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Bacterial populations in epilithic biofilms collected from two distinct oligotrophic rivers of Japan
were studied using denaturing gradient gel electrophoresis (DGGE). PCR-DGGE of the 16S rRNA
gene and subsequent sequencing analysis suggested that in freshwater biofilms, members of
the Cytophaga-Flavobacterium-Bacteroides (CFB) group were the most dominant, followed by
those of a-, B-, y-, and 3-Proteobacteria; Leptospiraceae; and unidentified bacteria. Members of
the CFB group, a-Proteobacteria, and cyanobacteria/plastid DNA were also detected from the
biofilms collected from the estuary site, but the species in these samples differed from those
detected in biofilms in the freshwater areas of the rivers. A comparison between the determined
sequences revealed that similar bacterial species existed in biofilms at different sites of a river,
and identical species existed in biofilms of distinct rivers. The results suggested that bacterial
species in biofilms found in the estuary were different from those found in the freshwater areas
of the rivers; however, the common bacterial species were distributed in biofilms collected from

not only different sites along the same river but also sites in distinct oligotrophic rivers.

Key Words——bacterial communities; biofilm; estuary; river; 16S rRNA

Introduction

Rivers are essential for human society since they
provide water for consumption, agricultural, industrial
and leisure activities, and carry wastewater away. Re-
cent studies have revealed that various microbial com-
munities exist in aquatic ecosystems, and they play
important roles in the nutrient cycle, such as primary
production, nitrification, and mineralization of organic
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matters (Meyer, 1994; Simon et al., 2002). Therefore,
knowledge about the activities and distribution of mi-
croorganisms in rivers will enhance our understanding
of entire river ecosystems and is beneficial for the
maintenance of a healthy aquatic environment.

In aquatic systems, individual bacterial cells occur
as both planktonic and attached cells. Biofilms formed
on stones or on artificial substrates in rivers are com-
posed of autotrophic and heterotrophic microorgan-
isms in an extracellular polysaccharide matrix (Lock et
al., 1984). In general, bacterial populations in biofiims
have higher physiological activity and are more abun-
dant than free-living bacterial cells (Araya et al., 2003;
Costerton et al., 1987; Manz et al., 1993). Araya et al.
(2003) presumed that surface-associated bacterial
populations play a critical role in their study areas. It is
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also known that bacterial populations in freshwater
biofilms are phylogenetically diverse (Brimmer et al.,
2000; Manz et al., 1999).

A thorough understanding of the bacterial commu-
nity in biofilms is expected to be useful for the develop-
ment of indicators of health and safety of the river eco-
system. While substantial information is available on
the compositions of bacterial communities in streams,
rivers, and estuaries (Brimmer et al., 2000; Cottrell et
al., 2005; Jones et al., 2007; Sekiguchi et al., 2002),
most studies have focused on only 1 ecosystem each.
Few reports have examined the bacterial populations
in biofilms in the ecosystem in the entire length of riv-
ers, from headwater to estuary. A description of the
characteristics of biofilms in the ecosystems of the en-
tire river will provide valuable information for future wa-
ter management.

In recent years, culture-independent molecular tech-
niques have been widely applied to ecological studies
of microbial communities (Amann et al., 1995; Hugen-
holtz et al., 1998). Denaturing gradient gel electropho-
resis (DGGE) and polymerase chain reaction (PCR)
are useful for the identification of the dominant se-
quence types in the DNA extracted from environmen-
tal samples (Muyzer et al., 1993). PCR-DGGE also en-
ables the rapid and simultaneous comparison of
bacterial communities from different samples. In addi-
tion, PCR-DGGE along with sequencing analysis can
be used to identify the dominant species in a biofilm
community by comparing experimentally determined
sequences with those registered on databases. This
technique is a powerful tool, and has been developed
and applied to study the diversity of bacteria in epi-
lithic biofilms (Lyautey et al., 2005).

The objective of the present study is to determine
the compositions of the bacterial communities in epi-
lithic biofilms collected from the upstream to down-
stream areas of two oligotrophic natural rivers in Ja-
pan. Both rivers are located in the Tohoku region;
however, one river runs through an urban area, while
the other mainly runs through a rural area. The other
objective is the comparison of the characteristics of
the bacterial communities in the river running through
the urban area and those through the rural area. For
this, we used PCR-DGGE to target the 16S rRNA gene,
and then performed sequencing analysis.
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Materials and Methods

Study sites and sampling procedures. The study
was performed along the following two rivers: the Hi-
rose River and the Kesen River. The two rivers do not
Cross.

The Hirose River is a tributary river in the Natori River
system located in Miyagi Prefecture in the Tohoku re-
gionin Japan and is 45 km long. This river runs through
Sendai City—the biggest city in the Tohoku region with
a population of 1 million. A total of 5 sites (H1-H5)
were studied upstream and downstream of Sendai
City (Fig. 1A) on November 18, 2004. The center of
Sendai City is located between H4 and H5. All the sites
(H1-H5) were freshwater areas.

The Kesen River is located in Iwate Prefecture in the
Tohoku region in Japan and is 47 km long. This river
runs through Sumita Town and Rikuzentakata City with
a population of about 30,000. This river is a clear
stream and a popular fishing spot. Biofilm samples
were collected at 4 sites (K1 and K3-K5) from the up-

(A)

Fig. 1. Map of the Hirose River (A) and the Kesen River (B).
The location of the sampling sites are shown. The center of
Sendai City is shown as a gray region in Fig. A.
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stream to downstream areas along the Kesen River
and another site (K2) from the tributary (Fig. 1B) on
December 11, 2004. Sites K1-K4 were freshwater ar-
eas, while site K5 was an estuary and contained brack-
ish water.

