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Fish farm sediments receive a large amount of organic matter from uneaten food and fecal material. This nutrient
enrichment, or organic pollution, causes the accumulation of sulphide in the sediment from the action of sulphate-
reducing bacteria (SRB). We investigated the effect of organic enrichment around coastal fish farms comparing the
SRB community structure in these sediments. Sediment samples with different levels of organic pollution classified
based upon the contents of acid-volatile sulphide and chemical oxygen demand were collected at three stations on the
coast of western Japan. The SRB community composition was assessed using PCR amplification, cloning, sequencing
and phylogenetic analysis of the dissimilatory sulphite reductase P-subunit gene (dsrB) fragments using directly
extracted sediment DNA. Sequencing of the cloned PCR products of dsr»B showed the existence of different SRB
groups in the sediments. The majority of dsrB sequences were associated with the families Desulfobacteraceae and
Desulfobulbaceae. Clones related to the phylum Firmicutes were also detected from all sediment samples. Statistical
comparison of sequences revealed that community compositions of SRB from polluted sediments significantly differed
from those of moderately polluted sediments and unpolluted sediments (LIBSHUFF, p<0.05), showing a different
distribution of SRB in the fish farm sediments. There is evidence showing that the organic enrichment of sediments

influences the composition of SRB communities in sediments at marine fish farms.
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Aquaculture is a major industry worldwide and has led to
concern about the impact of fish farming on previously
pristine marine environments. Fish farm sediments receive a
large amount of organic waste due to uneaten food and fecal
materials. This organic enrichment of sediment influences
the biogeochemical processes of benthic microbial commu-
nities (1, 13, 19); and the anaerobic conditions result in the
accumulation of hydrogen sulphide. Dissimilatory reduction
of sulphate by sulphate-reducing prokaryotes is responsible
for the production and accumulation of hydrogen sulphide
in marine sediments. The process of sulphate reduction is
anaerobic terminal mineralization of organic matter in coastal
marine sediments, degrading up to 50% of all organic matter
in coastal marine sediments (17).

The use of molecular techniques to describe microbial
populations in natural communities has attracted consid-
erable interest. Direct amplification of the functional genes
as well as the 16S rRNA gene (16S rDNA) from environ-
mental samples using PCR has proven to be an attractive
technique for characterising members of complex microbial
assemblages. Clone library analysis has been performed to
investigate the changes in microbial communities with
reference to marine fish farming (3, 19, 35). 16S rDNA library
clones show that fish farm sediments are dominated by -,
v-, 0-, and e-Proteobacteria, AcidobacterialHolophaga,
Bacteroidetes and Planctomycetes where the phylogenetic
compositions of the 16S rDNA clone libraries differed among
the sites or levels of organic enrichment. In these clone library
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analyses, O-Proteobacteria were found and selected from
within highly enriched fish farm sediments. Most of the clone
sequences in the nutrient-rich fish farm sediments were
phylogenetically related to sulphate-reducing bacteria (SRB)
(3, 19), suggesting that SRB abundance increases with
increasing organic enrichment. Using quantitative PCR, we
found differences in SRB densities in fish farm sediments
with different enrichment levels (18). Further, molecular
analyses of the gene coding for the a-subunit (dsr4) and/or
B-subunit (dsrB) of dissimilatory sulphite reductase retrieved
from sediment samples showed the differential distribution
of SRB groups in sediments along the coasts of Japan and
South Korea (Kondo ef al., unpublished data); and in a UK
estuary where increased organic matter gradients occurred
(22, 25). Thus, SRB diversity and/or specific SRB densities
may be used as a biological indicator to assess pollution
levels in sediments of marine fish farms as an adjunct to
chemical analysis of pollutants.

Here we investigated the differences in community
compositions of SRB in sediments beneath aquaculture fish
cages having different pollution levels. Culture-independent
clone library analysis of dsrB was employed in combination
with chemical analyses. We showed relationships between
the SRB communities and organic enrichment in the
sediments.

