AQUATIC MICROBIAL ECOLOGY

Vol. 37: 183-195, 2004 Aquat Microb Ecol

Published November 11

Seasonal composition and activity of suliate-reducing
prokaryotic communities in seagrass bed sediments

April C. Smith!, Joel E. Kostka'"*, Richard Devereux?, Diane F. Yates?

1Department of Oceanography, Florida State University, Tallahassee, Florida 32306-4320, USA

2US Environmental Protection Agency, National Health and Environmental Effects Research Laboratory,
Gulf Ecology Division, Gulf Breeze, Florida 32561, USA

ABSTRACT: Sulfate-reducing prokaryotes (SRP) play a key role in the carbon and nutrient cycles of
coastal marine, vegetated ecosystems; however, the interactions of SRP communities with aquatic
plants remain little studied. The abundance, activity, and community composition of SRP were
studied in relation to sediment geochemical gradients and plant growth state in a Thalassia tes-
tudinum seagrass bed and in adjacent unvegetated areas. Geochemical analyses indicated signifi-
cantly higher concentrations of microbial respiration products in vegetated sediments during summer
than during winter. Depth-integrated sulfate reduction rates were 3 to 5 times higher in vegetated
(52.5 mmol m~2 d! in summer and 20.4 to 26.5 mmol m~2 d! in winter) compared to unvegetated
sediments (10.7 mmol m 2 d~! in summer and 3.6 to 7.6 mmol m 2 d"! in winter), and depth-integrated
activities further showed a strong correlation with seagrass biomass. Most probable number (MPN)
counts of SRP were 10 times higher in vegetated compared to unvegetated sites in the summer during
the period of maximum growth for seagrasses, whereas no difference was observed for counts
between sites during the winter. The community composition of SRP was determined using restric-
tion fragment length polymorphism (RFLP) screening and amino acid sequence comparisons inferred
from partial dissimilatory bisulfite reductase (dsrA and B) genes that were PCR-amplified and cloned
from DNA extracted from sediment samples. The majority of unique DSR sequences were not affili-
ated with any known SRP group, and clustered at levels indicative of new SRP. Some DSR sequences
grouped on the basis of originating from vegetated or unvegetated sediments, although the relation-
ship did not appear to be strong. The diversity of SRP in seagrass bed sediments, as indicated by dsr
analysis, was high and did not appear to covary with the other environmental parameters tested. Our
results indicate that seagrass growth state enhances the abundance and activity of SRP, while SRP
community composition remains relatively stable across the environmental parameters tested.
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INTRODUCTION

Seagrass beds have high rates of primary productiv-
ity (Capone & Taylor 1980, Holmer & Bondgaard 1991,
Duarte & Chiscano 1999). They provide critical habitat
for commercially important fish and shellfish, comprise
a sensitive indicator of water quality, and act as a nutri-
ent filter protecting the surrounding coastal zone from
nutrient over-enrichment (Klumpp et al. 1989, Terra-
dos & Duarte 2000). Sulfate-reducing prokaryotes
(SRP) have been established as key microorganisms
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catalyzing carbon and nutrient cycles in coastal marine
sediments (Jorgensen 2000). Past studies have estab-
lished a strong linkage between SRP and the ecology
and geochemistry of the seagrass beds, particularly
with regard to nitrogen fixation by SRP as a major
source of plant nitrogen (Capone 1982, Waisel &
Agami 1996, Holmer & Nielsen 1997, Holmer et al.
2001). However, the majority of evidence for the link-
age between SRP and aquatic plants is geochemical
and focuses on the activities of SRP. No microbiological
studies have been carried out that explore the commu-
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nity composition of SRP in relation to their activity in
seagrass sediments.

Seagrass bed sediments, as in other coastal marine
ecosystems, become anoxic closely beneath the sur-
face when oxygen is rapidly consumed by microorgan-
isms. The need for a readily available terminal electron
acceptor and the great abundance of sulfate in seawa-
ter then allows for the dominance of SRP in the miner-
alization of organic matter (Holmer & Nielsen 1997,
Jorgensen 2000). Geochemical evidence indicates that
sulfate reduction is closely tied to carbon and nutrient
cycles in seagrass bed sediments (Short 1987, Hansen
et al. 2000, Holmer et al. 2001). SRP metabolism is
thought to be fueled by carbon substrates supplied
from root exudates in the seagrass rhizosphere
(Holmer & Nielsen 1997, Hines et al. 1999). In return,
greater than 50 % of the seagrass nitrogen requirement
can be fulfilled with fixed nitrogen from SRP (Capone
1988, Nielsen et al. 2001). Nitrogen fixation occurs at
higher rates within seagrass beds than in nearby
unvegetated sediments (Welsh et al. 1996, Welsh
2000). Welsh et al. (1996) and Nielsen et al. (2001) esti-
mated that SRP were responsible for mediating 60 to
95% of nitrogen fixation in the seagrass rhizosphere.
Indeed, sequences for the functional gene of nitrogen
fixation (nif H) retrieved from seagrass bed sediments
indicated that most sequences were from anaerobes
affiliated with the SRP (Bagwell et al. 2002). In addi-
tion, a study by Holmer et al. (2001) showed that
greater than 80% of the phosphate demand in sea-
grass bed sediments is regulated by organic matter
turnover through sulfate reduction.

