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Abstract A 16S rDNA clone library was generated to
investigate the bacterial diversity in tidal flat sediment in
Ganghwa Island, Republic of Korea. A total of 103 clones
were sequenced and analyzed by comprehensive phylogenetic
analyses. No clones were identical to any of known 16S rRNA
sequences in public databases. Sequenced clones fell into
thirteen lineages of the domain Bacteria: the alpha, beta, gamma,
delta, and epsilon Proteobacteria, Actinobacteria, CFB group,
Chloroflexi, Acidobacteria, Planctomycetes, Verrucomicrobia,
and known uncultured candidate divisions (OP11, BRC1,
KSB1, and WS1). Two clones were not associated with any
known bacterial divisions. The majority of clones belonged to
the gamma and delta Proteobacteria (46.7%). Clones of
Actinobacteria were distantly related to known taxa. It is
evident from 16S rDNA-based community analysis that
the bacterial community in tidal flat sediment is remarkably
diverse and unique among other marine environments
examined so far.
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Microbes in marine sediments are responsible for various
important biochemical transformations, including the
mineralization of organic matter and the degradation of
pollutants. In recent years, pollution-induced changes have
been recognized in the benthic microbial community
structure [26]. To better understand these processes, a better
understanding of the structure of the microbiota involved
is needed. However, defining or quantitatively describing
the microbial community structure is often difficult and
incomplete. In addition, both sediment and soil probably
represent some of the most complex microbial habitats on

*Corresponding author
Phone: 82-2-880-8153; Fax: 82-2-888-4911;
E-mail: jchun@snu.ac.kr

earth: a single gram of soil may contain thousands of
bacterial species [38]. One of the important steps in
studying the microbial community in marine sediments is
to clarify how the physical and chemical properties of the
sediments affect the whole community structure. However,
many studies of microbes in marine sediments have focused
on specific functional groups, because the processes they
catalyze can be measured directly [18, 34]. In general, the
depth-related gradient of physical and chemical properties
provides niches for a wide variety of metabolically diverse
microorganisms in marine sediments. In such environments,
syntrophic and competitive interactions occur between
different physiological types of microorganisms. However,
few studies have been carried out to provide an overview
of the microbial population in marine sediments and how
this is distributed in relation to the chemical environment
and associated processes [25].

The west and southwest coasts of the Korean peninsula
largely consist of tidal flats, called getbol. Getbol can be
several kilometers long when the tide is high, and plays an
important role in the Korean coastal fishery industry. The
environment is unique among other marine sediments as it
is flooded and exposed periodically by the seawater. The
higher degree of changes in water temperature and salinity
are often observed. Getbol has been shown to be one of the
most dynamic areas in terms of sediment erosion and
deposition, and it can be distinguished from salt marsh and
wetland for these characteristics [2].

To understand the biological and ecological role of
getbol, it is important to elucidate its microbial components.
The analysis of the composition of natural microbial
populations has a long tradition in microbial ecology.
Classical cultivation-based techniques are insufficient for
studying the diversity of naturally occurring microbial
communities since the majority of microbial organisms is
believed to be uncultivable by traditional techniques [1].
Several molecular approaches now provide powerful means



206 KmMetal

to culture-dependent techniques [21,24]. As a basic
approach to clarifying microbial communities, 16S TDNAs
are amplified by PCR from nucleic acids extracted from
environmental samples, and then the PCR products are
cloned and sequenced. This approach can avoid the limitations
of the traditional cu'turing téchniques for assessing the
microbial diversity in natural environments [39].

There have been only a few studies investigating bacterial
community in marine sediments using culture-independent
methods [9, 12, 39]. Furthermore, there is no report to
examine microbial community structure in extensive tidal
flats such as getbol in Korea. In a recent study, a large
number of novel bacterial species have been isolated,
where 20-30% were found to be novel species, using
standard isolation teckmique {41]. This remarkable cultured
bacterial diversity led to the study of its uncultured microbial
community. The aim of this study is to investigate the
diversity of the bacterial community in Korean getbol
sediments, which will help with understanding its role in
bioremediation and material cycling. This information can
be a framework for future 16S rDNA-based community
analysis.

