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The Vertical Distribution of Sulfate Reducing Bacteria (SRB)
by Florescence In Situ Hybridization in Sediments
of Lakes in Korea and China

Kim, In-Seon, Jong-Hyun Nam, Sun-Ok Jeon, Youzhi Zhao' and Tae-Seok Ahn*

(Department of Environmental Science, and Research Institute of Life Sciences,
Kangwon National University, Chuncheon 200-701, Korea

The State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang 550002, China)

The vertical distributions of sulfate reducing bacteria (SRB) in sediments of lakes in
Korea (Lake Sihwa and Lake Soyang) and China (Lake Aha and Lake Erhai) were
investigated by fluorescence in situ hybridization (FISH). SRB from sediment of
Lakes of China were located to deeper layer than those in Lakes of Korea. SRB were
not detected below 19 cm and 10 cm depth in sediments of Lake Sihwa and Lake Soy-
ang, respectively. SRB numbers were, however, detected at all observed sediments
in Lake Aha and Lake Erhai. In case of lakes in Korea, the proportion of SRB ranged
from 2.9 to 25.6% (Lake Sihwa) and ranged from 0.6 to 7.1% (Lake Soyang). For lakes
in China, the proportions of SRB were from 0.6 to 19.4% and from 2.9 to 11.2% within
sediments from Lake Aha and from Lake Erhai, respectively. The high peaks of SRB
numbers in sediments of all lakes were appearing at depths between 0 cm and 2 cm.
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INTRODUCTION

Sulfate reducing bacteria (SRB) play important
roles in aquatic sediment for the global cycling of
carbon and nutrients (Jgrgensen, 1982), which
are the main terminal degrader for the minera-
lization of dead biomass in sulfate rich anoxic
habitat (Widdle, 1988). Recently, sulfate (SO42")
is more coming from air into lakes and rivers due
to acid rain and coal mines, and becoming one of
agents for acidification of freshwater. SRB use
sulfate as terminal electron acceptor and sulfate
is converted into hydrogen sulfide (H2S), which
would be transported into air. By this process,
the acidification of lake would be neutralized by
microbial activity (Aron et al., 1989). Moreover,

sulfides produced by SRB react with dissolved
heavy metals in interstitial water, and sulfate
elimination by SRB reduces the acidity (Wang et
al., 2007). By these processes, the SRB is affect-
ing to the bacterial compositions and activities.
Hence, the vertical distribution of SRB is impor-
tant for understanding of behaviors of metal and
organic matters in sediments.

FISH is powerful method for the identification
and quantification of complex microbial comm-
unities in several environments from domain
level to species level (Amann et al., 1995). Re-
cently, 16S rRNA probing method has been app-
lied to assess the diversity of SRB in various eco-
systems. The population dynamic of SRB using
16S rRNA-targeted oligonucleotide probes was
about 4.1% of total microorganisms in surface
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sediment of Lake Kizaki, Japan (Li et al., 1999).
In the community structure analysis of SRB us-
ing FISH method, SRB number was detected 5.2
x 10% cells mL™* and that was 15% of DAPI-stain-
ed cells in marine arctic sediment (Ravenschlag
et al., 2000). The annual average of the relative
SRB abundance hybridized with 18 probes to
DAPI-stained cells was 2.3% in surface layer, and
increased to 22.9% between 8 and 14 cm depths
of Lake Biwa, Japan (Koizumi et al., 2003).

The Lake Sihwa has been highly polluted due
to nearby domestic and industrial waste water
including various kinds of metals (Hyun et al.,
1999) and the Lake Aha has been polluted by aci-
dic mining drainage and domestic sewages for a
long time with iron, manganese, and sulfate ex-
cessively enriched in water and sediment (Wang
et al., 2003). The other hand, the Lake Soyang
was oligotrophic lake in the early 1980s, after
then the eutrophication was enhanced (Kim et al.,
1989) and recently, the lake is turning into oligo-
mesotrophic state (Kim, 2006). The Lake Erhai is
one of the typical freshwater at the Yunnan
highlands in China (Guodong et al., 2001) and is
mesotrophic lake (Sun and Chen, 2000). The en-
vironmental conditions of studied lakes are dif-
ferent from each other.