SRP community composition has been extensively
studied in marine environments, including vegetated
saltmarsh sediments, by 16S rRNA gene sequence
comparisons (Rooney-Varga et al. 1998, Edgcomb et al.
1999, Hines et al. 1999, Knoblauch et al. 1999, Li et al.
1999, Frischer et al. 2000, Ravenschlag et al. 2000, Jou-
lian et al. 2001, King et al. 2001, Orphan et al. 2001,
Pérez-Jiménez et al. 2001, Thomsen et al. 2001, Llobet-
Brossa et al. 2002). Molecular investigations of sea-
grass bed microbial communities have focused on 16S
TRNA gene sequences (Cifuentes et al. 2000) and nif H
sequences (Bagwell et al. 2002). Phylogenetic group-
ings of SRP based on rRNA gene sequences are con-
current with the utilization of sulfate as a terminal
electron acceptor (Devereux et al. 1989, Castro et al.
2000), and secondarily by an array of electron donors
that would most likely provide resolution to the level of
genera (Devereux et al. 1990, Devereux & Stahl 1993).
Adaptations required for living in vegetated sediments
would be expected at the species or subspecies level
and would require the use of a more variable sequence
than 16S rRNA. The key functional gene for sulfate
reduction, dissimilatory bisulfite reductase (dsr), pro-

vides better resolution for studying the genetic diver-
sity of sulfate-reducers, as sought in this study. How-
ever, the majority of dsr sequence comparisons to date
have been primarily limited to the laboratory, micro-
bial mats, or to cultures from marine sediments (Wag-
ner et al. 1998, Joulian et al. 2001, Klein et al. 2001,
Pérez-Jiménez et al. 2001). Fewer studies have
extracted dsr sequences directly from marine sedi-
ments (Thomsen et al. 2001, Dhillon et al. 2003, Liu et
al. 2003), and one study used dsr to examine SRP com-
munity composition between eutrophic and pristine
freshwater wetland sediments (Castro et al. 2002), but
the relation between SRP and dominant grasses
through the use of dsr has not yet been explored. Fur-
ther, few studies have coupled a detailed DSR phy-
logeny with an extensive study of sulfate reduction
activity and geochemical parameters.

The main objective of this study was to characterize
the community composition and activities of SRP in
relation to the growth state of seagrasses and sediment
geochemistry. We hypothesized that seagrass physiol-
ogy would enhance the abundance and activity of SRP,
but would have less effect on the community composi-
tion of SRP due to the abundance of organic matter/
carbon substrates in both vegetated and unvegetated
sediments. Analysis of DSR sequences from seagrass
bed sediments confirmed the hypothesis. Our results
indicated that there was a tight coupling between
the activity/abundance of SRP and the growth state of
seagrasses, but relatively few clusters of the clone
sequences demonstrated an association with the pres-
ence or absence of seagrasses.

MATERIALS AND METHODS

Site characteristics and ecological parameters. This
study was conducted in Santa Rosa Sound, part of
the Pensacola Bay system in NW Florida, adjacent
to the Naval Live Oaks Reservation (30°21.701'N,
87°08.066' W). The site contained a large seagrass
meadow dominated by Thalassia testudinum with
some Halodule wrightii in sandy sediments. A vege-
tated station and an unvegetated station were sampled
in February 2001, July 2001, and February 2002. Aver-
age water depth over the complete tidal cycle aver-
aged 0.6 m with an approximate tidal range of 1.5 m.
Water temperatures ranged from highs of 25 to 30°C in
the summer, to lows of 5 to 10°C in winter months.
Salinity remained relatively constant in Santa Rosa
Sound during the study, with a range of 25 to 30 ppt
(US Environmental Protection Agency, Gulf Ecology
Division).

Seagrass height and density were measured at each
sampling date. Above- and below-ground biomass
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were determined by collecting large cores (8 cm inner
diameter [i.d.]) in vegetated and unvegetated areas
(control). Seagrass blade length was determined as the
distance from the sediment surface to the tip of each
shoot. Shoot density was determined by counting the
number of shoots in each large core. Shoots were
severed from the core at the sediment surface, rinsed
with deionized water, and dried to a constant weight at
60°C. Ash weights were obtained to determine the
percentage of organic carbon by measuring loss-on-
ignition at 550°C after 6 h. Below-ground biomass was
sieved to removed excess sediment from the core. The
root/rhizome material was treated as described above
for shoots to obtain the percentage of organic carbon.

Sediment handling and porewater extraction. Sedi-
ments for geochemical analyses were collected with
polycarbonate core liners (6 cm i.d., 15 cm deep) and
immediately sealed with butyl rubber stoppers. Tripli-
cate cores were obtained from each site, with the
exception of cores taken for porosity and density,
which were taken in duplicate. Only cores where the
surface appeared undisturbed at the time of collection
were used.