Natural epilithic biofilms were collected from the
above sites (water depth: 30-80 cm) by using sterile
cutter blades and transferred to clean 15-ml tubes
filled with river water at the same point. From each site,
1 or 2 biofilm samples were analyzed. When 2 samples
were collected, 2 different stones were used; however,
at site H5, the two samples were collected from the top
and side of a single stone. Simultaneously, the water
temperature at each site was measured with a Thermo
Recorder (T&D Corporation, Japan), and 1.5-L water
samples were also collected in order to assess water
quality. The biofilm and water samples were trans-
ferred at 4°C and stored until analysis.

Chemical analysis. Water samples were used to
analyze soluble biochemical oxygen demand (BOD)
according to the protocol described by Japan Sewage
Works Association (JSW, 1997), and to measure the
concentrations of ammonium (N-NH4*), nitrite (N-
NO2"), nitrate (N-NO37), and total nitrogen (T-N) by us-
ing Hach reagents (Loveland, USA).

DNA extraction. The biofilm samples were disrupt-
ed by performing sonication 3 times at 4°C for 3 min
with Bioruptor UCW-201 (Cosmo Bio). The disrupted
samples were then centrifuged at 500 X g for 3 min,
and 1.5 ml supernatant was transferred to 1.5-ml tubes.
The tube was centrifuged at 10,000 X g for 5 min, and
microbes were collected as pellets. After 5 rounds of
freezing and thawing, DNA was extracted from the pel-
lets with a MagExtractor™ -Genome- (TOYOBO) ac-
cording to the manufacturer’s instructions. The ex-
tracted DNA was dissolved in 50 ul sterile Milli-Q water
and used as a PCR template.

PCR, DGGE, and sequencing analysis. The vari-
able V3 region of the 16S rRNA gene was amplified
using the primers 341F, which contains a GC clamp
(5’-C_GCC CGC CGC GCG CGG CGG GCG GGG
CGG GGG CAC GGG GGG CCT ACG GGA GGC AGC
AG-3’) and 518R (5’-ATT ACC GCG GCT GCT GG-3').
This primer set was designed to be specific for most
bacteria, and a GC clamp was attached to the 5 end
of the forward primer for DGGE as described by Muyz-
er et al. (1993). A 50-ul volume of amplification reac-
tion mixture contained 1 ul extracted DNA as a PCR
template, 5 ul 10 X PCR buffer, each primer solution at
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a concentration of 0.25 um, 0.2 mm of each dNTP, and
1.25 U TaKaRa Ex Tag® DNA polymerase (TaKaRa Bio,
Inc.). For amplification of the 16S rRNA gene, a touch-
down PCR program (Don et al., 1991; Sekiguchi et al.,
2002) was implemented as follows: after initial dena-
turation at 94°C for 5 min, 30 cycles of 94°C for 30 s,
the annealing temperature for 20 s, and 72°C for 30 s
were performed. The reaction mixture was then main-
tained at 72°C for 7 min. During the reaction cycle, the
annealing temperature was decreased by 1°C from
65°C to 56°C for every second cycle in the first 20 cy-
cles. The annealing temperature was 55°C in the last
10 cycles. The PCR products were evaluated by elec-
trophoresis in a 1.2% agarose gel, followed by staining
with ethidium bromide solution and visualization using
an ultraviolet (UV) transilluminator.

DGGE was performed using the D-code Universal
Mutation Detection System (Bio-Rad Laboratories,
Inc.). A polyacrylamide gel [8% (wt/vol) of a 37.5 : 1
acrylamide-bisacrylamide mixture in 1 X Tris-acetate-
ethylene diamine tetraacetic acid (EDTA) (TAE) buffer
(0.04 ™ Tris base, 0.02 M acetate, and 1.0 mm EDTA)]
was used. Denaturant gradients from 30% to 70%
[100% denaturant contained 7 M urea plus 40% (wt/
vol) formamide] in the direction of electrophoresis
were used for the analysis of the 16S rRNA gene. After
the application of 30 ul PCR products, the gels were
subjected to a constant voltage of 100 V for 8 h at
60°C. Following electrophoresis, the gels were stained
for 10 min with ethidium bromide and photographed
under UV illumination.

Visible bands were excised from the gel by using
sterilized cutter blades, transferred to 50 ul sterile wa-
ter, and incubated overnight at 4°C. The eluted DNA
was reamplified using the protocol described above,
and the purity of the PCR products was checked using
DGGE. This procedure was repeated until a single
band appeared. After this step, PCR was conducted
with the primer set 341F-518R without the GC clamp.
Subsequently, the amplicons were purified with Mag-
Extractor™-PCR & Gel Clean up- (TOYOBO) and se-
quenced using BigDye® terminator cycle sequencing
kit v1.1 (Applied Biosystems) according to the manu-
facturer’s instructions on an ABI 310 Genetic Analyzer
(Applied Biosystems). Sequence accuracy was con-
firmed using two-directional sequencing.

Homology search and phylogenetic analysis. All
the sequences determined in this study were com-
pared with similar sequences registered in the DDBJ/
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EMBL/GenBank databases by using BLAST from the
DNA Data Bank of Japan (DDBJ) web page (http://
blast.ddbj.nig.ac.jp/top-j.html). By using the ClustalW
alignment program, alignments were constructed for
the Cytophaga-Flavobacteria-Bacteroides (CFB) group
and other divisions of the Bacteria by using the deter-
mined sequences and homologous sequences to
closely related bacteria. Phylogenetic analyses were
conducted with MEGA4 (Tamura et al., 2007).