Materials and Methods

Sediment sampling

From July to September 2008, sediment samples were collected
at three sites: Gokasho Bay (Gokasho A2) in Mie Prefecture, Shitaba
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Table 1. Sampling locations and sediment characteristics of fish farm sediment samples
. . Water 2 COD AVS SRB

Sampling site Lon(gé;ude Lag\t;;de sla)r?)tel i?]f D(?E;h temperature? L1 (mg Oz [gdry  (mgS[gdry (cells [g dry
plng (°C) (mg L™) sediment] ™) sediment]™") sediment]™")

Gokasho A2 136°39' 34°19' 17 Jul 2008 17 19.4 423 65.4+1.5 1.54+0.21 1.8+0.3x10°
Shitaba S-7 132°26' 33°10' 9 Sep 2008 52 21.6 4.21 26.0+1.6 0.27£0.02 2.240.2x10°
Yatsushiro A 130°14' 32°14'" 9 Sep 2008 41 NDP NDb 15.1£0.2 0.02+0.00 0.9+0.1x10°

2 Measured at a water depth 1 m above the bottom.
bND, not determined.

Bay (Shitaba S-7) in Ehime Prefecture, and the Yatsushiro Sea
(Yatsushiro A) in Kagoshima Prefecture (Table 1). Surface
sediments were collected using an Ekman-Birge bottom sampler
(Rigo Co. Ltd., Saitama, Japan) equipped with a small core. From
these core samples, subsamples of surface sediment were taken from
the 0—4 cm depth horizon. Replicate or more cores were taken from
each site and the sediment samples were gathered in sterile sampling
bags (Fisher Scientific, Pittsburgh, PA, USA). Samples for sulphide
analysis were fixed using zinc acetate powder while at sea. The
samples were stored on ice for transport to the laboratory.

Chemical analyses

Acid-volatile sulphides (AVSs) in the sediments were separated
using steam distillation under acid conditions and trapped in a 10%
(w/v) zinc acetate solution. The trapped sulphides were determined
using the methylene-blue method and the data were recorded using
spectrophotometry (21). Chemical oxygen demand (COD) was
measured using the standard Mn-COD method (6). Moisture content
was determined, drying the sediment samples at 60°C until a constant
weight was obtained.

Nucleic acid extraction

Sediment samples were mixed well in sterile plastic bags
immediately prior to weighing out 0.5 g sediment sample into a
Lysing Matrix E with a small spatula baked at 260°C for 2 h. Total
nucleic acids were extracted from the 0.5 g sediment sample using
a FastDNA Spin Kit for Soil (MP Biomedicals LLC, Solon, OH,
USA) with some modification (26). The extracted DNA was diluted
10-fold with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0)
to reduce potential inhibitors of PCR from sediment samples and
to adjust the amount of DNA for PCR amplification (46). One
microlitre of the dilution was used for PCR.

Quantitative PCR to enumerate SRB

Quantitative real-time PCR (qPCR) was performed as described
by Kondo et al. (26). Briefly, the primers DSR1F+ (5'-ACSCACTG
GAAGCACGGCGG-3") and DSR-R (5'-GTGGMRCCGTGCAK
RTTGG-3") were used (22, 26). The reaction mixture (50 pL) was:
25 pL Master Mix (2% QuantiTect SYBR Green; Qiagen, Hilden,
Germany), 2 pL 25 mM MgCl, 1 pL each primer 20 pM and 1
pL template DNA extract. gPCR was performed using an iCycler
iQ system (Bio-Rad Laboratories, Hercules, CA, USA): 15 min at
95°C for initial denaturation; and 40 cycles: 15 s at 94°C, 30 s at
60°C and 30 s at 72°C.

PCR amplification, cloning and sequencing of dsrB

For assessing the SRB community compositions, we chose a
portion of the dsrB gene to generate longer PCR products than the
dsrA gene used for qPCR. Amplification of dsrB gene fragments
was performed using the primer set DSRp2060F (5'-CAACATCGY
CAYCCCAGGG-3'; 10) and DSR4R (5-GTGTAGCAGTTAC
CGCA-3'"; 43) as described by Foti ef al. (8). The yield and quality
of'the PCR products were examined on 1% (w/v) agarose gel stained
with ethidium bromide.

After PCR amplification, unpurified dsrB PCR products were
cloned using a TA Cloning Kit (Invitrogen, Carlsbad, CA, USA)

with the pCR II vector into Escherichia coli INVoF’ competent
cells according to the manufacturer’s instructions. Clones containing
an insert were randomly selected from each library for sequencing.
The clone inserts were re-amplified using the vector primers, M13
forward and reverse (25 cycles: 94°C for 30 s, 50°C for 30 s, and
72°C for 30 s); and the PCR products were purified using a Wizard
SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Selected clones were
sequenced using a DNA sequencer model ABI Prism 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA) employing
M13 forward and/or reverse primers.