Cores taken during the February 2001 sampling
were sectioned into 1 c¢m intervals over 10 cm. Cores
from July 2001 were sectioned into seven 1 to 2 cm
intervals over the top 10 cm depth (0-1, 1-2, 2-3, 3-4,
4-6, 6-8, 8—10 cm). All sediment intervals were trans-
ferred to a nitrogen-filled glove bag within 1 h of sam-
pling. Sediments were loaded into 15 ml tubes with
holes punched in the bottom and covered by a 0.2 pm
GE/F filter, then placed within polypropylene centri-
fuge bottles and tightly capped. The sealed bottles
were taken from the glove bag and centrifuged for 10
to 30 min at 5000 x g at room temperature to obtain
porewater. The bottles were then transferred either
back into the nitrogen-filled glove bag or into an
anaerobic chamber. The porewaters were withdrawn
from the bottles and filtered through 0.2 pm cellulose-
acetate syringe filters into pre-labeled sample vials.
Sediments from which the porewaters were collected
were frozen for solid phase chemical analyses.

Geochemistry. Porewaters for CO, and NH,* were
filtered into 1.8 ml glass vials and sealed with gas-
tight, Teflon-coated butyl rubber septa with no
remaining headspace in the vials to prevent degassing.
Samples were stored at 4°C until analyzed by flow
injection with conductivity detection (Hall & Aller
1992), including the addition of mercuric chloride
(HgCl,) to reduce possible interference from hydrogen
sulfide (Lustwerk & Burdige 1995).

Porewaters for the remaining chemical analyses
were filtered and collected in 2 ml polypropylene
screw-cap vials and frozen at —20°C until analyzed.
Nitrate was analyzed by chemiluminescence detection

(Braman & Hendrix 1989). Sulfate concentrations were
measured in acidified porewater using ion chromato-
graphy. Sediment pH was determined with a glass
electrode, calibrated with NBS standards, that was
inserted either directly into sediment cores or into
filtered porewater.

Rate measurements. Sulfate reduction rates (SRR)
were determined in triplicate on intact 10 cm long
cores (2 cm i.d.) within a few hours of sampling (Jor-
gensen 1978). Cores were maintained and equilibrated
in an incubator at the in situ temperature prior to injec-
tion. 3SO,2~ was injected at 1 cm intervals and cores
were incubated at the in situ temperature for 4 h. The
cores were fractionated into 1 to 2 cm intervals, fixed in
10 ml 20 % ZnAc, and frozen. Reduced *S was recov-
ered by distillation with boiling acidic Cr?* solution
according to Fossing & Jergensen (1989).

Abundance of SRP. Densities of cultivatable SRP
were enumerated using most probable number (MPN)
assays. Ten-fold serial dilutions of sediment were
made in a minimal salt water medium prepared
according to Widdel & Bak (1992). The medium con-
tained both acetate and lactate as carbon substrates at
a final concentration of 10 mM each. Sulfate was the
sole electron acceptor, and sulfide was added as a
reductant. Tubes were incubated at 30°C in the dark
and analyzed at 1 and 3 mo intervals. Sulfate reduction
was scored by measuring the respiration product, dis-
solved sulfide (Cord-Ruwsich 1985), in comparison to
autoclaved controls and no carbon controls. The MPN
index was determined from statistical tables published
by the American Public Health Association (1969).

Molecular characterization of SRP communities.
Eleven sediment sections used for DNA extractions
were frozen at —80°C until ready for processing (3
depths, 2 sites, 2 seasons). The 0 to 2 cm depth interval
from the unvegetated site in February 2001 was lost
during centrifugation in the extraction procedure,
leaving a total of 11 samples for processing.

Root material was removed and sediments from both
sites were weighed prior to extractions. DNA was
extracted from sediment using MoBio UltraClean™
Soil DNA Kkits. A 1.9 kb dsrAB gene fragment was
amplified by PCR from DNA extracts with the primers
DSR1F and DSR4R (Wagner et al. 1998). PCR mixtures
of 25 pl contained 0.3 pM of each primer, 1 unit of
Takara LA Taq, 2.5 pl 10 LA PCR buffer with 25 mM
Mg?*, and 2.5 mM dNTP Mix (Takara Biomedicals).
Twenty ng of DNA template was added prior to the
beginning of the cycle. PCR amplification was per-
formed in a GeneAmp PCR system 9700 (Applied
Biosystems) with the following conditions: initial DNA
denaturation of 2 min at 92°C, followed by 30 cycles of
1 min at 92°C, 1 min at 48°C, 1 min at 72°C, and then a
final extension for 10 min at 72°C. PCR products were
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electrophoresed on a 1% agarose gel in 1x TBE buffer
to confirm the expected 1.9 kb size.

