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INTRODUCTION

The spread of pollutants in aquatic ecosystems,
as the product of accidental spills attributable to an-
thropogenic activities, represents a real risk for eco-
systems as well as for human beings. It is now well
established that most of the heterotrophic microbial
activity in rivers resides in sessile bacteria or
biofilms,1,2) which play an important role in the deg-
radation of natural and artificial substances.3) Their
contribution to river self-purification is poorly un-
derstood, however, in contrast to our knowledge of
marine and freshwater lake microbiology.4) Investi-
gation of the biodegradation capacity of river biofilm

communities is indispensable in assessment of the
impact of natural biodegradation on cleaning strate-
gies in river ecosystems.

The current interest in the fate of xenobiotic com-
pounds and their effects on the ecosystem, includ-
ing aquatic environments, has resulted in the devel-
opment of a variety of screening tests to determine
the biodegradability of xenobiotics.5–7) However, the
described river die-away tests, which evaluate the
biodegradation of chemical compounds, do not con-
sider the effect of biofilms on biodegradation, be-
cause most tests are performed routinely using sev-
eral microbial sources, such as running water, sew-
age, activated sludge, and soil.8,9)

The development of new molecular methods
applicable to microbial ecology has made it possible
to study the effects of chemical contamination on
the structure of microbial communities without the
bias introduced by culture-dependent methods.10–13)
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Denaturant gradient gel electrophoresis (DGGE),14)

which separates similarly sized DNA fragments with
different sequences generated by PCR amplification,
in conjunction with statistical tools such as the di-
versity index15) and multidimensional scaling (MDS)
analysis,16) has already been applied successfully to
the examination of structural diversity in microbial
communities.17,18)

In this study, a river die-away test, known as a
TOC-HANDAI test,7) was applied to river micro-
cosms specifically to compare the biodegradation
capacity between biofilms and free-living (plank-
tonic) bacterial cells. Chemical compounds, such as
aniline and N-methylaniline, were investigated for
biodegradation due to their broad use in the manu-
facture of pesticides, dyes, plastics, and pharmaceu-
tical products. Additionally, biofilm and planktonic
microbial communities with and without chemical
addition were monitored during the study period
using MDS analysis from generated DGGE profiles,
with the purpose of evaluating microbial commu-
nity changes during the biodegradation process.

MATERIALS AND METHODS

Sampling Site —–—  Biofilms and planktonic bacte-
rial cells were collected from Juhachijo (34°44′91′′N,
135°29′81′′E) in the Kanzaki River located in an
industrial area of Osaka, Japan, during October and
November 2001. This river is regarded as a eutrophic
system due to the high level of total organic carbon
exceeding 10 mg/l.19)

Artificial River Water —–—  Contents of artificial
river water (ARW) are shown in Table 1. A diluted
solution used for biochemical oxygen demand
(BOD) measurement was used as ARW. Since ARW
becomes cloudy when it is autoclaved, only deion-
ized water was autoclaved and the four stock solu-
tions were sterilized by filtration (MILLEX-GS,
0.22-µm pore size; Millipore).
Preparation of Natural Biofilm —–—  The bacte-
rial community structures of biofilms, grown at
Juhachijo for 1 week on natural stones (collected in
the Kanzaki River) and on polycarbonate, glass, and
ceramic slides, were compared by DGGE analysis
to determine the most representative surface for
biofilm formation. All stones and slides were
cleaned, H2O2 treated (to prevent contamination by
carbon from detergent), and sterilized (180°C for 2 hr
in a dry oven) before being submerged in the river
water.