Phylogenetic analysis

Primer sequences were excluded from phylogenetic analyses. We
compared our sequencing data to DNA databases using the BLAST
programme. The dsrB sequences were translated using the BioEdit
software package, version 7 (12). Using Clustal X (41), the translated
amino acid sequences were aligned compared to representative
prokaryote DsrB sequences from the DDBJ/EMBL/GenBank data-
bases. Neighbor-joining analysis was performed using the MEGA
software package, version 4 (40). The confidence limits for the tree
topology were estimated using bootstrap analysis (7) with 1,000
replications.

Statistical analyses and sequence population diversity

Sequences were grouped into operational taxonomic units (OTUs)
using the software DOTUR (37). Here, clones with sequence
similarity greater than 85% were considered to represent the same
OTU (25), and for the purposes of calculating diversity statistics,
Simpson’s and Shannon-Wiener indexes were calculated using
DOTUR.

Coverage (C) was calculated using the following formula C=1—
(n,/N), where n, is the number of OTUs that occurred only once in
the clone library and N is the total number of clones analysed (31).
The phylogenetic compositions of the libraries were compared using
the Sorensen similarity index, Cs=2j/(a+b) where j is the number
of OTUs common to both samples and a and b are the numbers of
OTUs in libraries A and B, respectively (30). Differences in
statistical significance in the compositions of library pairs were
tested using the LIBSHUFF programme (38).

Nucleotide sequence accession numbers

The nucleotide sequences reported in this study are deposited in
the DDBJ under accession numbers AB631054-AB632344.

Results and Discussion

Sediment characteristics

We obtained fish farm sediments having different organic
enrichment levels or organic contamination and AVS content.
The COD and AVS contents in the sediment at each sampling
site are shown in Table 1. COD and AVS in the sediment at
all sites were significantly different (#-test, p<0.05). The data
indicate that organic enrichment and anoxic conditions may
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develop in highly organic and AVS-rich Gokasho A2
sediment. The pollution levels of fish farm sediments were
classified by measuring AVS and COD according to the
environmental standard for aquaculture of the Japan Fisheries
Resource Conservation Association (15, 16): unpolluted
(AVS less than 0.2 mg [g dry sediment]”! and COD less
than 20 mgO, [g dry sediment]™'), moderately polluted
(AVS ranging from 0.2 to 1.0 mgS [g dry sediment]~' and
COD ranging from 20 to 30 mgO, [g dry sediment]!) and
polluted (AVS more than 1.0 mgS [g dry sediment]' and
COD more than 30 mgO, [g dry sediment]™'). According to
the environmental standard for aquaculture, Gokasho A2
sediments were classified as polluted, Shitaba S-7 were
classified as moderately polluted, and Yatsushiro A sediments
were unpolluted.

We determined the density of SRB using qPCR to compare
the sediment samples and used the same samples for chemical
analyses. The dsr4 of SRB was detected using qPCR with
DSR1F+ and DSR-R primers. High densities of SRB ranging
from 9.6+1.1x10% to 2.2+0.2x10° cells (g dry sediment)!
were detected in the sediments (Table 1), which is within the
range of values reported for other marine and estuarine
sediments (18, 22, 28). Statistical analysis indicated the SRB
densities were not significantly different, with the exception
of the Shitaba S-7 and Yatsushiro A samples (#-test, p<0.05).
Previously, we demonstrated that SRB densities did not
exceed 10° cells (g dry sediment)™' in unpolluted sediments
(18). SRB densities in the unpolluted sediments at Yatsushiro
A averaged 9.6+1.1x10% cells (g dry sediment)”!, not
exceeding 10° (g dry sediment)~!, while no clear distribution
pattern of SRB was observed in the sediments at the three
sites investigated.

Phylogenetic analysis

PCR amplification of dsrB using the primer set
DRSp2060F and DSR4R resulted in products of the predicted
size of ca. 350 bp from all fish farm sediment samples. We
sequenced 1,291 clones (489 clones from Gokasho A2, 471
clones from Shitaba S-7 and 334 clones from Yatsushiro A).
The 1,291 clones had 932 unique sequences clustered into
217 OTUs using our definition of >85% sequence identity.
One hundred eighteen OTUs were detected in the Gokasho
A2 sediments; 89 OTUs in Shitaba S-7 and 101 OTUs in
Yatsushiro A (Table 2).