Cloning and sequencing. PCR products were cut
from gels and cleaned using the QIAquick Gel Extrac-
tion Kit (QIAGEN). The products were then cloned into
the pCR 2.1-Topo vector (Invitrogen Life Technolo-
gies), and transformed into Top 10 Escherichia coli
competent cells (Invitrogen). In total, 50 pl from each
transformation reaction were spread onto each of 5
Luria-Bertani agar plates with kanamycin (50 pg ml™!)
and X-gal (40 mg ml™!), and incubated at 37°C for 24 h.

Fifty to 75 transformants from each of the 11 libraries
were picked and transferred to new LB agar plates
with kanamycin. Plasmid inserts were screened for the
correct size by PCR directly from individual colonies
with the M13F and M13R primers. 1.9 kb dsrAB PCR
products were obtained from DNA extracts of vege-
tated and unvegetated sediments.

Plasmid DNA containing inserts of the correct size
were digested with Hae III and the digests run on 3%
agarose gels to identify unique clones. Selected clones
were suspended in 10 pl Tris (pH = 7.0) buffer and pre-
served on a 96-well format CloneSaver FTA card
(Whatman). CloneSaver punches were used in PCR
reactions to obtain a clean template for sequencing.
Sequencing was performed by the DNA Sequencing
Facility, Florida State University, using the M13F and
M13R primers. Cloned DNA sequences were con-
verted to amino acid sequences and were initially
identified through the use of BLAST. Partial a (177
amino acids) and partial B (181 amino acids) dsr sub-
unit sequences were obtained for each clone. High
diversity among clone sequences made it impossible to
design a primer, or even several primers, to sequence
between the a and B subunits for all of these environ-
mental clones.

A total of 378 positive clones were analyzed by RFLP
(restriction fragment length polymorphism). RFLP
analysis identified 222 unique groups in vegetated and
unvegetated clone libraries, indicating diverse SRP
communities. A total of 131 unique phylotypes origi-
nated from the vegetated site, while the remaining 91
phylotypes were from the unvegetated site. Analytical
rarefaction of RFLP patterns confirmed high SRP com-
munity diversity, as only 3 curves from a total of 11
samples approached the expected plateau indicative of
a community well-represented in a clone library.

Clone sequence ends were trimmed in SE-
QUENCHER (v. 3.1.1) and alignments for both the a
and B DSR subunits were obtained using Genetic Data
Environment (v. 2.2), the Lasergene software package
(DNASTAR), and BioEdit Sequence Alignment Editor
(T. Hall, Dept. of Microbiology, North Carolina State
University, Raleigh, NC). Sequences from known SRP
genera were aligned with 63 clone sequences to form

the SRP o subunit tree (see Fig. 4), and 69 clone
sequences to build the SRP (3 subunit tree (see Fig. 5).
Phylogenetic trees were developed by parsimony
analysis using PAUP (v. 4.0b10; D. L. Swofford, Sinauer
Associates, Sunderland, MA). Bootstrapping analyses
were performed with 100 resamplings of the amino
acid sequences. Protein distances were estimated with
PROTDIST.

Clone libraries were analyzed by rarefaction using
aRarefactWin software (v. 1.3; S. Holland, Stratigraphy
Lab, University of Georgia, Athens; www.uga.edu/
~strata/software/).

Nucleotide sequence accession numbers. GenBank
accession numbers for the partial dsr gene sequences
are AY266478 to AY266609.

Statistics. Statistical analyses were performed using
Minitab (Release 14.1). Variations in geochemistry, as
well as SRR were analyzed by 3-way ANOVA (depth,
site, season) using a general linear model. Depth-
integrated SRR were analyzed by 2-way ANOVA (site,
season). When ANOVA p-values indicated significant
differences between groups (based on a p = 0.05
significance value), Tukey post-hoc tests were run to
analyze all multiple pairwise comparisons. Correla-
tions between depth-integrated SRR and seagrass
biomass values were analyzed by Pearson's product
moment correlation.

RESULTS
Ecological parameters

Total seagrass biomass, based on organic carbon
content as determined by loss on ignition, was constant
between seasons. However, significant differences in
above- and below-ground biomass were detected with
the change in season. Average above-ground biomass
(323.4 + 113.9 g C m™%) was 38% of the total biomass
during the summer, but only 4 % of the total (35.12 +
1.150 g C m™2?) during the winter (p = 0.012). Below-
ground biomass showed the opposite trend, measuring
62 % of the total biomass in the summer (533.47 =+
111.2 g C m™?) and 96 % of the total biomass in the
winter (884.03 = 42.65 g C m™2; p = 0.007).