Preparation of Microbial Source for Microcosms
—–—  River biofilms formed on ceramic slides and
planktonic cells were collected and stored under
aseptic conditions in sterile plastic tubes (50 ml) and
Duran Shott bottles (500 ml), respectively. The
samples were refrigerated and transported to the
laboratory within 1 hr of collection for the study.
Bacterial inocula from biofilms and planktonic cells
were prepared as follows: ceramic slides with biofilm
were washed carefully with sterilized deionized
water (filtered through a cellulose acetate filter
[0.2-µm pore size; ADVANTEC, Tokyo, Japan] and
autoclaved) to remove free cells from the surface
and then distributed in the microcosms. Planktonic
bacterial cells from surface water were prefiltered
through a polypropylene filter (10-µm pore size;
Millipore) and concentrated with a filter trap on poly-
carbonate filters (diameter, 47 mm; 0.2-µm pore size;
ADVANTEC), and then removed with 1 min of
vortexing and resuspended in ARW. The recovery
rates of bacterial cells from polycarbonate filters
were confirmed by epifluorescent microscopy with
DAPI staining (total direct counting)20) and the rates
were greater than 90% using this procedure. Micro-
bial number in the microcosms was adjusted to
106 cells/ml at the beginning of the experiments to
compare biodegradation capacity between plank-
tonic and biofilm bacterial cells with the same bio-
mass.
River Microcosms —–—  The experimental proce-
dure is shown in Fig. 1. The microcosms consisted
of glass sterile beakers (volume: 3 l, previously
treated with H2O2). Each microcosm was filled with
2 l of ARW. Test systems consisted of ARW plus
microbial source (biofilms or planktonic bacterial
cells) and test chemicals (aniline or N-methylaniline;
Nacalai Tesque, Kyoto, Japan) as a sole carbon
source with a final concentration of 20 mg/l. Con-

Table 1. Stock Solution of Artificial River Water

1. Buffer (pH 7)a) K2HPO4 21.8 g

KH2PO4 8.5 g

Na2HPO4·12H2O 44.6 g

NH4Cl 1.7 g

Deionized water 1 l

2. MgSO4 solutiona) MgSO4·7H2O 22.5 g/l

3. CaCl2 solutiona) CaCl2 27.5 g/l

4. FeCl3 solutiona) FeCl3·6H2O 0.25 g/l

a) Each stock solution was dissolved in deionized water
(0.1%) for use as artificial river water.
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trol systems to evaluate natural biodegradation of
chemicals in the absence of a microbial component
were composed of a test chemical at a final concen-
tration of 20 mg/l. Blank systems designed to evalu-
ate changes in the population of microbial source
without chemical addition were comprised of ARW
and microbial source. All the microcosms were cov-
ered by aluminum foil and performed in duplicate
in an ambient-controlled laboratory at 25°C, with
shaking at 40 rpm and illuminated by fluorescent
lamps providing illumination on a 12 : 12-hr
light:dark period.

After 1, 3, 7, and 10 (or 14) days, samples were
obtained to estimate the biodegradation and moni-
tor community changes by PCR-DGGE as described
below. To confirm the reproducibility of the results,
the experiment was performed twice, during Novem-
ber and December 2001.

Biodegradation was evaluated in triplicate
subsamples of each test and control system, follow-
ing the TOC-HANDAI method7) using a TOC-5000
analyzer (Shimadzu). Biodegradability was calcu-
lated as described in the modified OECD Screening
Test Guidelines.9)

DNA Extraction and Purification —–—  To ex-
tract DNA from planktonic cells, ARW from the sys-
tems was filtered with sterile polycarbonate filters
(0.2-µm pore size; ADVANTEC) to concentrate bac-
terial cells. To extract DNA from biofilm-forming

cells, biofilms were removed from the slides or natu-
ral stones with a sterile razor blade and sonicated
for 2 min at 125 W, 400 kHz with a JUS-S01 bath-
sonicator (JEOL, Tokyo, Japan). To remove the
majority of the remaining cells, the slides or stones
were washed several times with sterile deionized
water and finally concentrated in sterile plastic tubes
at a final volume of 30 ml. The bacterial suspen-
sions were filtered through polycarbonate filters like
planktonic cells. Bacterial DNA for DGGE analysis
was extracted using the method of Tsai and Olson,21)

which uses freeze and thaw treatments for cell lysis.
The RNA molecules in the crude DNA extracts were
removed by incubation with heat-treated pancreatic
RNase A (final concentration: 0.2 µg/µl) for 2 hr at
37°C. RNA-free DNA was then purified for PCR
amplification with an Elutip-d column (Schleicher
& Schuell, Keene, NH, U.S.A.) attached to a
Schleider & Schuell NA010/27 prefilter (0.45-µm
pore size cellulose acetate). DNA was recovered
from the column as suggested by the manufacturer.
Primers, PCR Amplification, and DGGE Analy-
sis —–—  16S rDNA fragments were amplified us-
ing EUB f933 (5′-GC-clamp-GCACAAGCGG-
TGGAGCATGTGG-3′) and EUB r1387 (5′-GCCC-
GGGAACGTATTCACCG-3′) primers, which are
specific for universally conserved bacterial 16S
rDNA sequences.17) A 40-bp GC-rich sequence (GC-
clamp; 5′-CGCCCGCCGCGCGCGGCGGGCGG-
GGCGGGGGCACGGGGGG) was attached to the
5′ end of primer EUB f933 to prevent complete melt-
ing of the DNA fragments during DGGE analysis.22)