To obtain a reliable description of the phylogenetic
relationships of the SRB populations of fish farm sediments,
we included the most characterized sequences of SRB isolated
cultures available from the database. Although differences in
tree topologies were obtained between the partial sequences
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from almost the entire DsrAB sequences (9, 20), similar
ordering of taxa was found between these analyses. Neighbor-
joining analysis revealed 13 lineages in the cloned dsrB
sequences. Some were related to cultured SRB, but most
almost certainly represent undescribed SRB (Fig. 1).

More than 75% of the clones recovered from all
three sediment libraries were related to members of
Desulfobacteraceae group 1, e.g., genera Desulfobacter,
Desulfococcus,  Desulfosarcina  and  Desulfonema.
Additionally, clones related to Desulfobacterium anilini
within the Desulfobacteraceae family (referred to as
Desulfobacteraceae group 2) were also detected from all
sites at somewhat lower frequencies. These organisms com-
pletely oxidise a diverse range of organic compounds,
including acetate and other short chain fatty acids, to CO..
Most of these sequences were closely related to the DSR
gene from uncultured SRB found in the environmental
samples. These sequences have been abundantly recovered
from surface sediments in many locations: in the surface
sediments of Aarhus Bay, Denmark (42), a New England salt
marsh (2), the German Wadden Sea (32), the Colne estuary,
UK (22, 25) and the Japanese meromictic Lake Suigetsu (23,
24). Desulfobacter is reported to be the predominant active
SRB genus in marine sediments (36). Thus, SRB related
to complete oxidisers from the Desulfobacteraceae family
are abundantly present and must play an important role in
the anaerobic mineralisation of organic matter and in the
production of sulphide along the coastal sea.

The second most abundant sequences were related to
incomplete oxidisers from the family Desulfobulbaceae
from the genera Desulfotarela, Desulforhopalus and
Desulfobulbus. Cloned sequences from this group were
closely related to environmental sequences retrieved from
marine environments as well as limnic environments (2, 24,
27,29, 33,34, 47). The Desulfobalbaceae are physiologically
diverse capable of using alternatives to sulphate as electron
acceptors, the disproportionation of sulphur and sulphur
oxyanions, and sulphate-free growth via fermentation;
therefore, this group of SRB appears to play a significant
role in the production of sulphide in coastal marine sediments
and supplies electron donors for the complete oxidising SRB.

A group of 77 dsrB clones were phylogenetically related
to members of the genera of the Desulfotomaculum and
Pelotomaculum, the Firmcutes group. This Gram-positive
group of organisms grows optimally in low salt concentrations
and thus seems to inhabit primarily freshwater environments
or other aqueous environments with relatively low salt
concentrations (45). Using phylogenetic analyses of dsr4B
genes, we found that sequences related to Desulfotomaculum

Table 2. Diversity of dsrB fragments from fish farm sediments estimated using the Shannon and Simpson diversity indexes computed with the

DOTUR programme
Sampling site Nursgzlege?lgg(lione Nunzllz:ft:; c(i(?TU Coverage (%) Shannon Index?® (H’) Simpson® 1-A
Gokasho A2 486 118 86.6 3.82(3.69, 3.95) 0.955
Shitaba S-7 471 89 93.0 3.62 (3.50,3.74) 0.948
Yatsushiro A 334 101 80.5 3.66 (3.50, 3.82) 0.946

2 Shannon Index. A high number is more diverse. Numbers in parentheses are lower and upper 95% confidence intervals for the Shannon Index.

b Simpson Index. A high number is more diverse.