Geochemistry

Porewater nitrate concentrations did not show consis-
tent trends with depth or site, but did show a marked
increase in summer over winter concentrations (p <
0.001) (Fig. 1a). Sulfate depletion was observed at
depth in porewaters of unvegetated cores during sum-
mer, while porewater sulfate concentrations were con-
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Fig. 1. Concentrations of porewater constituents (mean + SD) measured in a seagrass bed and adjacent unvegetated sediments
during summer and winter seasons

stant over depth in the remaining cores. Summer
sulfate concentrations were significantly lower than
winter concentrations (p < 0.001) (Fig. 1b), most likely
due to higher sulfate reduction rates (SRR) during sum-
mer months. Vegetated sediments displayed higher
sulfate concentrations than unvegetated sediments (p =
0.003), indicating faster recycling of sulfate due to the
presence of seagrasses. DIC concentrations in porewa-
ters were approximately 2 mM, increasing slightly with
depth, but profiles did not change seasonally (data not
shown). Porewater NH,* concentrations were higher
during the summer sampling (p < 0.001) (Fig. 1c). Vege-
tated sediments contained significantly higher NH,*
concentrations than unvegetated sediments during all

sampling periods (p < 0.001). A subsurface NH,* maxi-
mum was present at 4 to 6 cm depth in vegetated sedi-
ments during all sampling periods, indicating en-
hanced remineralization in the root zone. Unvegetated
sediments showed an accumulation at depth typical of
subtidal profiles. During summer, the unvegetated site
exhibited elevated NH,* concentrations relative to
winter, indicative of faster remineralization rates.

SRP activity

The highest SRR were measured over the top 3 to
5 cm depth (p 0.007) (Fig. 2), in vegetated sediments
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Fig. 2. Sulfate reduction rates (SRR; mean + SD) measured at
the vegetated and unvegetated sites during winter and
summer 2001. Values in boxes are depth-integrated SRR

during summer. Depth-integrated rates were approxi-
mately 2 times higher during the summer growth
season in comparison to the winter season (p < 0.001)
(Fig. 2) when seagrasses are less photosynthetically
active (see above-ground biomass results
above). The effect of plants on depth-inte-
grated SRR was greater when comparing

sediments vegetated by seagrasses to adjacent 10
unvegetated sediments (p < 0.001) (Fig. 2). °
Depth-integrated SRR were 3 to 5 times higher "”E 8
in vegetated sediments (52.46 mmol m2 d! in o 7
summer and 20.45 to 26.47 mmol m™2 d! in 2 6
winter) than in unvegetated sediments Ng 5
(10.72 mmol m2 d~! in summer and 3.64 to 7.56 X 4
mmol m~2 d-! in winter; p = 0.001). é 3

Plots of depth-integrated SRR versus above- i% 2
and below-ground biomass (Fig. 3) indicated a 1
significant correlation between SRP activity 0

and the seagrass active growth phase. Pearson
correlation coefficients (r) were positive and
highly significant for the relationship between
above-ground biomass and SRR (r = 0.971; p =
0.001; R? = 0.8936). The relationship between

below-ground biomass and SRR was negative, yet also
highly significant (r = —0.957; p = 0.003; R? = 0.9521),
indicating an inverse relationship between these
factors.

SRP abundance

The impact of seagrasses on SRP was corroborated
with the results from determinations of SRP abun-
dance using the MPN assay. MPN counts of viable SRP
were an order of magnitude higher in vegetated (7 to
9 x 107 cells ml™?!) than in unvegetated sediments (2 to
9 x 10° cells ml™!), except for the 8 to 10 cm depths in
winter (vegetated, 4 x 10° cells ml™}; unvegetated, 2 x
107 cells mI™!). There was no difference observed in
SRP abundance between the sediment surface (0 to
2 cm; 9 x 107 cells ml™!) and sediment depth (8 to 10 cm;
2 to 9 x 106 cells ml™!) during the summer sampling at
vegetated or unvegetated sites.

Phylogenetic analysis of DSR sequences

o and B subunit phylogenies were congruent in sev-
eral respects. Of the sequences obtained from the
Naval Live Oaks sampling stations (Figs. 4 & 5), 75%
did not show close affiliation with any known SRP
group, even at the family level. The two trees also in-
clude common sequence clusters within the branch
representing the Desulfobulbaceae family (Cluster L;
Figs. 4 & 5), and clone sequences that grouped with se-
quences from Gram-positive SRP capable of
completely oxidizing acetate to CO, represented in the
tree by Desulfotomaculum acetoxidans (61 to 85 %;
Cluster J; Figs. 4 & 5).

[ | Below-ground biomass
Correlation coefficient = -0.957; p = 0.003

Above-ground biomass
] Correlation coefficient = 0.971; p = 0.001

10 20 30 40 50 60 70 80

Depth-Integrated SRR (mmol m'zd"1)

Fig. 3. Pearson product-moment correlation of sulfate reduction rates

(SRR) versus seagrass biomass
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The 2 a-subunit Cluster A clones, VWC42 and
USB72 (Fig. 4), were clearly affiliated with genera of
the Desulfobacteriaceae, but B-subunits of the same
clones were not affiliated with any known group.
These 2 phylotypes were ~94 and 90% similar to
Desulfosarcina variabilis in the a-subunit tree.

