costatum intron was
approximately 10 bp longer than the TBF1r5w introns,
and shared a similar nucleotide sequence (pattern B_).
The sequences of the TBF1r7w introns were of three
types: TBF1r7w-g4L was identical to the TBF1r5w
introns (pattern B), except for three basepair substitu-
tions; the TBF1r7w-d5L and TBF1r7w-e3L introns were
identical to each other (pattern C); and the TBF1r7w-f6L
intron was unique in nucleotide sequence and also in the
other properties of length and location (pattern D)
(Table 3). The single TBF1r9e intron did not share a
similar sequence with those from the other samples
(pattern E). The similarity of introns within a given clone
library was not because of duplication of the same NR
clone: the differences in the corresponding exonic
nucleotide sequences ranged from 3 to 39 bp in
substitution, with a mean variation of 14 bp, which
exceeds the basepair substitution error rate for DNA
synthesis by Thermus aquaticus polymerase [30].

The intron nucleotide sequences all began with GT at
the 50 terminal and ended with AG at the 30 terminal.
This is consistent with the canonical splice site pattern
observed for a range of organisms [5] in which GT and
AG termini form part of the 50 (donor) and 30 (acceptor)
splice sites that play a role in the excision of introns [28].

RFigure 1. NR phylogenetic tree. B]^ indicates Tampa Bay
sequences; B}^ indicates classification based on known database;
BA-N^ denotes reference labels; B5e, 5w, 7w, 9e, all^ denote which
Tampa Bay clone libraries are represented in the cluster, with B+^
indicating the presence of a small number of sequences from other
clone libraries in addition to the indicated dominant one(s), and F__
indicating the absence of sequences from a particular clone library.
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The donor splice site consensus sequence for the Tampa
Bay NR introns was of the form VMG:gtRMRT, with the
most commonly observed donor sequence being GAG:
gtAAGT (Table 4). This is generally consistent with other
proposed donor splice site consensus sequences; for
example, MAG:gtRAGT [26], AAG:gtRAGT [28] and
VAG:gtVAG [11] (Table 4). The NR acceptor splice site
consensus form here was HRBag:G, with six of the 10
introns having an acceptor sequence of CACag:G
(Table 4). These sequences are consistent with the
acceptor site consensus sequences reported in the lite-
rature; for example, YnNYnag:G [26] and Y2T2Y6NCag:G
[28]. The splice site variability observed for the NR
introns was up to 3 bp, for both donor and acceptor
sequences.

Phylogenetic Analysis

NR. The 129 NR sequences formed phylogenetic clusters
of varying size and composition (Fig. 1). Clusters
composed of sequences from a single sample tended to
be smaller in size, such as 2–4 sequences, with the
exception of one large single-sample cluster (D). The
clusters that were composed of sequences from both
samples of a single component (epiphytes or plankton), or
of sequences from a mixture of epiphytic and planktonic
samples, tended to be larger in size.

Diatom-like sequences (A–K) were broadly identified
as comprising 121 of the 129 sequences. Of the eight
sequences that did not lie in the diatom clade, four
sequences (M, N) grouped with green algae and were most
similar to Chlorella vulgaris; three sequences (L) were most
similar to Leo21211; and one, TBF1r9e-b2, could not be
identified as related to any other known NR sequence.

Four larger clusters (A, D, E, J) dominated the clone
library phylogeny and exemplified the range of cluster
composition. The largest cluster (J) was a mixed-
component cluster of 31 sequences from all four samples.

This cluster could not be identified from the known
database, but a related group (J_) was most closely related
to Cylindrotheca fusiformis. Clusters A and E were single-
component clusters that consisted of 23 plankton
sequences and 16 epiphyte sequences, respectively. The
former were most similar to diatom-like sequence
Mbap19 from Monterey Bay, California, USA, and also
grouped with other Monterey Bay and LEO-15 sequen-
ces. The latter were most similar to Leo21215, a diatom-
like sequence from the LEO-15 site off the coast of New
Jersey, USA. The large single-sample cluster D was
composed of 11 sequences that were all from the
TBF1r9e clone library, and which did not cluster with
any known database sequences.