Getbol sediments were collected from a site at Dongmak
(37°35.319'N, 126°27.245'E) in Ganghwa Island. Sections
from depths of 5cm were subsampled and placed in
polypropylene bags. Samples were immediately stored on
dry ice for transport to the laboratory. The samples were
stored at - 80°C until DNA was extracted.

Soil pH was determnined with 10:1 soil slurry, organic
matter content was measured by the loss-on-ignition
method, and soil texture was determined as previously
described [29]. Chemical properties of the pore-water were
measured after extracting sediment with deionized water.
Dissolved organic carbon (DOC) content was measured by a
TOC meter (Shimadzu-5000A) and the concentration of NO;
was determined by ion chromatography (Dionex DX-120).

DNAs from 10 g of soil were extracted by the CsCl
density equilibrium gradient methods according to the
Direct lysis protocol for Bacterial community DNA Recovery
(CsCD) [17]. PCR amplification of bacterial 16S rDNA
from getbol DNA extracts was performed with a total
volume of 50 pl in a thermal cycler. Bacterial 16S rDNAs
were enzymatically amplified with primers 27F (5'-AGA-
GTTTGATCMTGGCTCAG-3) and 1492R (5-GGYTA-
CCTTGTTACGACTT-3") as described [4].

PCR products were purified with a PCR Clean-up Kit
(Mo Bio). 16S rDNA amplicons were ligated into the
pGEM-T easy vector (Promega) and transformed into E.
coli DH10B cells. Colony PCR was performed as above
with the following modifications [3, 31]. The primers used
were prGTf (5-TACGACTCACTATAGGGCGA-3") and
ptGTr (5'-CTCAAGCTATGCATCCAACGC-3') targeting
the flanking regions ¢f the multicloning site of pGemT-
easy vector [5].

To examine the ARDRA patterns, 1l of the colony
PCR product was digested with two four-base-specific
restriction enzymes (Hhal, Haelll) (NEB) at 37°C for 2 h.
The resultant fragments were analyzed by electrophoresis
in 2% agarose gels (APB). 100 bp ladder (APB) was used
as a DNA marker.

PCR products were cleaned up using shrimp alkaline
phosphatase and the Exol treatment method following ABI
PRISM SnaPshot Multiplex Kit Protocol. Sequencing was
achieved using an automated DNA sequencer (ABI Gene
Scan 3100). Eight clones (BS1-0-27, 34, 55, 74, 79, 85, 86,
111) were sequenced in complete length to further clarify
their phylogenetic positions. All sequences were checked
for chimeric artifacts by the CHECK_CHIMERA program
of the Ribosomal Database Project (RDP) [27], and manually
aligned with closely related sequences obtained from the
Ribosomal Database Project and GenBank databases. The
calculation of sequence similarity and phylogenetic tree
inference were carried out using the PHYDIT program
(available at http://plaza.snu.ac.kr/~jchun/phydit/). An
evolutionary tree was generated using the neighbor-joining
method [36]. Evolutionary distance matrices were generated
according to Jukes and Cantor [19]. The resultant tree
topologies were evaluated in bootstrap analyses [10] based
on 1,000 resamplings.

The GenBank accession numbers for the sequences
determined in this study are AY254909-24, AY254926-45,
AY254947-48, AY254950-70, AY254972-76, AY254978-94,
AY254996-97, AY254999-5003, and AY304363-77.

The pH, organic matter (%), DOC (mg/'"), and NO*"
(mg/1") of the getbol sediments sample were 6.77, 2.2, 5.7,
and 1.13, respectively. The soil texture was clay 4%, silt
55.4%, and sand 40.6%.

Nucleic acids were successfully extracted from the getbol
sediments (data not shown) without polyvinyl polypyrrolidone
purification, which has been used for extracting DNA from
humic acid-rich samples [14] for PCR ampilification. The
CsCl density equilibrium gradient methods used in this
study were successful in obtaining high molecular weight
DNA from getbol. The procedures may be applicable to a
variety of bacterial communities in nature. Extracted DNA
was loaded onto 1% agarose gel. DNAs were amplified
with the PCR.

The ARDRA patterns were used as an initial measure of
diversity in the getbol. However, clones were so diverse
that most of them were not clustered by the ARDRA
patterns (data not shown). All clones were therefore
examined by sequencing methods.