The a-subunit tree also contained 1 sequence that
clustered with Desulfosporosinus orientis (80 %; Clus-
ter O; Fig. 4), a Gram-positive SRP that oxidizes lactate
only to acetate. However, the B-subunit tree shows this
clone sequence and 2 others to be extremely deep-
branching bacteria, not previously identified with any

Archaeoglobus profundus
Thermodesulfovibrio islandicus
—— VWB31

VWC45

VSA16

96 Desulfobacterium vacuolatum
—@— Desulfobacter postgateii
Desulfobacula toluolica

100 VWC42 i o
_|B_T|_— Desulfosarcina variabilis |A
VSB72

Desulfohalobium retbaense .
1 Desulfovibrio desulfuricans
Desulfomicrobium apsheronum
| Desulfomonile teidjei

Desulfonatronum lacustre
L70 — Desulfobotulus sapovorans
Desulfocella halophila

(N
e
N
-
-

0o v 1

L1004 vs

63 Desulforhabdus amnigenus
100 VSB28
VWB322 K
VWB

338
— 100 — Desulfobulbus elongatus
Desulfobulbus propionicus
USB62 . .
Desulfofustis glycolicus i
Desulforhopalus singaporensis L
UVdCS?

95

10

Fig. 4. Parsimony tree of dsr a-subunit sequences. Clone sequences are designated according to site (vegetated [V] or unveg-

etated [U]), season (winter [W] or summer [S]), and depth (0 to 2 cm [A], 4 to 6 cm [B], 8 to 10 cm [C]) of collection. Scale bar

represents 10 amino acid changes per 100 sequence positions. Capital letters in bold indicate clusters of clone sequences and
reference organisms with bootstrap values >70 in at least 1 of 2 trees
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known group of SRP, and most closely related to either vegetated or unvegetated sediments. All of the
Archaeoglobus profundus with 60 % similarity. clone sequences that clustered with the proposed

Results of the sequence comparisons suggested that Desulfobulbaceae family (Cluster L; Figs. 4 & 5) were
certain groups of SRP were preferentially found in obtained from the unvegetated site. Although the
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Fig. 5. Parsimony tree of dsr 3-subunit sequences. Clone sequences are designated according to the site (vegetated [V] or unveg-
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represents 10 amino acid changes per 100 sequence positions. Capital letters in bold indicate clusters of clone sequences and
reference organisms with bootstrap values >70 in at least 1 of 2 trees
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clone sequences associated with Desulfomonile teidjei
(Cluster K; Figs. 4 & 5) were not consistent between the
2 subunit trees, they all originated from vegetated
sediments. The smaller clusters A, G, H, N, and O also
contained clone sequences found only in vegetated
sediments. Sequences affiliated with Gram-positive
organisms were mixed with some clones originating
from the vegetated site and others from the unvege-
tated site. The remaining clusters of unknown clone
sequences showed no specific association with sedi-
ment type. No statistically significant correlation was
observed between phylotype grouping and season or
sediment depth.

DISCUSSION

Positive feedback between SRP abundance/activity
and seagrass growth state

Two main pathways have been considered by which
plants supply carbon substrates for microbially medi-
ated carbon metabolism in seagrass ecosystems. First,
past studies have indicated that the above-ground
components of seagrasses trap planktonic detritus
settling in the water column over seagrass beds (Gacia
et al. 1999, 2002). Second, the roots and rhizomes can
release dissolved organic matter to the surrounding
sediments (Moriarty & Pollard 1982, Welsh et al. 1996).
These mechanisms would increase the availability of
carbon substrates to SRP during the active plant
growth season, and thus their influence should vary
between seasons (directly or indirectly proportional to
rates of primary production). However, impacts of the
second mechanism on SRP communities should be
more specific and localized to the root zone.

Our results show that the activity and abundance of
SRP were largely enhanced in the presence of seagrass
roots during the active growth season, and differences
in abundance/activity were more evident between
sites than between seasons. The presence of sea-
grasses increased sulfate reduction activity by a factor
of 5 during the summer and by a factor of 3 during the
winter (Fig. 2). Moreover, sulfate reduction activity
was enhanced primarily in the root zone (top 0 to 6 cm
depth) of vegetated sediments, and the abundance of
viable SRP was significantly higher in vegetated sedi-
ments during the summer growth season, but not dur-
ing the winter. Similar to our results for the summer
growth season, Kisel et al. (1999) observed that MPN
counts of acetate-utilizing sulfate-reducers (10° to
107 cells g! wet sediment) in the rhizosphere of Halo-
dule wrightii were enriched by an order of magnitude
in comparison to adjacent unvegetated sediments. It is
recognized, however, that MPN counts reflect only the

densities of those microorganisms that are cultivatable
and, therefore, most likely already in culture. While
this study presents new data through the use of molec-
ular tools emphasizing a large number of unknown
SRP phylotypes, the presentation of MPN counts rep-
resents an observed trend of greater SRP abundances
in vegetated over unvegetated sediments.