Nucleotide sequence accession numbers. The
nucleotide sequences of 16S rRNA gene obtained in
this study were registered in DDBJ/EMBL/GenBank
databases under accession numbers AB458598 to
AB458647.

Results

Environmental variables

Physical and chemical characteristics of the Hirose
and Kesen rivers were assessed (Table 1). The tem-
peratures of both rivers were approximately constant
from the upstream to downstream areas. The temper-
ature of the Hirose River ranged from 9.4°C to 11.2°C,
and that of Kesen River, from 7.2°C to 9.2°C. BOD in
the Hirose River gradually increased from site H1
(0.38 mg/L) to H4 (1.56 mg/L), and decreased at site
H5 (1.01 mg/L). In the case of the Kesen River, the
BOD was 1.31 mg/L at site K1; it decreased at site K2
(1.19 mg/L), and thereafter, it progressively increased.
N-NH4* and N-NO.~ concentrations were undetect-
able at all the study sites. The N-NO3~ and T-N concen-
trations were relatively higher in the Kesen River than
in the Hirose River, but were nevertheless low. This
shows that the water of the Hirose River was as clear
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as that of the Kesen River.

PCR-DGGE analysis, sequencing and identification of
DGGE fragments

The partial fragments of 16S rRNA gene were ampli-
fied by using the universal primer set, and DGGE of
the PCR products was performed. The DGGE profiles
of the biofilm bacterial communities formed on stones
along the Hirose and Kesen rivers are shown in Figs. 2
and 3, respectively. Several bands were obtained from
each DNA extract. The DGGE profiles of the samples
collected from all sites along the Hirose River (Fig. 2)
were different. With regard to the DGGE profiles of the
Kesen River (Fig. 3), the 2 samples collected at sites
K8 and K4 exhibited similar band patterns.

DNA sequence determinations of all visible PCR
bands were tried. A total of 47 bands (Hirose River: 17
bands and Kesen River: 30 bands), which are labeled
with numbers in Figs. 2 and 3, were sequenced suc-
cessfully. No sequence could be determined from lane
H2. The sequences were named according to the
sampling site and the label number of the band (e.g.,
the K2_1 sequence was determined from the band la-
beled “1” in lane K2). Two sequences each time were
obtained from bands K1_4, K3_4, and K4_8; this was
because they contained >1 DNA sequence due to the
comigration of DNA from different bacterial species.
The sequences were separated using multiple PCR-
DGGE. In total, 50 sequences were determined from
47 bands, and a homology search was conducted
(Table 2). The most frequently determined sequences
were closely related to the 16S rRNA gene sequences
of uncultured microorganisms obtained from environ-
mental samples that were collected from sources such

Table 1. Physical and chemical characteristics of the study sites on the day of sampling.
River Site Teomp BOD NHs-N NO2-N NO3-N TN
(C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
The Hirose River H1 9.4 0.378 N.D.2 N.D. 0.1 N.D.
H2 10.9 1.14 N.D. N.D. 0.2 0.1
H3 10.6 1.44 N.D. N.D. 0.2 0.2
H4 11.2 1.56 N.D. N.D. 0.2 0.4
H5 10.7 1.01 N.D. N.D. 0.2 0.2
The Kesen River K1 8.6 1.31 N.D. N.D. 0.2 0.2
K2 7.2 1.19 N.D. N.D. 0.8 1.3
K3 7.5 1.21 N.D. N.D. 0.6 0.8
K4 7.4 1.39 N.D. N.D. 0.6 0.9
K5 9.2 1.42 N.D. N.D. 0.3 0.5

8The values less than 0.05 were omitted and considered as “not detected.”
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Fig. 2. DGGE-band profiles for samples obtained from the
Hirose River.
The indicated bands were excised and sequenced.
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Fig. 3. DGGE-band profiles for samples obtained from the
Kesen River.
The indicated bands were excised and sequenced.

as lakes (Eiler and Bertilsson, 2007; Eiler et al., 2006),
rivers (Beier et al., 2008; Cottrell et al., 2005; O’Sullivan
et al., 2002), freshwater sources (Aslam et al., 2005;
Horner-Devine et al., 2003; Osaka et al., 2006), estuar-
ies (Kisand and Wikner, 2003; Kisand et al., 2002),
coasts (Musat et al., 2006), and soil (Futamata et al.,
2003; Yergeau et al., 2007). In particular, the uncul-
tured CFB group bacterium clone TAF-B64, whose se-
quence was related to K1_1, was also detected in the
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biofilms (O’Sullivan et al., 2002). Furthermore, the se-
quences obtained from samples collected at site K5
(brackish-water area) tended to show high similarity to
those from the samples collected from areas such as
estuaries and intertidal areas where seawater enters.

Some similar sequences were observed at different
sites along the Kesen River. The following pairs of se-
quences were identical: (1) K3_1 and K4_6, (2) K3_4 1
and K4_8 2, and (3) K3_4_2 and K4_4. Additionally,
the sequences K3_1 and K4 6 were not identical to
K1_10 and K3_2, but were more than 98% similar. Fur-
thermore, several identical sequences were obtained
from both the Hirose and Kesen rivers, although these
two rivers do not cross. The sequences H3 5, H5 2,
and H5 5 amplified from biofilm samples collected
from the Hirose River were identical to sequences
K1_3, K4_5, and K4 _3, respectively, which were ampli-
fied from biofilms collected from the Kesen River. This
shows that closely related bacterial species that pos-
sessed these 16S rRNA sequences were dominant in
the biofilm communities of both rivers.