The objective of this study was to analyze the
vertical distributions of sulfate reducing bacteria
in sediment of four lakes using SRB 385, general
probe for SRB (Icgen et al., 2007).

MATERIALS AND METHODS

1. Cultivation of bacterial strain

The bacterial strain, Desulfovibrio sp. KCTC
2484 was purchased from the Korean Collection
for Type Cultures (KCTC, Daegjeon, Korea), and
cultured on Desulfovibrio sp. Medium (NH4CI,
1.0 g; NasSQO,, 2.0 g; Na-thiosulfate - 5H20, 1.0 g;
NaSO, - 7H20, 1.0 g, CaCl; - 2H20, 0.1 g, KH,
PO, 0.5 g; Yeast extract, 1.0 g; NaHCO;, 2.0 g;
Na-pyruvate, 1.0 g; Na-malate, 1.0 g; Resazurin,
0.5mg; NasS - 9H»0, 75.0 mg; Trace element solu-
tion SL-10, 1.0 mL; Vitamin solution, 10.0 mL;
Distilled water, 1 L) in anaerobic chamber at 35
°C for a week.

2. Used prohes
The probe SRB385 (5-CGGCGTCGCTCGCTC

AGG-3’) are targeted to most of the known sul-
fate reducing bacteria in the 3 subclass of Proteo-
bacteria (Amann et al., 1992). The oligonucleotide
probes were purchased from TaKaRa and syn-
thesized with Cy3 fluorochrome at the 5" end.

3. Probe verification for FISH

For verifying whether the probe SRB385 was
specific for the detection of SRB, we tested it
with cultured Desulfovibrio sp., which has been
reported to be the dominant species in sediment
of marine Arctic (58-61%), the great Ouse estr-
uary (50-90%), and Lake Biwa (61-86%), repec-
tively (Trimmer et al., 1997; Sahm et al., 1999;
Koizumi et al., 2003) before applying the probes
for the detection of SRB in environmental sedi-
ment. Desulfovibrio sp. (strain) was diluted with
sterilized distilled water and fixed with 4% para-
formaldehyde (sample: PFA=3: 1) for 4 h. The
fixed bacterial strain was filtered onto 0.2 pm
pore-sized polycarbonate membrane filters. The
filters were washed 3 times with 0.5 mL phos-
phate buffered saline (1 xPBS) and dehydrated
in 50%, 80%, 99.5% ethanol successively. After
the final dehydration step, filters were air-dried.
Hybridization buffer (0.9 M NaCl, 20 mM tris-
HCl, 0.01% SDS, 35% formamide) on filters was
added with probe and filters were stored for
hybridization at 46°C for 90 min. Following hybri-
dization, filter was washed in preheated wash-
ing buffer (40 mM NaCl, 20 mM Tris-HCl, 0.01%
SDS, 5 mM EDTA) at 48°C for 30 min.

For counterstaining, total bacterial numbers
were stained with 4/, 6’-diamidino-2-phenylin-
dole (DAPI) for 15 min, and were examined by
epifluorescence microscope (Hobbie et al., 1977).
For statistical confidence, counts for 10 random
fields of view were obtained, and triplicate obser-
vations were done.

4. Sediment sample collection

The sediment samples were obtained from lakes
in Korea (Lake Sihwa and Lake Soyang) and
China (Lake Aha and Lake Erhai). The locations
(Latitude & Longitude), sampling date and leng-
th of core sample are given in Table 1. The core
samples in Lake Sihwa and Lake Soyang were
collected using a core sampler (5 cm diameter
and 50.7 cm length) and those in Lake Aha and
Lake Erhai were collected using collector describ-
ed by Wang et al. (1998).
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Table 1. The lakes for collecting the sediment.
Station Latitude (N) Longitude (E) Sampling date Section (cm)
Lake Korea Sihwa 37°17'39.5” 126°48'33.8” Jun. 2006 0-30
Soyang 37°56'43.0” 127°49'18.8” Jun. 2006 0-15
. Aha 26°32'31.3" 106°390.1” Dec. 2005 0-30
Lake China Erhai 25°48'41.1” 100°1217.1” Dec. 2005 028

5. Pretreatment of sediment samples

The fresh sediment samples were sliced from
surface by 1 ecm interval. The collected sediment
samples were diluted with autoclaved lake wat-
er, sonicated for 5 min, and centrifuged. And then
supernatant was transferred to clean conical
tube, fixed with 4% paraforaldehyde (sample:
PFA=3:1) for 4h and stored under refrigeration
for FISH.