196 KONDO et al.
99 Desulfobacula toluolica
Desulfobacula phenolica
55 ouT-159 (1)
0OUT-126 (1)
Desulfotignum balticum
Dssu/fosprra Jjoergenseii
Desu/fobacrer postgatel
sulfol bac{er vrbnoformls
Dssu/fabacter latt
OUT-23 (6)
)
OTUs-32, 129, 184, 201 (7)
6 (1)
OTUs-18, 27, 49, 142, 156 (28)
OTUs-187, 210 (2)
OTUs-34, 85, 138, 145 191 (9)
28 (2)
uT-21
96y Dssu//(;n(eﬁla limicola Desulfobaci’et’aceae 1
83
Dssu//ocoul:)us multivorans
Desulfonema ishimotonii
0OTUs-57, 137 (3)
l——""]0TUs-1,4,6, 22, 36,93, 1n1 112 120, 130, 147, 149, 203 (165)
OTUs- 15, 25, 31, 39, 51, 56, 63, 65, 74, 88, 95,
6, 123, 135, 152, 172 181 216 (175)
OTUS—43 61 202 (4)
OTUs -5, 11, 14, 17, 33, 52, 54, 66, 72, 78, 82, 100, 103, 110, 111, 113,
114, 150, 168, 173, 175, 186, 190, 200, 209, 211, 212 (203)
OUT-153 (3)
OTUs-3, 8, 37, 176, 179 (148)
OUT-70 (5)
o'r_t#-&)ﬂsua)
OUT-73(7)
Desulfosarcina variabilis
OTUs-7, 121 (26)
0 05 me=——""10TUs-90, 91, 105, 189, 195 (11)
. Ofus-44. 87, 99 (5)
OTUs 26 54 161, 171, 198 (6)
OTUs-35, 97, 128, 157, 197 (7)
= OTUs-2, 122, 192 (107)
OTUs-106, 139, 155, 164, 215 (8)
IT-45 (10)
OUT-30 (2)
Pt Desulfobacteraceae 2
OTUs-10, 42 (10)
- OTUs-19, 98, 107, 148, 193 (11)
= oLt ((1))111' 68 (1
i 5 «p. (=3 XeNologue Firmicutes
100 o, icrobium spp- (n6)
Desulfovibrio oxyclinae
OUT-116 (1) B i
Desulfovibrio longus Desulfovibrionales
lacustre
io spp. (n=11) )
L b Fish farm group 1
~ ouTea 1y " BUE T Syntrophaceae
— infernum
I_D Th%mamlesuzomal_:dus norvegica
arculus baarsi
outase () Desulfarculaceae
- OTUs-21, 64, 132, 140, 158, 166, (45) = = = — — = = = = = = — — == Fish farm group 2
OTUs-59, 102, 117, 133, 144, 163, 174, 177, 180, 188, 205 (43)
vacuolatus
.Desulfobulbus sp.3pr10
OTUs-46, 80, 104, 119 (20)
Desulfobulbt . (n=3)
Pl e (O Desulfobulbaceae
OTUs:29, 131, 143 (55)
Destilfotalea arctica
Desulfotalea psychrophila
OTUs-134, 170 (2] 1
OTUs13, 141, (19)5 214 (18) - Fish farm group 3
OUT-125(1) = === === = = = === = e m e -
a .
SUT TR () = Thermodesulfobiaceae
100 spp. (n=2)
OUT-60 (1
— o sop.(0=3)  Archaea
o -
0 hed™2
r OUT-160 (1) . .
s ° Firmicutes
76 0OTUs-12, 16, 20, 24, 38, 40, 47, 58, 67, 69, 71, 76, 79, 86, 89, 92, 108, 109,
118, 124, 127, 151, 162, 167, 178, 182, 194, 196, 199, 204, 208 (76)
ol spp. (n=2)
Fig. 1. Phylogenetic tree from the translated amino acid sequences of PCR-amplified dsrB genes retrieved from fish farm sediments along the

coast of Japan. Environmental sequences determined in this study are shown in bold. Bootstrap values based on 1,000 replicates are shown for
branches with more than 50% support. Scale bar corresponds to 5% estimated sequence divergence. Numbers in parentheses are the numbers of

clones.

were abundantly recovered from low saline environments
(4, 5, 24, 27). Of the clones affiliated in the Firmicutes
group, 57% of the clones were recovered from the polluted,
nutrient-rich, shallow Gokasho A2 location in the innermost
part of Gokasho Bay.

Comparison of SRB diversity in the clone library

The relative abundance of the 13 different groups in
the libraries was calculated for all three samples (Fig. 2 and
Table 3). Five of these groups were detected at all three sites.
Two of these groups, Desulfobacteraceae group 1 and
group 2, were evenly distributed throughout the fish farm
sediments. Clones from the Desulfobacteraceae group 1
and group 2 represented a greater proportion of the libraries
from the polluted Gokasho A2 site, as did the clones
from the Firmicutes group; while clones related to the
Desulfobulbaceae family were more abundant in the unpol-
luted sediment of Yatsushiro A than at the other two sites.
Clones from fish farm group 2 were recovered at relatively

higher frequencies from the polluted Gokasho A2 and
moderately polluted Shitaba S-7 than at the unpolluted
Yatsushiro A site. No more than two clones were detected
at any of the sites from each of the remaining eight groups:
the xenologue Firmicutes group, the Desulfovibrionales
group, the Syntrophaceae group, the Desulfoarculaceae
group, the Thermodesulfobiaceae group, the Archaea
group and the fish farm group 1 and group 3.