Neighbor-joining trees for CFB group (Fig. 4) and for
other bacterial divisions (Fig. 5) were constructed.
Phylogenetic analysis revealed that the sequences de-
termined in this study belonged to the following cate-
gories: CFB group (37 sequences), o-Proteobacteria
(4 sequences), B-Proteobacteria (1 sequence), y-Pro-
teobacteria (1 sequence), &-Proteobacteria (1 sequ-
ence), unidentified Proteobacteria (1 sequence), Lep-
tospiraceae (2 sequences), cyanobacteria/algal plastid
DNA (1 sequence), and unclassified bacteria (2 se-
quences). Many bacteria belonging to the CFB group
and to the Leptospiraceae family were detected in bio-
film samples collected from both rivers.

Discussion

The examination of the differences in the bacterial
communities within a single river and those in multiple
rivers can offer insights into the general characteristics
of biofilms. In this study, we examined the bacterial
populations in biofilms from two rivers in Japan by us-
ing the molecular technique PCR-DGGE. One or two
biofilm samples were collected from 2 different stones
for the analysis in each sampling point. Biofilm sam-
ples collected in the same sampling point showed
similar DGGE profiles. However, further study is re-
quired to clarify the influence of various factors such
as stone materials to bacterial communities on the sur-
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Fig. 4. Neighbor-joining tree illustrating the genetic relationships among members of the CFB group.

The tree was constructed using MEGA4 (Tamura et al., 2007) and was based on the partial 16S rRNA gene
sequences determined. The sequences determined in this study are indicated by boldface and similar se-
quences from the databases are represented with their respective accession numbers. The tree is rooted with
the 16S rRNA gene sequences of Escherichia coli and Salmonella typhimurium. Bootstrap values are based
on 2,000 replicates; values greater than 50 are shown.
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Fig. 5. Neighbor-joining tree illustrating the genetic relationships among bacterial species, except for those of the CFB

group.

The tree was prepared according to the method given in Fig. 4. The tree is rooted with the archaeal 16S rRNA gene se-
quences of Methanobacterium bryantii and Nanoarchaeum equitans. The determined sequences are indicated by boldface
and similar sequences from the database are represented with their respective accession numbers.

face of stones.

It is known that PCR-based techniques can create
biases in steps such as nucleic acid extraction and
PCR amplification (Ishii and Fukui, 2001; Martin-Lau-
rent et al., 2001). Furthermore, the existence of multi-
ple heterogeneous copies of the 16S rRNA gene within
a genome is also likely to introduce biases (Case et
al., 2007). Lyautey et al. (2005) observed that the
amounts of DNA and PCR templates used during
DGGE have to be standardized in order to obtain re-
producible and consistent DGGE profiles. We did not
consider such parameters in this study, and therefore,
it was difficult to differentiate bacterial community
structures among the sites by comparing the DGGE-
band patterns. However, we obtained valuable infor-
mation regarding the bacterial members present in the
biofilm community by using DGGE-band sequencing
and subsequent phylogenetic analysis.

In this study, members of the CFB group were most
frequently detected (32 bands) in freshwater biofilms
collected from both of the rivers; followed by members

of a-Proteobacteria (3 bands) in the Kesen River, Lep-
tospiraceae (2 bands) in both rivers, and other catego-
ries (B-, y-, o-Proteobacteria, and unclassified bacte-
ria). Compared with members of the other categories,
members of the CFB group were observed more abun-
dantly in biofilms from freshwater samples and may be
regarded as the dominant species in the studied bio-
films. o-Proteobacteria was prevalent in the Kesen
River; these bacteria were detected from freshwater
regions (sites K1, K3, and K4) throughout the river.
Surprisingly, only 1 sequence (H1_1) belonged to the
group of B-Proteobacteria; these bacteria are usually
abundant in freshwater biofilms all over the world (Ara-
ya et al., 2003; Briummer et al., 2000; Gao et al., 2005;
Manz et al., 1999).

Our result is consistent with the results reported by
O’Sullivan et al. (2002). They investigated the bacterial
diversity of River Taff epilithon and observed that the
CFB bacteria were the most abundant, representing
25% of their constructed clone library; the second-
most abundant bacteria were those belonging to
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o-Proteobacteria. It is also reported that bacteria be-
longing to the CFB group and o-Proteobacteria are
dominant in mature freshwater biofiims (Manz et al.,
1999). Bacteria belonging to the CFB group in biofilms
exhibit seasonal patterns, in addition high densities of
these bacteria are frequently observed in winter (Brim-
mer et al., 2000; Rubin and Leff, 2007). Members of
the CFB group are well adapted to both cold and oligo-
trophic ecosystems, and they are not only abundant in
winter but are also found in high numbers in glacier ice
(Battin et al., 2001). Similarly, it is also reported that
o-Proteobacteria were more abundant in low-nutrient
or cold environments (Gao et al., 2005; Rotthauwe et
al.,, 1997). These conditions probably facilitate the
growth of the bacteria belonging to the CFB group and
o-Proteobacteria. Thus, the results that the members
belonging to the CFB group were most frequently ob-
served in both rivers and that o-Proteobacteria were
prevalent in the Kesen River may be attributed to the
conditions during sampling.

In the case of the brackish-water region (site K5), 5
of the 7 sequenced bands corresponded to the CFB
group; of the remaining 2, 1 band corresponded to
o-Proteobacteria and the other, to cyanobacteria/plas-
tid DNA. Bacteria belonging to the CFB group are of-
ten abundant in particle-attached bacterial communi-
ties in marine and estuary ecosystems (Crump et al.,
1999; Rath et al., 1998). Jones et al. (2007) observed
that the members of a-Proteobacteria were most abun-
dant in biofilms formed on artificial surfaces in an estu-
ary. Although members of the CFB group and a-Pro-
teobacteria were identified from site K5 as well as from
freshwater sites, they tended to resemble microorgan-
isms collected from areas such as estuaries and inter-
tidal areas (Table 2). It was suggested that the mem-
bers of biofilm communities in freshwater and brackish
water differ at the species level even if they are similar
at the class or family level.