The influence of vegetation on SRP activity and
abundance was less pronounced during the winter
when seagrasses are dormant or less active (Lee &
Dunton 2000). This may be explained by the fact that
Santa Rosa Sound, near Pensacola, Florida, is a sub-
tropical estuary exposed to mild temperatures during
the winter (15 to 17°C in this study). Thus, a lowered
level of organic matter release from seagrass produc-
tivity could still be fueling microbial communities dur-
ing the winter, and less seasonal change would be
expected under subtropical conditions in comparison
to past seasonal studies of SRP activity in temperate
locations (Hines et al. 1989, 1999, Rooney-Varga et al.
1997). While it is also possible that detritus from sum-
mer vegetation and benthic algae could have helped
continue fueling microbial activities throughout the
winter, our plant biomass data support the above-
stated conclusion that SRR are controlled by seagrass
activities.

Collectively, these data suggest that the growth and
carbon metabolism of SRP communities is stimulated
by increased photosynthetic activity in seagrass stems
and leaves (as indicated by above-ground biomass),
which thereby increases the quantity of dissolved
organic matter released to the rhizosphere sediments.
The observed highly significant, positive correlation
between depth-integrated sulfate reduction activity
and above-ground biomass supports this conclusion.
However, this correlation could also indicate that a co-
variate, such as temperature or nutrients, is regulating
the functioning of the seagrasses and the microbes
simultaneously. In support of our conclusions, Holmer
& Nielsen (1997) reported a similar positive linear
correlation between sedimentary sulfate reduction
and shoot density in a temperate seagrass bed from
Denmark.

The significance of dissolved organic carbon sub-
strates released from living roots of aquatic plants to
SRP communities remains controversial and requires
further study (Alongi 1998). However, past studies of
marine plants have shown that the release of small
molecular weight carbon compounds by roots is pro-
portional to primary production as indicated by above-
ground biomass (Lytle & Hull 1980). Our results,
together with the established importance of SRP to
nitrogen fixation in the seagrass rhizosphere (Welsh
2000), further support the hypothesis of a mutualistic or
symbiotic association between seagrasses and SRP
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communities in seagrass bed sediments based on the
mutual exchange of fixed carbon and nitrogen (Welsh
2000).

A highly statistically significant and unprecedented
negative correlation was observed in this study be-
tween sulfate reduction activity and below-ground
plant biomass (Fig. 3). Below-ground plant biomass has
not received the same attention in seagrass beds com-
pared to other coastal marine, vegetated ecosystems
such as the saltmarsh (Gallagher & Plumley 1979,
Alongi 1998). Thus, further study is needed to confirm
the nature of this relationship. However, other marine
plants such as Spartina alterniflora in saltmarshes have
been shown to store or translocate organic matter in the
form of roots and rhizomes during the winter dormant
season (Gallagher & Plumley 1979). The storage of be-
low-ground biomass in winter months acts as an under-
ground reserve for the production of above-ground
shoots and leaves during the spring. We suggest that
the negative correlation observed between sulfate re-
duction activity and below-ground plant biomass in
seagrass bed sediments does not represent a direct cou-
pling between SRP and plants. Rather, the negative
correlation results from a combination of plant (organic
matter translocation) and SRP (decreased carbon me-
tabolism) physiological responses to winter conditions
that are not necessarily directly related.

Porewater and solid phase geochemical measure-
ments support our conclusions that SRP activity is cou-
pled to seagrass growth state. Concentrations of micro-
bial respiration products (CO,, NH,*) were elevated in
seagrass beds in comparison to unvegetated sediments
at all sampling dates. SRR indicated that SRP activity
was always highest in the seagrass beds compared to
unvegetated sediments, and seasonally displayed the
highest rates during summer. In addition, we further
noted that SO,2~ concentrations were depleted during
summer months and products of sulfate respiration
(solid phase reduced S compounds; AVS + CRS = TRS;
data not shown) were observed at elevated concentra-
tions at the vegetated site.

Observed NO;  and NH,* concentrations were
indicative of an active N cycle in the root zone of sea-
grass bed sediments (Fig. 1a,c). Mid-depth maxima in
NH,* concentrations likely resulted from enhanced
organic matter decomposition in the root zone of vege-
tated sediments. Higher NOj~ concentrations during
summer may result from enhanced nitrification.

Phylogenetic analysis of SRP communities in
seagrass bed sediments

The community composition of plant-associated
microorganisms would be expected to vary according

to the substrates (carbon, nutrient sources) exchanged
between plants and microbes. The dominant source of
organic matter fueling microbial activity in seagrass
beds remains uncertain and it may vary according to
the latitude at which the seagrass bed is found.
Boschker et al. (2000) used stable isotopes to show that
benthic, pelagic, and epiphytic algae provide the main
sources of carbon for microbial communities in sea-
grass beds growing in temperate, estuarine environ-
ments. However, stable isotope evidence provided by
Holmer et al. (2001) indicated that plant below-ground
biomass is responsible for delivering carbon substrates
to seagrass bed microbial communities in tropical, olig-
otrophic systems. The present study was conducted in
a subtropical estuary. The sediment microbial commu-
nities we examined may be characteristic of those
found in both tropical and temperate seagrass bed
sediments, i.e. they may utilize carbon from both root
exudates and benthic algae. The combination of avail-
able carbon sources may explain why some SRP
groups appeared to have specific associations with
either vegetated or unvegetated sediments, while
other groups were ubiquitous. Several phylotypes in
this study (Clusters A to I, Figs. 4 & 5) had high
sequence identity (87 to 99 %) to sequences retrieved
from unvegetated, subtidal sediments of a Danish
estuary (Joulian et al. 2001, Thomsen et al. 2001).