The 10 intron-containing sequences, which were
aligned by their exon sequences, grouped into two of the
clusters (C, F) plus two single sequences. The planktonic
intron-containing sequences, with the exception of
TBF1r7w-f6L, comprised one cluster (C). These sequences
aligned most closely with Mbap10 and Mbap16. They also
clustered with the intron-containing diatom S. costatum,
which shared similar intron properties. The broader
cluster group C contained T. weissflogii, in which an
intron was not observed. The introns of the cluster C
sequences were all located at the same nucleic acid
position. The three TBF1r5e introns clustered with each
other and three other epiphyte sequences (F). The exon
sequences of the TBF1r7w-f6L and TBF1r9e-e3L intron-
containing sequences did not cluster with other sequences.

There were eight unclustered sequences, two to three
from each of the samples except TBF1r5e. The un-
clustered clone sequences TBF1r5w-e6, TBF1r5w-d9,
and TBF1r9e-b4 were most similar to Mbap22, Enter-
omoneis cf_alata and Amorpha, respectively.

nasA. The 75 heterotrophic bacterial nasA sequences
formed approximately twice as many mixed-component
clusters (A, B, D0, E, H, I) (Fig. 2) as the NR sequences,
despite 60% fewer clones sequenced for nasA. The largest
nasA clusters (D+D0, E, G) contained 49% of the total
aligned nasA sequences. Clusters D and D0 together were
a dominant feature in the phylogenetic tree. They were
composed of 14 Vibrio-like sequences in two groups: one
containing primarily TBF1a5w sequences (D) and one
containing sequences from all four samples (D0). The
sequences were most closely related to SAB m230 and
SAB SkIOdock 4h13, both South Atlantic Bight (SAB)
sequences from off the coast of Georgia, USA, and

RFigure 2. nasA phylogenetic tree. B]^ indicates Tampa Bay
sequences; B}^ indicates classification based on known database;
BA-N^ denotes reference labels; B5e,^ B5w,^ B7w,^ B9e,^ and Ball^
denote Tampa Bay clone libraries represented in the cluster, with
F+_ indicating the presence of a small number of sequences from
other clone libraries in addition to the indicated dominant one(s),
and F__ indicating the absence of sequences from a particular clone
library; (�n) next to sample name indicates n number of identical
sequences.

Table 2. Total number of NR and nasA sequences aligned from each sample, and number of NR sequences containing introns

Number of sequences TBF1x5e TBF1x5w TBF1x7w TBF1x9e

NR total aligned (intron-containing) 27 (3) 43 (2) 30 (4) 29 (1)
nasA total aligned 17 20 22 17
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Skidaway River dock, Georgia, USA, respectively. The
Vibrio-like sequences were the largest group that could be
identified from the known nasA database. Cluster E was
composed of 11 sequences, of which more than half were
from TBF1a7w and the remainder from both epiphyte
samples. This cluster grouped with several South Atlantic
Bight sequences and was most closely related to SAB
SkIOdock Sd3.1. Cluster G consisted of 12 epiphyte
sequences, mostly from TBF1a5e, and grouped with
alpha-proteobacterial sequence SAB m215.

A few sequences (A) were identified as containing
sequences similar toMarinomonas species, and were most
closely related to SAB m21. Single sequence TBF1a5w-
dd11t grouped with Alteromonas-like sequence
SABm234, in a cluster that also contained a sequence
from each of Hawaii Ocean Time Series (HOTS) and
Sargasso Sea Bermuda Atlantic Time Series (BATS)
stations. TBF1a5w-hh11t was most closely related to
Sargasso Sea sequence s450ah, and lay in the same group
as Klebsiella pneumoniae. The single sequence TBF1a9e-
e9m was most similar to SAB SkIO dock Sk3.5. One
cluster of five sequences (I) plus two other sequences
grouped distantly with Barents Sea sequences.

Rarefaction Analysis. The order of increasing
diversity of the NR clone libraries was inferred to be:

TBF1r5e, TBF1r5w, TBF1r7w, TBF1r9e (Fig. 3). For the
nasA clone libraries, the order of increasing clone library
diversity was: TBF1a5e, TBF1a7w, TBF1a9e (Fig. 3). The
TBF1a5w library was not included in the nasA
comparison because, unlike the other clone libraries
which were sequenced randomly, the sequenced
TBF1a5w clones were selected by RFLP screening. This
difference in clone selection method explains why
TBF1a5w exhibited higher diversity than the other nasA
clone libraries (Fig. 3). For both TBF1x7w and
TBF1x9e, the NR and nasA rarefaction curves were
comparable in magnitude over the number of clones
sequenced, within a standard deviation of each other;
however, their curvatures differed.