Bacteria belonging to the CFB group are known to
be chemoorganotrophic and especially proficient in
degrading a variety of complex organic substrates
such as cellulose, chitin, and pectin (Kirchman, 2002).
In our study, the members of the CFB group were sug-
gested as one of the most abundant species in bio-
films from both freshwater and brackish-water areas;
therefore, this bacterial group may be primarily re-
sponsible for heterotrophic activity and especially play
an important role in the turnover of organic matter. In
the case of a-Proteobacteria, DNA sequences closely
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related to those of Blastomonas natatoria were ob-
served in sites K3 and K4, which were located in the
central parts of the Kesen River (Table 2). B. natatoria
strains isolated from freshwater biofilms are involved
in coaggregation between other groups of bacteria
(Rickard et al., 2002). The ability to coaggregate may
function in the integration and establishment of bacte-
ria in biofilms during the developmental stages (Rick-
ard et al., 2003). The observed bacterial species that
were related to B. natatoria might contribute to biofilm
formation in the freshwater areas of the Kesen River.
Phylogenetic analysis revealed that the composi-
tions of the bacterial communities in biofilms from both
rivers were very diverse. Some sequences of the bio-
film samples from different study sites along the Kesen
River (Figs. 4 and 5) were identical (K3_1 and K4_6,
K3 4 1 and K4 8 2, and K3_4 2 and K4 _4). In addi-
tion, K1_10, K3_1, K4_6 and K3_2 formed a cluster
(Fig. 4) and showed >98% similarity. These results
suggested that similar bacterial species developed in
biofiims from different freshwater sites in the Kesen
River. Interestingly, several identical sequences (H3_5
and K1_3, H5 2 and K4 _5, and H5 5 and K4 _3) were
also identified from the Kesen and Hirose rivers, even
though these rivers do not cross (Figs. 4 and 5). Gao
et al. (2005) observed that the benthic structure was
extremely similar among different sites in a given
stream, while large differences were observed in the
bacterial composition in different streams. They also
observed that some bands at similar locations on the
DGGE gel were found in samples collected from mul-
tiple streams. Zwart et al. (2002) compared the 16S
rRNA gene sequences obtained from planktonic bac-
teria of several freshwater ecosystems with the se-
quences in global databases, and observed that com-
mon planktonic bacteria are distributed in diverse
freshwater environments around the world. In addition
to the observation of common bacterial species in the
two different rivers, we also discovered that the se-
quence K1_1 was identical to that of an uncultured
bacterium clone TAF-B64 belonging to the CFB group,
which was detected from a biofilm in the River Taff in
the United Kingdom (O’Sullivan et al., 2002). Our data
suggested that the common bacterial species might
be distributed in biofilms of different habitats, as is the
planktonic bacterial community. Similar environmental
factors in the Hirose and Kesen rivers along with a low-
nutrient environment (Table 1) might explain the simi-
lar dominant organisms in biofilms. On the other hand,
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some sequences were detected at a specific site; for
example K1_7 and K1_8 were only detected at up-
stream site K1. The microbial community in biofilm
might reflect environmental characteristics that were
not analyzed in this study such as turbidity, dissolved
oxygen and phosphate. The acquisition of more de-
tailed sequences and water quality data will enable the
determination of the similarities and differences be-
tween the bacterial species in the biofilms in diverse
river ecosystems in the world.

The 2 sequences which were phylogenetically simi-
lar to the family Leptospiraceae were detected from
the two rivers. This family consists of both saprophytic
and pathogenic species that affect animals and hu-
mans (Levett, 2001). The pathogenic species cause
leptospirosis, a widespread zoonosis, which is a major
concern in the developing countries in South-East Asia
and South America. Leptospiral transmission occurs
through direct contact with animal reservoirs (Levett,
2001) or exposure to urine-contaminated water (Treve-
jo et al., 1998). Leptospirosis is associated with rivers,
and outbreaks of the infection have been reported
among athletes practicing water sports and people
performing a variety of recreational activities (Morgan
et al., 2002; Yanagihara et al., 2007). Leptospires can
survive for long periods of time in freshwater environ-
ments (Trueba et al., 2004). Ristow et al. (2008) report-
ed that leptospires can form biofilms, and this ability
might help pathogenic strains to survive in environ-
ments outside the host. We obtained only partial se-
quences of the 16S rRNA gene; therefore, it could not
be determined whether the species detected in this
study were pathogenic. However, since environmental
biofiims may act as temporary reservoirs for patho-
gens such as pathogenic leptospires, research should
be conducted from an ecological as well as a hygienic
viewpoint to evaluate the safety of river biofilms.

In conclusion, by using PCR-DGGE targeting the
eubacterial 16S rRNA gene, we observed that bacteria
belonging to the CFB group were the most frequently
detected in freshwater and estuary biofilms, and that
o-Proteobacteria were prevalent in the Kesen River.
DNA-sequencing analysis revealed that the dominant
bacterial species in the estuary site was different from
the dominant species in freshwater areas. A compari-
son of the determined sequences suggested that sim-
ilar bacterial species existed in biofilms at different
sites of a river, and that identical species existed in dis-
tinct rivers. Further bacterial study that takes into ac-
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count the environments surrounding river biofilms will
provide valuable information for describing the general
characteristics of biofilms, and this information will be
useful for maintaining and managing the health and
safety of river ecosystems.