6. FISH

After confirming that the probe SRB385 was
effective for determining Desulfovibrio sp. (stri-
an), the probe SRB385 was applied to assess

SRB in environmental sediments with same
FISH method above.

RESULTS AND DISCUSSTION

1. Probe verification for FISH

The average SRB proportion hybridized with
the probe SRB385 to DAPI-stained cells was
92.8% (Table 2). This result showed that the probe

Table 2. The efficiencies of probe for detection of Desul-
fovibrio sp.

Probe Experiment DA?;PI FI§H FISH/
(x10° cells (x10° cells
name number ) -1 DAPI (%)
mL™) mL™)
1 4.0+0.7 3.7+0.7 92.6+3.0
SRB385 2 45+0.6 4.2+06 93.8+3.9
3 4.8+0.8 44+07 91.9+29

SRB385 was able to detect effectively Desulfovib-
rio sp. (strain) which has been reported to be the
dominant species in marine and freshwater sedi-
ment (Trimmer et al., 1997; Sahm et al., 1999;
Koizumi et al., 2003).

The formamide concentration and hybridization
temperature are important conditions in hybridi-
zation step. For detection of the family Desulfovi-
brionaceae by FISH, Okabe et al. (1999) used 30%
formamide concentration and 46°C hybridization
temperature while Tonolla et al. (2000) used 20%
and 53°C. The result showed that hybridized
Desulfovibrio sp. (KCTC 2484) was visualized
with strong fluorescence signal (Fig. 1.) when we
used 35% formamide concentration and 46°C
hybridization temperature (data not shown).

Fig. 1. Microphotographs of FISH (left) and DAPI (right) of cultured Desulfovibrio sp. (KCTC 2484). FISH image is show-
ing bacteria hybridized with SRB385 probe (Cy3 labeled, red). Bar=>5 um.
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Fig. 2. Microphotographs of FISH (left) and DAPI (right) of SRB in sediments of Lake Sihwa (a, b), Lake Soyang (¢, d),
Lake Aha e, ) and Lake Erhai(g, h). Bar=5 um.
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Fig. 3. The vertical distribution of total bacterial numbers and SRB numbers (a, b) and the proportion of SRB to DAPI-
stained cells (c, d) in sediments of Korean and Chinese lakes.

2. The vertical distribution of total bacterial
numbers and SRB in sediments

Fig. 3 shows the vertical distributions of SRB
in core sediments of Lake Sihwa, Lake Soyang,
Lake Aha and Lake Erhai. Microphotographs of
hybridized cells with the probe SRB385 and DAPI
staining are presented in Fig. 2. Here, total bac-
terial numbers are lower than those obtained in
marine sediments (Llobet-Brossa et al., 1998).

In the case of lakes in Korea, DAPI-stained
cells ranged from 5.8 x 10° to 1.9 x 10® cells g™*
and from 3.4 x10° to 2.5x107 cells g™! within
sediments of Lake Sihwa and Lake Soyang, res-
pectively (Fig. 3a). The numbers of SRB ranged
from 3.8 x 10° to 4.7x 10" cells g ' in Lake Sihwa
and those in Lake Soyang were from 1.2 x 10° to