Comparisons of dsr gene sequences have not been
conducted previously in seagrass beds. Past studies of
16S rRNA gene sequences conducted in seagrass bed
sediments (Cifuentes et al. 2000) and the saltmarsh
(Rooney-Varga et al. 1997, Hines et al. 1999, King et al.
2001) showed that SRP communities in vegetated,
marine sediments are predominated by members of
the Desulfobacteriaceae. This observation likely re-
flects similarity in the microbial communities catalyz-
ing the terminal decomposition of organic matter in
saltmarsh and seagrass bed sediments. However, we
observed only a few DSR sequences specifically
related to Desulfobacteriaceae. According to amino
acid sequence similarity scores to known taxa, it is
most likely that the sequences recovered represent
new families and genera.

Two sequences from the vegetated site were found
to be ~94 and ~90 % identical to the sequence of Desul-
fosarcina variabilis, a member of the Desulfobacteri-
aceae family. D. variabilis has been reported in other
studies as a prevalent member of SRP communities in
coastal marine sediments (Rooney-Varga et al. 1997,
Sahm et al. 1999, Ravenschlag et al. 2000, Joulian et al.
2001), including saltmarsh sediments (Rooney-Varga
et al. 1997, Hines et al. 1999). Members of the genus
Desulfosarcina completely oxidize acetate to CO, and
are also capable of utilizing a wide variety of other
electron donors (benzoate, ethanol, lactate, formate,
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H,). In vegetated sediments, high concentrations of a
variety of carbon substrates may become available
during organic matter decomposition, providing
Desulfosarcina spp. with a competitive advantage over
other less metabolically versatile genera.

A few of the DSR sequence clusters in the current
study indicated that certain SRP groups (most of the
Gram-positives and others; Clusters J, O, and K; Figs. 4
& 5) in seagrass beds were associated with vegetation,
while others (Desulfobulbaceae; Cluster L; Figs. 4 & 5)
were primarily associated with unvegetated sedi-
ments. Kiisel et al. (1999) also detected Gram-positive
SRP in the root zone of seagrass bed sediments. In sed-
iments of a freshwater wetland impacted by eutrophi-
cation, Castro et al. (2002) observed a large diversity of
cloned DSR sequences. The majority of the sequences
retrieved by Castro et al. (2002) were associated with
Gram-positive, spore-forming Desulfotomaculum spp.

We observed inconsistencies in the phylogeny
between the o- and B-subunit trees. The 2 clone
sequences in Cluster A, VWC42 and VSB72, grouped
tightly with Desulfosarcina variabilis in the a-subunit
tree (Fig. 4), while those same clone sequences in the
B-subunit tree grouped alone. Similar discrepancies
were also observed in Cluster K, and some of the
smaller groupings of clone sequences. This is possibly
due to the occurrence of lateral gene transfer (LGT) of
the dsr gene, where one subunit was transferred be-
tween organisms, but the other was not (Klein et al.
2001, Friedrich 2002, Dhillon et al. 2003). However, the
high diversity observed among DSR clone sequences
prevented the development of primers for sequencing
the complimentary DNA strand for such a large num-
ber of clone sequences, and it is likely that sequence
analysis based on a single strand of DNA would
promote even higher diversity due to uncertainties
regarding the sequence.

A few past studies have used dsr sequence compar-
isons to elucidate SRP community composition at
higher resolution in marine sediments. Thomsen et al.
(2001) found that DSR sequences retrieved at depth
near the sulfate-methane transition zone (165.5 cm
depth) of estuarine sediments were unrelated to previ-
ously described DSR sequences, while those retrieved
from surface sediments (21.5 cm) were closely related
to members of the known genera Desulfonema,
Desulfococcus, and Desulfosarcina. Desulfosarcina
sequences were shown to be enriched in methane seep
sediments, where SRR and methane concentrations
are high (Orphan et al. 2001). Also, Liu et al. (2003)
recently observed extensive SRP diversity in continen-
tal margin sediment and showed that SRP community
structure was dependent on sediment depth and car-
bon availability. Our results concur with previous work
in that the majority of our clone sequences were not

closely related to previously described dsr gene
sequences. However, our results showed no trend of
SRP distribution according to sediment depth, al-
though we examined a much narrower depth range in
comparison to Thomsen et al. (2001). Further, since our
study occurred in shallow coastal sediments, SRP were
not likely to be limited by carbon availability, even at
the unvegetated site.
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