Acknowledgments

This work was financially supported by the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan as a Pro-
ject of Integrated Compost Science, and Japan Science and
Technology Agency as Research Project on the Establishment
of Iwate Recycling Basin Economic Area ¢ and Research Pro-
ject on the Establishment of a Local Diversified Energy Society
Rooted in the Natural Features of Tohoku Region c. We are
grateful to Chie Suzuki of Tohoku University for collecting the
samples, Dr. Chika Tada of Tohoku University for her useful
comment and Hosnia Swafy Abdel-Mohsein of Tohoku Univer-
sity for the preparation of the manuscript.

References

Amann, R. |., Ludwig, W., and Schleifer, K. H. (1995) Phyloge-
netic identification and in situ detection of individual micro-
bial cells without cultivation. Microbiol. Rev., 59, 143-169.

An, Q., Zhang, G., Wu, H., Zhang, Z., Zheng, G., Zhang, Y., Li,
X., and Murata, Y. (2008) Properties of an alginate-degrad-
ing Flavobacterium sp. strain LXA isolated from rotting al-
gae from coastal China. Can. J. Microbiol., 54, 314-320.

Araya, R., Tani, K., Takagi, T., Yamaguchi, N., and Nasu, M.
(2003) Bacterial activity and community composition in
stream water and biofilm from an urban river determined by
fluorescent in situ hybridization and DGGE analysis. FEMS
Microbiol. Ecol., 43, 111-119.

Aslam, Z., Im, W. T., Kim, M. K., and Lee, S. T. (2005) Flavobac-
terium granuli sp. nov., isolated from granules used in a
wastewater treatment plant. Int. J. Syst. Evol. Microbiol., 55,
747-751.

Battin, T. J., Wille, A., Sattler, B., and Psenner, R. (2001) Phylo-
genetic and functional heterogeneity of sediment biofilms
along environmental gradients in a glacial stream. Appl.
Environ. Microbiol., 67, 799-807.

Beier, S., Witzel, K., and Marxsen, J. (2008) Bacterial commu-
nity composition in Central European running waters ex-
amined by temperature gradient gel electrophoresis and
sequence analysis of 16S rRNA genes. Appl. Environ. Mi-
crobiol., 74, 188-199.

Brimmer, |. H. M., Fehr, W., and Wagner-Dobler, |. (2000) Bio-
film community structure in polluted rivers: Abundance of
dominant phylogenetic groups over a complete annual
cycle. Appl. Environ. Microbiol., 66, 3078-3082.

Case, R. J., Boucher, Y., Dahllof, I., Holmstrom, C., Doolittle, W.
F., and Kjelleberg, S. (2007) Use of 16S rRNA and rpoB
genes as molecular markers for microbial ecology studies.



370 Honwma et al.

Appl. Environ. Microbiol., 73, 278-288.

Costerton, J. W,, Cheng, K. J., Geesey, G. G., Ladd, T. ., Nickel,
J. C., Dasgupta, M., and Marrie, T. J. (1987) Bacterial bio-
films in nature and disease. Annu. Rev. Microbiol., 41, 435-
464.

Cottrell, M. T., Waidner, L. A., Yu, L., and Kirchman, D. L. (2005)
Bacterial diversity of metagenomic and PCR libraries from
the Delaware River. Environ. Microbiol., 7, 1883-1895.

Crump, B. C., Armbrust, E. V., and Baross, J. A. (1999) Phyloge-
netic analysis of particle-attached and free-living bacterial
communities in the Columbia river, its estuary, and the ad-
jacent coastal ocean. Appl. Environ. Microbiol., 65, 3192-
3204.

Don, R. H., Cox, P. T., Wainwright, B. J., Baker, K., and Mattick,
J. S. (1991) Touchdown PCR to circumvent spurious prim-
ing during gene amplification. Nucleic Acids Res., 19,
4008

Eiler, A. and Bertilsson, S. (2007) Flavobacteria blooms in four
eutrophic lakes: linking population dynamics of freshwater
bacterioplankton to resource availability. Appl. Environ. Mi-
crobiol., 73, 3511-3518.

Eiler, A., Olsson, J. A., and Bertilsson, S. (2006) Diurnal varia-
tions in the auto- and heterotrophic activity of cyanobacte-
rial phycospheres (Gloeotrichia echinulata) and the identity
of attached bacteria. Freshwater Biol., 51, 298-311.

Frank, D., St Amand, A., Feldman, R., Boedeker, E., Harpaz, N.,
and Pace, N. (2007) Molecular-phylogenetic characteriza-
tion of microbial community imbalances in human inflam-
matory bowel diseases. Proc. Natl. Acad. Sci. USA, 104,
13780-13785.

Futamata, H., Harayama, S., Hiraishi, A., and Watanabe, K.
(2003) Functional and structural analyses of trichloroethyl-
ene-degrading bacterial communities under different phe-
nol-feeding conditions: Laboratory experiments. Appl. En-
viron. Microbiol., 60, 594-600.

Gao, X. Q., Olapade, O. A., and Leff, L. G. (2005) Comparison
of benthic bacterial community composition in nine
streams. Aquat. Microb. Ecol., 40, 51-60.

Horner-Devine, M. C., Leibold, M. A., Smith, V. H., and Bohan-
nan, B. J. M. (2003) Bacterial diversity patterns along a gra-
dient of primary productivity. Ecol. Lett., 6, 613-622.

Hugenholtz, P, Goebel, B. M., and Pace, N. R. (1998) Impact of
culture-independent studies on the emerging phylogenetic
view of bacterial diversity. J. Bacteriol., 180, 4765-4774.