1.1 x10% cells g ! (Fig. 3a). The number of SRB in
Lake Sihwa was 24 times higher than of Lake
Soyang. These differences probably caused by or-
ganic matter content of the sediments (Hyllerberg
et al., 1984). Comparing both lakes, Lake Sihwa
is more polluted than Lake Soyang. The concen-
trations of COD were 1.5 and 10 mg L™! in Lake
Soyang (Kim et al., 2007) and Lake Sihwa (Choi,
2007) on June of 2006, respectively. The number
of SRB is closely related with the concentration
of organic materials and sulfate is not affecting
the abundance of SRB (Hyun et al., 1999). The
higher number of SRB in Lake Sihwa would be
related to the higher concentration of available
organic matter. In Lake Sihwa and Lake Soyang,
SRB were not detected below 19 and 10 cm depths,
respectively. This means that SRB in Lake Sihwa
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is located to deeper layer than that in Lake So-
yang. Although SRB were not detected under 19
cm and 10 cm depths of both lakes, total bacteri-
al numbers were still abundant at all observed
sediment. Generally, sediment may contain oxy-
gen-rich, oxygen-poor, and oxygen depletion
zones, and the bacteria found within its different
zones will vary according to the chemical reac-
tions they use for energy. The order of aerobic
and anaerobic respiration in soil and sediment
are as follows; Oz - MnOz - Fe** - S0 - CO; (Fred-
rickson and Onstott, 1996). Therefore, methano-
genesis is processing below 19 and 10 cm depths
at Lake Soyang and Lake Sihwa, respectively.

The high peaks were appearing at depth of 2cm
in both lakes (Fig. 3a). This is accordance with
results obtained in Wadden Sea sediments of the
German North Sea coast by Llobet-Brossa et al.
(1998) and marine Arctic sediment of Smeeren-
burgfjorden, Svalbard by Ravenschlag et al. (2000).

For the lakes in China, total bacterial numbers
were from 1.5x 107 to 9.5 x 10 cells g™* and from
1.0x 107 to 1.9x 107 cells g in Lake Aha and
Lake Erhai, respectively. Each depth of sediment
showed similar total bacterial numbers in Lake
Erhai but in Lake Aha, from surface to 15 cm
depth, total bacterial numbers showed different
values. The pattern of total bacterial numbers in
here was similar with the vertical distribution of
SRB. Irregular SRB distribution in Lake Aha
than Lake Erhai might be caused by sulfate,
iron, manganese and organic matters inflow
from coal mine around Lake Aha. In Lake Aha,
SRB ranged from 2.7 x 10° cells g to 3.7 x 10°
cells g'!, which is lower range than that of Lake
Sihwa. Maximum density of SRB was shown at
the 1 cm depth. In Lake Erhai, that ranged from
0.5x10° to 1.4 x 105 cells g™}, with maximum at
the surface layer (Fig. 3b). The numbers of SRB
were similar in both Lake Aha and Lake Erhai
although sulfate becomes known to be excessively
enriched in water and sediment of Lake Aha
(Wang et al., 2003). As described above, this
result suggests that the abundance of SRB is not
related with sulfate concentration.

3. The ratio of sulfate-reducing bacteria (SRB)
to total bacterial numbers in sediments

The proportion of SRB to DAPI-stained cells
ranged from 2.9 to 25.6% (Lake Sihwa) and from
0.6 to 7.1% (Lake Soyang) (Fig. 8c¢). The sediment

of Lake Sihwa contained mud, whereas that of
Lake Soyang contained thick-gained sand. The
SRB proportion in muddy sediment was much
higher than that in sandy sediment. This result
was same with the research by Llobet-Brossa
{Llobet-Brossa et al., 1998), which compared the
proportion of SRB between sediments with dif-
ferent content.

In case of lakes in China, the proportions of
SRB to DAPI-stained cells were from 0.6 to 19.4%
in Lake Aha, and from 2.9 to 11.2% in Lake Er-
hai, respectively (Fig. 3d). In case of an intertidal
mud flat of the German Wadden Sea, SRB ranged
from 1.7 to 12.3% (Llobet-Brossa et al., 2002)
which is similar with the result of Lakes in China.
Averagely, the proportion of SRB in Lake Sihwa,
Lake Soyang, Lake Aha, and in Lake Erhai were
13.8%, 3.8%, 4.0%, 7.2%, respectively.

Through this study, we confirmed that the ver-
tical distribution patterns of SRB within sedi-
ment were different with sample sites. Especi-
ally, the SRB existing layer of sediments in Ch-
ina was deeper than that in Korea. The highest
SRB numbers showed, however, at surface layer
(0-2 cm) in all samples. This may be related to
the higher concentration of available organic
matter, and heavy metals at surface layer.
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