The sequencing extent was undersaturated for all but
the TBF1x5e clone libraries, as indicated by the low
curvature of the rarefaction curves (Fig. 3). The relative
sequencing extent for the NR samples, based on a
comparison of the curvatures of normalized rarefaction
plots (not shown) and listed in decreasing order, was
TBF1r5e, TBF1r5w, TBF1r9e, TBF1r7w. However, the
latter three were very similar in magnitude of sequencing
extent and well within a standard deviation of each other.
The order of sequencing extent for the nasA samples was
TBF1a5e, TBF1a7w, TBF1r9e. Again, TBF1r5w was
omitted from this list to avoid miscomparison; this

Table 3. Intron properties of length, position in nucleotide sequence, and pattern of nucleotide sequence

Sequence name Intron length (bp) Intron start position (bp from 50 end) Nucleotide sequence pattern

TBF1r5e-d4L 132 122 A
TBF1r5e-e5L, TBF1r5e-a7L 134 122 A
TBF1r5w-f4L 88 335 B
TBF1r5w-f5L 91 335 B
Skeletonema costatum 102 335 B_
TBF1r7w-g4L 91 335 B
TBF1r7w-d5L, TBF1r7w-e3L 96 335 C
TBF1r7w-f6L 154 140 D
TBF1r9e-e3L 143 122 E

Table 4. Intron splice site sequences for Tampa Bay and Skeletonema costatum sequences and several published consensus sequences
(colon marks exon–intron or intron–exon boundary)

Sequence name Donor site Acceptor site

TBF1r5e-d4L, TBF1r5e-e5L, TBF1r5e-a7L ACG:gtACGT CACag:G
TBF1r5w-f4L, TBF1r5w-f5L GAG:gtGAGT CACag:G
Skeletonema costatum GAG:gtACGT CACag:G
TBF1r7w-g4L GAG:gtAAGT CACag:G
TBF1r7w-d5L, TBF1r7w-e3L GAG:gtAAGT AACag:G
TBF1r7w-f6L CAG:gtGAAT CGCag:G
TBF1r9e-e3L GAG:gtACGT TGTag:G
consensus [11] VAG:gtVAG
consensus [26] MAG:gtRAGT YnNYnag:G
consensus [28] AAG:gtRAGT Y2T2Y6NCag:G
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RFLP-screened clone library was closest to approaching
sequencing saturation.

Discussion

Diverse assemblages of both diatoms and heterotrophic
bacteria that possess assimilatory nitrate reductase genes
are present in both planktonic and epiphytic components
of the seagrass community. These sequences significantly
expand the database for both NR and nasA. The database
of known sequences is currently limited, its extent being
as represented in the phylogenetic trees (Figs. 1, 2). Few
field studies have been conducted for either NR or nasA
[1–3], and even many cultivated strains have not yet been
sequenced. The extent to which the Tampa Bay environ-
mental sequences represent the uncultivated microbial
world is therefore unknown.

Although the limited extent of known sequences
restricts the conclusions that can be made about the
biogeographical distribution of assimilatory nitrate re-
ductase genes, biogeographically consistent patterns were
observed in the available heterotrophic bacterial nasA
sequences. Phylogenetic analysis indicated similarity of
Tampa Bay sequences to South Atlantic Bight sequences,
but low similarity with Barents Sea sequences. The South
Atlantic Bight and Tampa Bay samples are both coastal
sites in temperate/sub-tropical regions. In contrast, the
Barents Sea samples were collected at a significantly
higher latitude and also included samples taken at depths
up to 80 m in addition to surface waters. Greater spatial
and temporal range of sampling would be required to
establish whether biogeographical patterns exist on a
global scale.

The largest identified group of nasA sequences
among the Tampa Bay data, Vibrio-like sequences, were

prominent also in nasA-containing libraries from the
South Atlantic Bight [1] and Barents Sea [2]. However,
Marinobacter-like sequences, which were dominant in
nasA sequences from the South Atlantic Bight [1] and
Barents Sea [2], were not identified among the Tampa
Bay sequences.