PCR was carried out using AmpliTaq Gold (Applied
Biosystem) reagents in 50 µl of PCR reaction mix-
ture with 3 mM of MgCl2 and 20 pmol of each
primer. A hot-start PCR was performed at 95°C for
9 min and a touchdown PCR was performed as fol-
lows: the annealing temperature was initially set at
65°C and was then decreased by 0.5°C every cycle
until 55°C, followed by primer extension at 72°C
for 3 min. Then 15 additional cycles were carried
out at 55°C for 1 min (primer annealing) followed
by denaturing at 94°C for 1 min, and primer exten-
sion was performed at 72°C for 3 min. The final
extension step was 7 min at 72°C.

DGGE analysis was performed as described pre-
viously.17) The electrophoresis was run at 55°C for
12 hr at 100 V. After electrophoresis, the gels were
stained for 20 min with SYBR Gold nucleic acid gel
stain (Molecular Probes). DGGE gels were scanned
with a FluorImager (Molecular Dynamics) for digi-
talization using a 488-nm argon laser. Images were

Fig. 1. Experimental Procedure Based on the River Die-Away
Test
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analyzed using Image QuaNT (ver. 4-2-J) to gener-
ate a densitometric profile. The bands were detected
when the relative peak height to total peak height
exceeded 1%. To avoid the effect of nonreproducible
PCR biases, parallel PCR amplifications from the
same sample were compared, obtaining identical
DGGE profiles.

DGGE banding patterns were analyzed by MDS
analysis16) as described previously17) to assess
changes in the genetic diversity of bacterial com-
munities over time. MDS is a mathematical tech-
nique that generates a spatial configuration map of
data points (MDS map). This MDS map shows ev-
ery band pattern as one plot, and relative changes in
community structure can be visualized and inter-
preted as the distance among the plots, that is, dis-
tances between points reflect the relationships of
individual data. For this purpose, the presence and
absence of DGGE bands and their overall intensity
profiles were recorded in a binary matrix, which then
was analyzed using SPSS 10.0 J (SPSS Japan) us-
ing a stress value of < 0.1.

RESULTS AND DISCUSSION

Preparation of Natural Biofilm
The microbial source used in river microcosms

should be similar to the microbial population in the
natural river environment. In this study, planktonic
cells or biofilm were used as microbial sources, and
the procedure for preparation of biofilm was first

determined. The bacterial community structure of
biofilms grown under in situ conditions on ceramic,
glass, and polycarbonate slides was compared with
that of biofilms obtained from natural stone controls
via MDS analysis (Fig. 2B) from DGGE profiles
(Fig. 2A). Recovery rates from the surfaces were
confirmed by total direct counting, and more than
90% of the bacterial cells were removed from the
surfaces of slides or stones. The number of bands
observed in the DGGE profile provides an estimate
of species richness, and the relative intensity of each
band provides a rough estimate of the relative abun-
dance of each species. MDS was applied to the
DGGE banding pattern to illustrate the similarity of
all possible pairs of each gel track. The positive and
negative values displayed along the X and Y axes of
the figure are simply for plotting purposes. The fa-
vorable conditions of ceramic slides for the simula-
tion of natural biofilm formation were reflected in
the similarities of DGGE profiles between biofilms
grown on ceramic slides and natural stones. The util-
ity of ceramic as an artificial substrate for the study
of biofilm bacterial populations in river microcosms
clearly exceeds that of other substances employed
in ecologic studies on biofilm bacterial communi-
ties.23) Thus ceramic slides were used in the follow-
ing experiments on natural biofilm formation.

Biodegradation of Aniline and N-Methylaniline
by Planktonic Cells and Biofilm in a River

The biodegradability of aniline and N-
methylaniline by planktonic and biofilm bacterial

Fig. 2. Bacterial Community Structure in Biofilm Formed on (1) Polycarbonate, (2) Glass, (3) Ceramic, and (4) Natural Stones on the
River Bed

DGGE profile (A) and two-dimensional plots of MDS analysis (B). 100% denaturant contains 7 M urea and 40% formamide.
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populations is shown in Fig. 3. Biodegradation
curves for corresponding experimental rounds of
duplicate microcosms were both similar and repro-
ducible. The reproducibility of the results was also
confirmed by experiments performed two times in
November and December 2001.