The average length of the sequences determined was
650 bases. Using the RDP' CHECK_CHIMERA, 7 clones
were found to be probable chimeric amplicons and omitted
from the final analysis.

Thirteen major phylogenetic bacterial lineages were
recovered from the getbol sediment: o-Proteobacteria (13
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constructed using the neighbor-joining method.
Bacillus subtilis was used as the outgroup. The percentage numbers at the nodes are
1,000 resampled data sets. Bar, 10% nucleotide changes per a 16S rDNA position.

the levels of bootstrap support based on neighbor-joining analysis of
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clones), B-Proteobacteria (1), 8-Proteobacteria (20), y-
Proteobacteria (28), e-Proteobacteria (2), Actinobacteria (3),
Cytophaga-Flavobacterium-Bacteroides (CFB) group (11),
Acidobacteria (5), Planctomycetes (2), Verrucomicrobia (2),
Chloroflexi (8), and uncultured candidate divisions OP11
(1), BRCI1 (1), KSBI1 (2), and WS3 (2). Two clones showed
no clear association {o any known bacteria divisions.

Phylogenetic analysis showed that y-Proteobacteria was
the major component of tidal flat sediment (27.2% of total
clones). Similar results were reported for samples collected
from arctic ocean sediment [33] and marine sediments in
Washington, USA, and Japan [12, 39]. The phylogenetic
positions of 28 y-protecbacterial clones together with other
proteobacteria are given in Fig. 1. The tree included
sequences isolated in other marine sediments [6, 7, 13, 22,
23, 34, 41]. Three clones (BS1-0-25, 65, and 112) formed a
monophyletic clade with Norwegian cold marine sediment
clone Sva0091 (GenBank # AJ240987) and represented a
deep branch within y-Proteobacteria. Similarly, twelve
unique clones (BS1-0-3, 21, 28, 38, 60, 84, 92, 102, 106,
107, 110, and 117) were recovered in a monophyletic clade
containing marine sediment clones in the Japanese Trenches.
Bacteria belonging to this clade may be widely spread
in the Korea-Japan area through surface and deep-sea
sediments, though therz are no cultured representatives in
this group yet. The highest similarity value in the -
Proteobacteria was found between clone BS1-0-84 and
Japan Trench sediment clone NB1-h (96.36% similarity)
[40].

The second most abundant group was 8-Proteobacteria
(19.5%) which was reported to be also a predominant
group in various marine sediments throughout the world
[6, 12,34, 40]. Most of the clones were associated with
sulfate-reducing bacteria. Four clones (BS1-0-16, 58, 98,
and 104) formed a monophyletic clade and were distantly
related to other cultured and uncultured sulfate-reducing
bacteria. This group clearly represents a novel sulfate-
reducing bacterial lineage in the test sample. Occurrence of
sulfate-reducing microorganisms in tidal flat sediment is
not a surprise as sulfate is one of the main electron
acceptors present in marine environments. In addition,
sulfate-reducing bacteria are able to utilize a variety of
electron donors availsble in marine sediments, such as
carbon compounds released by plant roots or fermentation
products of other bacteria including acetate, lactate, butanol,
and formate [36]. A number of studies showed that
metabolically diverse species of sulfate-reducers were
present in various marine sediments {6, 12, 32, 33, 39].

Thirteen clones belonged to o-Proteobacteria (Fig. 1)
and were clustered with cultured marine-dwelling bacteria
such as Roseobacter, Sulfitobacter, and Lutibacterium. Only
one and two clones were found to be members of J3-
Proteobacteria and e-Froteobacteria, respectively (Fig. 1).
The B-proteobacterial clone (BS1-0-10) was most similar

to Nitrosomonas strain Nm143 (GenBank # AY123794)
and type strain of Nitrosomonas europaea, but the
corresponding 16S rDNA similarities were very low (91.8-
89.9%). One of e-Proteobacteria clone (BS1-0-114) was
clustered with the Nankai Trough sediment clone at
3,843 m with 96.8% similarity. The other clone (BS-1-0-
67) formed a novel phyletic lineage and its closest relative
was a clone (33-PA23B00) from deep-sea sediment with
volcanic eruption [15], with very low similarity of 77.5%.