Using the 85% similarity cut-off, coverage values for each
library were from 80.5 to 93.0%, and rarefaction analysis
(Fig. 3) showed that the libraries were reasonably well
sampled for diversity (31). The Simpson’s indexes were high,
ranging from 0.946 at Yatsushiro A to 0.955 at Gokasho A2,
suggesting that all sediments were considerably diverse. This
index, the 1-A, in Table 2, may be thought of as an “evenness
index” where 1.0 approaches the maximum values. The
Simpson’s and Shannon indices were slightly higher for the
polluted Gokasho A2 site than for the other two sites (Table
2). This indicates that polluted sediments from fish farms
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Gokasho A2

1: Desulfobacteraceae 1
6: Desulfarculaceae

B 10: Archaea

EA 5: Syntrophaceae
[ 9: Firmicutes
I 13: Fish farm group 3

Fig. 2.

Shitaba S-7

[ 2: Desulfobacteraceae 2 EH 3: Xenologue Firmicutes
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Yatsushiro A

4: Desulfovibrionales
t#] 7: Desulfobulbaceae
B 11: Fish farm group 1

E3 8: Thermodesulfobiaceae
B 12: Fish farm group 2

Spatial distribution of dsrB clones in libraries from sediment samples collected at three fish farms

Table 3. Assignment of dsrB clones from sediment samples from fish farms

Phylogenetic affiliations® Fish farm dsrB OTU

Number of clones in a library

Gokasho A2 Shitaba S-7 Yatsushiro A

Desulfobacteraceae 1 1-9, 11, 14, 15, 17, 18, 22, 23, 25-28, 31-37, 39, 41, 43, 44, 380 353 244

49-52, 54, 55-57, 61-63, 65, 66, 70, 72-74, 77, 78, 8285,

87, 88,90, 91, 93, 95-97, 99-101, 103, 105, 110-115, 120-

123, 126, 128, 129, 130, 137, 138, 142, 145-147, 149, 150,

152, 153, 156, 157, 159, 161, 165, 168, 169, 171-173, 175,

176, 181, 183, 184, 186, 187, 189-192, 195, 197, 198, 200—

203, 207,209-213, 216
Desulfobacteraceae 2 10, 19, 30, 42, 45, 75, 81, 98, 106, 107, 139, 148, 155, 164, 19 15 9

193,215
Xenologue Firmcutes 68 1 0 0
Desulfovibrionales 53,116 2 0 0
Syntrophaceae 94 1 0 0
Desulfarculaceae 136 0 1 0
Desulfobulbaceae 13, 29, 46, 48, 59, 80, 102, 104, 117, 119, 131, 133, 134, 141, 20 59 61

143, 144, 163, 170, 174, 177, 180, 185, 188, 205, 206, 214
Thermodesulfobiaceae 154 0 1 0
Firmicutes 12, 16, 20, 24, 38, 40, 47, 58, 67, 69, 71, 76, 79, 86, 89, 92, 44 16 17

108, 109, 118, 124, 127, 151, 160, 162, 167, 178, 182, 194,

196, 199, 204, 208
Archaea 60 1 0
Fish farm group 1 217 1
Fish farm group 2 21, 64, 132, 140, 158, 166 17 26 2
Fish farm group 3 125 1 0 0

2 Affiliation of dsrB clones as inferred from Fig. 1.

were more diverse than the moderately polluted or unpolluted
sediments of the other fish farms. Differences in SRB
diversity were observed between bottom sediments and water
columns in the meromictic Lake Suigetsu (24), and contrasted
with two mudflats in the Seine estuary in France (27), and
among the surface sediments along environmental gradients
in the River Colne estuary in UK (25). SRB diversity was
found to differ slightly among the fish farm sediments,
possibly depending on the depth of the water, distance from
land or different pollution levels, and/or a combination of
the three. Apart from these factors, temperature is a possible
factor influencing the diversity or community composition
of SRB in sediments. We did not measure the sediment

temperature, but the difference in the water temperature 1 m
above the bottom between Gokasho A-2 and Shitaba S-7 was
2.2°C. Thus, it did not appear to alter the community
compositions of SRB in the fish farm sediments.