The biodegradation of aniline showed that both
planktonic and biofilm bacterial communities initi-
ated mineralization of this chemical compound af-
ter 1 day. The maximum biodegradation rate was
observed between days 1 and day 3, with 80% bio-
degradation. After this period, the biodegradation
curve did not show any further significant change
until day 10 (Fig. 3A). N-methylaniline was not bio-
degraded by planktonic bacterial cells during the
study period (10 days). Biofilm bacterial communi-
ties biodegraded N-methylaniline after day 3 and
achieved greater than 80% biodegradation during
7 days of incubation (Fig. 3B). The easy biodegra-
dation of aniline observed in this study by plank-
tonic and biofilm bacterial communities is in accor-
dance with results obtained for free-living cells.7)

Similarly, the inability to degrade N-methylaniline
seen in this study is in agreement with that previ-
ously observed in planktonic cells from polluted and
unpolluted rivers.7) In contrast, bacterial communi-
ties associated with biofilms can biodegrade N-
methylaniline, as shown in Fig. 3B. This may be
explained by the complex assemblages of biofilm-
related microbial communities in comparison with
planktonic cells.3) In some cases, although a com-
plete pathway for the biodegradation of a particular
substrate may not exist in a single organism, partial
and complementary pathway segments may exist in
communities of organisms. Bacterial cells associ-
ated with biofilms appear to degrade target substrates
through such cometabolic processes in which dif-
ferent microorganisms contribute to the metabolic
pathway.24) This phenomenon has been described
during the biodegradation of polychlorinated biphe-
nyls (PCBs), where microorganisms usually metabo-
lize only one aromatic ring and accumulate the oth-
ers as the corresponding chlorobenzoates.25,26)

MDS Analysis of DGGE Banding Patterns
Changes in the bacterial community in biofilm

during the biodegradation of aniline were investi-
gated by DGGE of PCR-amplified 16S rDNA frag-
ments (Fig. 4A) and MDS analysis (Fig. 4B). A
single band indicated by the signpost in Fig. 4A
(band 1) appeared in the test system (with chemi-
cal) after day 3 and it was the most intense band in

all cases. The relative intensity of this band decreased
after day 3. This band did not appear in the blank
system (without chemical). As shown in Fig. 3A, the
biodegradation of aniline by biofilm started on day 1.
The maximum biodegradation rate was observed
between day 1 and day 3. After day 3, the biodegra-
dation curve did not show any further significant
change. Thus the dominant bacterium appearing af-
ter day 3 may be an aniline degrader. We previously
investigated the changes in bacterial number during
aniline biodegradation using culture-dependent
methods and found that the aniline degrader in-
creased when the biodegradation rate was maxi-
mum.27) Our results indicate that the bacterial com-
munity from the Kanzaki River, especially biofilm,
can adapt well to aniline-derived compounds. DGGE
also enables us to obtain sequence data on dominant
species from individual bands,17,28) that is, bacteria
that contribute to the biodegradation of test chemi-
cals can be identified by sequencing the PCR frag-
ment excised from DGGE gel.

By comparing the biodegradation curve
(Fig. 3A) and results of MDS analysis (Fig. 4B), the
bacterial community was disturbed by the addition
of aniline, and bacteria in biofilm formed a relatively
stable community after biodegradation was com-
pleted. Without chemical addition (blank system),
the bacterial community changed continuously and
did not form a stable structure through the study
period. MDS analysis of DGGE banding patterns
provided an interpretable picture of the changes that
occurred during biodegradation processes.

This study illustrates the important contribution
of biofilm communities to the river die-away test,
due to their high abundance, physiological activity,29)

and capacity to biodegrade chemical compounds,
and hence the significant participation of these cells

Fig. 3. Biodegradation of Aniline (A) and N-Methylaniline (B)
by Planktonic Bacteria (�) and Biofilm (�)

Data represent means of triplicate samples.
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in the biodegradation capacity of river ecosystems.
Biofilm should be used in river die-away tests as a
microbial source, and bacterial populations in this
test system could be monitored by MDS analysis
following PCR-DGGE, which enables us to under-
stand the dynamics of degraders in natural river en-
vironments.
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