For the eukaryotic NR sequences, groups of similar
phylogenetic affiliations were observed across several
geographic areas. Similarity between the sequences from
Tampa Bay, Monterey Bay and LEO-15 suggests that
there are organisms containing assimilatory nitrate
reductase that are common to all three sites. Tampa
Bay, Monterey Bay, and LEO-15 are all coastal environ-
ments; however, it is possible that the organisms
common to these sites are also ubiquitous in other
geographical regions. Environmental data for NR is
currently limited to these three field sites. Further field
sampling would be required to determine if these
organisms are generally found in coastal environments
or are more widely distributed.

The characteristics shared by NR introns from the
same environment are predominantly those of position
and similarity of length, but not necessarily nucleotide
sequence. If introns or their positions are functional,
then this raises questions about the significance of intron
position within the exon sequence, and also its relative
significance to intron nucleotide sequence. The observa-
tion of conservation of intron properties across clones
that exhibit different exonic sequences could either
provide a constraint on the timing of intron insertion
relative to sequence changes in the exons of the
corresponding clones, or suggest insertion of the same
intron into different exon sequences as independent
events. Either scenario raises questions about the mech-
anisms or time evolution of intron formation.

Although the clone libraries were not exhaustive, the
results suggest differential environmental distribution
patterns within the Tampa Bay sequences. Some organ-
isms were common to both the plankton and epiphyte
components, and some appeared to be unique to just one
of these components. The patterns observed in the
properties of the 10 intron sequences also suggest support
for the existence of differential environmental distribu-
tion between epiphytic and planktonic samples. The
implication that some organisms may be differentially
represented in epiphytic versus planktonic assemblages
suggests that community composition is important for
nitrate assimilation and its regulation in these different
microenvironments.

It is not surprising that the nitrate reductase-
containing communities associated with epiphytes and
plankton have members that are both common and
exclusive. Both these components of the seagrass com-
munity remove nutrients from the water column [e.g., 4,
7, 9, 14, 22, 34]; however, they experience different

Figure 3. Rarefaction curves for NR and nasA clone libraries.
Uncertainty bars indicate standard deviation. Note that some
symbols overlap at lower abscissa values (e.g., TBF1r7w and
TBF1a7w; TBF1r9e and TBF1a9e).
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conditions because epiphytes are attached to seagrass
blades while the plankton move with the flow in the
water column. For example, epiphytes may be shaded
from light by other organisms in the biofilm. Planktonic
organisms, on the other hand, are mixed through the
shallow water column and, although they may experience
variable light intensities, are unlikely to be consistently
shaded or directly influenced by close association with
nearby organisms. Nutrient flux to the surface of the
epiphyte layer is influenced by local hydrodynamic
regime. The flux of nutrients to the planktonic portion of
the community is likely to be independent of hydrody-
namic regime at small organism sizes, although it is
dependent on such for larger organisms [e.g., 20]. Thus
epiphytes and the plankton are experiencing different
local conditions, including nutrient dynamics, and this
may determine the success of specific bacteria and di-
atoms because of location in the habitat. This differential
impact of local conditions may be important in deter-
mining the response of shallow coastal systems to changes
in nutrient concentration. Since physiological response to
variable environmental conditions is likely to be species-
or niche-specific and is at least partially genetically
determined, it is expected that a correlation will be
observed between ecological function and phylogeny.

Detection of changes in community in response to
shifts in DIN loading has previously been limited to
direct observation of species composition or increases in
community components such as phytoplankton or
epiphyte cover [e.g., 12, 31, 33]. Using molecular tools
enables detection of the time course of these shifts before
our ability to observe them using more traditional
means. Whereas the DNA-based techniques used in this
article allow the detection of the presence of the nitrate
reductase gene and inferred assimilation capability, they
do not give information about organism activity. To
make inferences about the latter, RNA-based studies
examining gene expression are required. This approach is
essential to understanding how communities function in
a dynamic world and to determining first indicators of
shifts in communities before they are detectable at the
organism or community composition scale. The data
reported in this article, which identify the nitrate
reductase microbial community associated with seagrass
ecosystems and significantly expand the eukaryotic NR
and prokaryotic nasA databases, set the foundation for
future work designed to examine how seagrass commu-
nities, and phylogenetic groups within this ecosystem,
respond to shifts in nutrient loading and dynamic
environmental conditions.
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