Ishii, K. and Fukui, M. (2001) Optimization of annealing temper-
ature to reduce bias caused by a primer mismatch in multi-
template PCR. Appl. Environ. Microbiol., 67, 3753-3755.

Jones, P, Cottrell, M. T., Kirchman, D. L., and Dexter, S. (2007)
Bacterial community structure of biofilms on artificial sur-
faces in an estuary. Microb. Ecol., 53, 153-162.

JSW, A. (1997) Testing Methods of Sewage (Gesui Shiken
Houhou), Japan Sewage Works Association, Tokyo, Ja-
pan

Kawasaki, H., Hoshino, Y., Kuraishi, H., and Yamasato, K. (1992)

Vol. 55

Rhodocista centenaria gen. nov., sp. nov., a cyst-forming
anoxygenic photosynthetic bacterium and its phylogenetic
position in the Proteobacteria alpha group. J. Gen. Appl.
Microbiol., 38, 541-551.

Kirchman, D. L. (2002) The ecology of Cytophaga-Flavobacteria
in aquatic environments. FEMS Microbiol. Ecol., 39, 91-
100.

Kisand, V., Cuadros, R., and Wikner, J. (2002) Phylogeny of cul-
turable estuarine bacteria catabolizing riverine organic
matter in the northern Baltic Sea. Appl. Environ. Microbiol.,
68, 379-388.

Kisand, V. and Wikner, J. (2003) Combining culture-dependent
and -independent methodologies for estimation of richness
of estuarine bacterioplankton consuming riverine dissolved
organic matter. Appl. Environ. Microbiol., 69, 3607-3616.

Levett, P.N. (2001) Leptospirosis. Clin. Microbiol. Rev., 14, 296-
326.

Lock, M. A., Wallace, R. R., Costerton, J. W., Ventullo, R. M., and
Charlton, S. E. (1984) River epilithon: Toward a structural-
functional model. Oikos, 42, 10-22.

Lyautey, E., Lacoste, B., Ten-Hage, L., Rols, J. L., and Garabe-
tian, F. (2005) Analysis of bacterial diversity in river biofilms
using 16S rDNA PCR-DGGE: Methodological settings and
fingerprints interpretation. Water Res., 39, 380-388.

Manz, W., Szewzyk, U., Ericsson, P, Amann, R., Schleifer, K. H.,
and Stenstrom, T. A. (1993) In situ identification of bacteria
in drinking water and adjoining biofilms by hybridization
with 16S and 23S rRNA-directed fluorescent oligonucle-
otide probes. Appl. Environ. Microbiol., 59, 2293-2298.

Manz, W., Wendt-Potthoff, K., Neu, T., Szewzyk, U., and Law-
rence, J. (1999) Phylogenetic composition, spatial struc-
ture, and dynamics of lotic bacterial biofilms investigated
by fluorescent in situ hybridization and confocal laser
scanning microscopy. Microb. Ecol., 37, 225-237.

Martin-Laurent, F., Philippot, L., Hallet, S., Chaussod, R., Ger-
mon, J., Soulas, G., and Catroux, G. (2001) DNA extraction
from soils: Old bias for new microbial diversity analysis
methods. Appl. Environ. Microbiol., 67, 2354-2359.

Meyer, J. L. (1994) The microbial loop in flowing waters. Microb.
Ecol., 28, 195-199.

Morgan, J., Bornstein, S. L., Karpati, A. M., Bruce, M., Bolin, C.
A., Austin, C. C., Woods, C. W, Lingappa, J., Langkop, C.,
Davis, B., Graham, D. R., Proctor, M., Ashford, D. A., Bajani,
M., Bragg, S. L., Shutt, K., Perkins, B. A., Tappero, J. W.,,
and Leptospirosis Working, G. (2002) Outbreak of lep-
tospirosis among triathlon participants and community
residents in Springdfield, lllinois, 1998. Clin. Infect. Dis., 34,
1593-1599.

Musat, N., Werner, U., Knittel, K., Kolb, S., Dodenhof, T., van
Beusekom, J. E., de Beer, D., Dubilier, N., and Amann, R.
(2006) Microbial community structure of sandy intertidal
sediments in the North Sea, Sylt-Remg Basin, Wadden
Sea. Syst. Appl. Microbiol., 29, 333-348.

Muyzer, G., de Waal, E. C., and Uitterlinden, A. G. (1993) Profil-



2009

ing of complex microbial populations by denaturing gradi-
ent gel electrophoresis analysis of polymerase chain reac-
tion-amplified genes coding for 16S rRNA. Appl. Environ.
Microbiol., 59, 695-700.

Nakagawa, Y., Sakane, T., Suzuki, M., and Hatano, K. (2002)
Phylogenetic structure of the genera Flexibacter, Flexithrix,
and Microscilla deduced from 16S rRNA sequence analy-
sis. J. Gen. Appl. Microbiol., 48, 155-165.

Onstott, T., Moser, D., Pfiffner, S., Fredrickson, J., Brockman, F,,
Phelps, T., White, D., Peacock, A., Balkwill, D., Hoover, R.,
Krumholz, L., Borscik, M., Kieft, T., and Wilson, R. (2003)
Indigenous and contaminant microbes in ultradeep mines.
Environ. Microbiol., 5, 1168-1191.

Osaka, T., Yoshie, S., Tsuneda, S., Hirata, A., lwami, N., and Ina-
mori, Y. (2006) Identification of acetate- or methanol-assim-
ilating bacteria under nitrate-reducing conditions by stable-
isotope probing. Microb. Ecol., 52, 253-266.