The Sorensen similarity indexes from the SRB OTU
populations in the sediment libraries were from 0.438 to 0.537
(Table 4). The significance of these differences between the
clone libraries was examined using LIBSHUFF statistics.
LIBSHUFF analysis showed that the library from the polluted
Gokasho A2 site was significantly different from those from
the moderately polluted Shitaba S-7 and the unpolluted
Yatsushiro A. These pairwise comparisons show that the
Shitaba S-7 library was not different from the Yatsushiro A
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Fig. 3. Rarefaction curves generated for dsrB in clone libraries from

samples collected at Gokasho A2 (circle), Shitaba S-7 (square) and Yat-
sushiro A (triangle).

Table 4. Comparison of the composition of dsrB gene clone libraries
from fish farm sediments

Sorensen similarity index for the libraries from
samples collected from fish farm sediments from
the following sites

Shitaba S-7
0.531 (0.001, 0.001)

Yatsushiro A

0.438 (0.001, 0.001)
0.537(0.111, 0.001)

Gokasho A2
Shitaba S-7

Values in parentheses are the probabilities that the compositions of the
libraries are different as calculated using the LIBSHUFF program (X
compared to Y, Y compared to X, where X is the library indicated in the
stub and Y is the library in the column head).

library (Table 4). High COD and AVS contents were detected
in the sediment from Gokasho A2. Although most of the
major clones obtained in this study were commonly distrib-
uted among the three fish farm sediment libraries, some clones
were detected from only one of these libraries (Table S1).
For example, 35 clones occurring in OTU-5 were retrieved
only from the polluted Gokasho A2 library. Clones in OTU-
7 were recovered primarily from the Gokasho A2 library;
however, a single clone was isolated from the Shitaba S-7
library. Cloned sequences in these OTUs were related to ds»B
clone sequences recovered from various anoxic environ-
ments, including organic-rich, sulphidogenic marine sedi-
ments (2, 11, 16, 28, 39, 44). These environmental clones
are reported to belong to the Desulfobacteraceae family.
While no clone sequences occurred only in the moderately
polluted Shitaba S-7 sediment or in the unpolluted Yatsushiro
A sediment, clones in OTUs-37 and -103 were commonly
retrieved from the Shitaba S-7 and Yatsushiro A libraries,
respectively (Table S1). Differences in the SRB community
compositions among fish farm sediments may be caused by
different pollution levels, as indicated using AVS and COD
values. Some dsrB clones were selected for within polluted
or unpolluted fish farm sediments. In our previous study on
the distribution of SRB in puffer fish farm sediments, we
used quantitative PCR to detect differences in SRB densities
in fish farm sediments with different levels of organic
pollution. This suggested that SRB cell densities may be used
as a biological indicator to assess pollution levels in sediments
of marine fish farms (18). Moreover, our data shown here
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suggest that these SRB may be used as biological indicators
to assess pollution levels in sediments of marine fish farms
as an adjunct to chemical analyses, as shown in our COD
and AVS data.

Conclusions

We assessed the SRB community composition in fish
farm sediments with different levels of organic enrichment
pollution. Using a dsrB clone library constructed from
fish farm sediments, most clones fell into four lineages
of sulphate-reducing prokaryotes: Desulfobacteraceae,
Desulfobulbaceae, Firmicutes, and a deeply branched group
in the DsrB phylogenetic tree with no representatives from
previously isolated SRB. The compositions of the ds»B clone
libraries were significantly different between the polluted
and moderately polluted/unpolluted sediments. The dsrB
sequences related to the Desulfobulbaceae family were
recovered with relatively higher frequency from unpolluted
sediments than polluted sediments. In contrast, the most
abundant clone sequences from polluted sediment samples
were grouped within the Desulfobacteraceae family and the
Firmicutes phylum. Our data suggest that organic enriched
or polluted sediments can influence the composition of SRB
communities. A general SRB indicator of organic pollution
was not identified; however, several dsrB gene sequences
were highly prevalent in the polluted sediments of fish farms.
Therefore, the data presented here show a complex distribu-
tion of SRB among the fish farms and these data show that
SRB may be used as a statistically significant biological
indicator to assess pollution levels in marine fish farm
sediments.
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