Five clones (BS1-0-2, 93, 105, 116, 123) were found
within Acidobacteria (Fig. 2A). Clones in this group were
clustered with Norwegian cold marine sediments (Sva0515,
GenBank # AJ241004 and Sva0450, GenBank # AJ240998
[33]) and hydrocarbon seep sediment clone BPC102
(GenBank # AF154083). Two clones (BS1-0-53 and 88)
were recovered in Planctomycetes (Fig. 2A). The closest
neighbor to these clones was German river biofilm clone
DSP26 (GenBank # AJ290184; 86.9-92.3% similarity).

Three clones (BS1-0-27, 74, 79) in Actinobacteria were
closely related to uncultured actinobacteria clone (Fig. 2B).
These clones were fully sequenced, and their phylogenetic
relationship was established. These clones, together with
Japan Suruga Bay deep-sea sediment clone BD2-10 (GenBank
# ABO015539) [22] and marine sediment clone (GenBank #
AY193208), formed a clade outside to cultured actinomycetes.
Sequence similarity values within this clade were lower than
84%, which indicates that many novel phyletic actinomycete
lineages can be found in marine sediment environments.

Two clones were associated with the Verrucomicrobia
group (Fig. 2C). BS1-0-101 was closest to Norwegian cold
marine sediments clone Sva0700 (GenBank # AJ297462)
[33].

Six clones belonged to candidate divisions that do not
have cultured representatives so far (Fig. 2C). Two clones
(BS1-0-32 and 109) were members of the candidate division
WS3 [11]. Both clones showed high, but distant, similarity
with anoxic marine sediment clone LD1-PA30 (GenBank
# AY114319) with 84.0% for BS1-0-32 and 93.4% for
BS1-0-109, respectively. The similarity value between the
two getbol clones was 84.6%. Clone BS1-0-111 belonged
to the candidate division OP11, being closely related to
Antarctica continental sediment clone MERTZ 21CM
(GenBank # AF424451) with 95.6% similarity. Two clones
(BS1-0-24 and 55) were members of the candidate division
KSB1 [38], whereas clone BS1-0-85 was related to the
bulk soil clone PBS-III-24 of the candidate division BRC1
(GenBank # AJ390454) [8]. Clone BS1-0-11 was closely
related to a hitherto-unknown division represented by
clone mlel-16 from pharmaceutical wastewater [20] with
a similarity of 94.5%. Similarly, clone BS1-0-119, together
with clone BD2-6 from Japan Suruga Bay 1521 m sediment
[22], formed a hitherto unknown division. The 16S rDNA
similarity between clones BS1-0-119 and BD2-6 was
92.2%.
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Eight clones were affiliated with Chloroflexi (Fig. 2D).
Clones in this group were clustered with hydrocarbon seep
sediment clone GCA004 (GenBank # AF154104) and
Axial Volcano Paralvinella palmiformis mucus secretions
clone P. palm C 37 (GenBank # AJ441227) [16].

Phylogenetically diverse CFB clones were recovered
from a tidal flat sediment sample (Fig. 2E). Among the
eleven clones, the highest similarity value to known sequences
in GenBank was only 89.8% for clone BS1-0-1 and
benzene mineralizing consortium clone SB-5 (GenBank #
AF029041) [31]. The lowest similarity (77.9%) was found
between clone BS1-0-118 and Norwegian cold marine sediment
clone Sva0515 (GenBank # AJ214004). The very low
similarity values and branching patterns in the phylogenetic
tree indicate that bacteria belonging to the CFB group in
tidal flat sediment are extremely diverse and unique.

The average sequence similarity of tidal flat sediment
clones to known sequences in GenBank was only 88.4%,
ranging from 74.9 to 97.6%. It is clear from these low
values and diverse line¢ages found in the phylogenetic tree
analysis that bacterial diversity in the test sample is
remarkably higher than those in most of the other marine
sediments [28, 39]. This is likely due to the tidal flat being
flooded and exposed periodically by the seawater, which
adds extra physiochemical variables to the environments.
In conclusion, the 16S rDNA sequences determined in this
study expand the knowledge of the bacterial community in
marine tidal flat sediment and provide a firm framework
for future molecular ecological studies using relatively
high-throughput techriques such as denaturing gradient
gel electrophoresis and terminal restriction fragment length
polymorphism.
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