O’Sullivan, L. A., Weightman, A. J., and Fry, J. C. (2002) New
degenerate Cytophaga-Flexibacter-Bacteroides-specific 16S
ribosomal DNA-targeted oligonucleotide probes reveal
high bacterial diversity in River Taff epilithon. Appl. Environ.
Microbiol., 68, 201-210.

Page, K. A., Connon, S. A., and Giovannoni, S. J. (2004) Repre-
sentative freshwater bacterioplankton isolated from crater
lake, Oregon. Appl. Environ. Microbiol., 70, 6542-6550.

Paster, B. J., Falkler, Jr., W. A., Enwonwu, C. O., Idigbe, E. O.,
Savage, K. O., Levanos, V. A,, Tamer, M. A,, Ericson, R. L.,
Lau, C. N., and Dewhirst, F. E. (2002) Prevalent bacterial
species and novel phylotypes in advanced noma lesions.
J. Clin. Microbiol., 40, 2187-2191.

Rath, J., Wu, K. Y., Herndl, G. J., and Delong, E. F. (1998) High
phylogenetic diversity in a marine-snow-associated bacte-
rial assemblage. Aquat. Microb. Ecol., 14, 261-269.

Rickard, A. H., Gilbert, P, High, N. J., Kolenbrander, P. E., and
Handley, P. S. (2003) Bacterial coaggregation: An integral
process in the development of multi-species biofilms.
Trends Microbiol., 11, 94-100.

Rickard, A., Leach, S., Hall, L., Buswell, C., High, N., and Hand-
ley, P (2002) Phylogenetic relationships and coaggrega-
tion ability of freshwater biofilm bacteria. Appl. Environ. Mi-
crobiol., 68, 3644-3650.

Riemann, L. and Winding, A. (2001) Community dynamics of
free-living and particle-associated bacterial assemblages
during a freshwater phytoplankton bloom. Microb. Ecol.,
42, 274-285.

Ristow, P, Bourhy, P, Kerneis, S., Schmitt, C., Prevost, M., Lilen-
baum, W., and Picardeau, M. (2008) Biofilm formation by
saprophytic and pathogenic leptospires. Microbiology,

Bacterial populations in biofilms along two distinct rivers 371

154, 1309-1317.

Rotthauwe, J. H., Witzel, K. P, and Liesack, W. (1997) The am-
monia monooxygenase structural gene amoA as a func-
tional marker: Molecular fine-scale analysis of natural am-
monia-oxidizing populations. Appl. Environ. Microbiol., 63,
4704-4712.

Rubin, M. and Leff, L. (2007) Nutrients and other abiotic factors
affecting bacterial communities in an Ohio River (USA). Mi-
crob. Ecol., 54, 374-383.

Sekiguchi, H., Watanabe, M., Nakahara, T., Xu, B. H., and Uchi-
yama, H. (2002) Succession of bacterial community struc-
ture along the Changjiang River determined by denaturing
gradient gel electrophoresis and clone library analysis.
Appl. Environ. Microbiol., 68, 5142-5150.

Simon, M., Grossart, H. P, Schweitzer, B., and Ploug, H. (2002)
Microbial ecology of organic aggregates in aquatic ecosys-
tems. Aquat. Microb. Ecol., 28, 175-211.

Tamura, K., Dudley, J., Nei, M., and Kumar, S. (2007) MEGA4:
Molecular Evolutionary Genetics Analysis (MEGA) Soft-
ware Version 4.0. Mol. Biol. Evol., 24, 1596-1599.

Trevejo, R. T, Rigau-Pérez, J. G., Ashford, D. A., McClure, E. M.,
Jarquin-Gonzalez, C., Amador, J. J., de los Reyes, J. O,
Gonzalez, A., Zaki, S. R., Shieh, W. J., McLean, R. G., Na-
sci, R. S., Weyant, R. S., Bolin, C. A., Bragg, S. L., Perkins,
B. A., and Spiegel, R. A. (1998) Epidemic leptospirosis as-
sociated with pulmonary hemorrhage-Nicaragua, 1995. J
Infect. Dis., 178, 1457-1463.

Trueba, G., Zapata, S., Madrid, K., Cullen, P, and Haake, D.
(2004) Cell aggregation: A mechanism of pathogenic Lep-
tospira to survive in fresh water. Int. Microbiol., 7, 35-40.

Yanagihara, Y., Villanueva, S., Yoshida, S., Okamoto, Y., and
Masuzawa, T. (2007) Current status of leptospirosis in Ja-
pan and Philippines. Comp. Immunol. Microbiol. Infect.
Dis., 30, 399-413.

Yergeau, E., Newsham, K. K., Pearce, D., and Kowalchuk, G. A.
(2007) Patterns of bacterial diversity across a range of Ant-
arctic terrestrial habitats. Environ. Microbiol., 9, 2670~
2682.

Yurkov, V., Stackebrandt, E., Buss, O., Vermeglio, A., Gorlenko,
V., and Beatty, J. (1997) Reorganization of the genus Eryth-
romicrobium: Description of “Erythromicrobium sibiricum”
as Sandaracinobacter sibiricus gen. nov., sp. nov., and of
“Erythromicrobium ursincola” as Erythromonas ursincola
gen. nov., sp. nov. Int. J. Syst. Bacteriol., 47, 1172-1178.

Zwart, G., Crump, B. C., Agterveld, M., Hagen, F.,, and Han, S.
K. (2002) Typical freshwater bacteria: An analysis of avail-
able 16S rRNA gene sequences from plankton of lakes and
rivers. Aquat. Microb. Ecol., 28, 141-155.



