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Despite intensive studies of microbial-community diversity, the questions of which kinds of microbial
populations are associated with changes in community diversity have not yet been fully solved by molecular
approaches. In this study, to investigate the impact of livestock wastewater on changes in the bacterial
communities in groundwater, bacterial communities in subsurface aquifers were analyzed by characterizing
their 16S rDNA sequences. The similarity coefficients of restriction fragment length polymorphism (RFLP)
patterns of the cloned 16S ribosomal DNAs showed that the bacterial communities in livestock wastewater
samples were more closely related to those in contaminated aquifer samples. In addition, calculations of
community diversity clearly showed that bacterial communities in the livestock wastewater and the contami-
nated aquifer were much more diverse than those in the uncontaminated aquifer. Thus, the increase in
bacterial-community diversity in the contaminated aquifer was assumed to be due to the infiltration of livestock
wastewater, containing high concentrations of diverse microbial flora, into the aquifer. Phylogenetic analysis
of the sequences from a subset of the RFLP patterns showed that the Cyfophaga-Flexibacter-Bacteroides and
low-G+C gram-positive groups originating from livestock wastewater were responsible for the change in the
bacterial community in groundwater. This was evidenced by the occurrence of rumen-related sequences not
only in the livestock wastewater samples but also in the contaminated-groundwater samples. Rumen-related
sequences, therefore, can be used as indicator sequences for fecal contamination of groundwater, particularly

from livestock.

Stock farming in Korea has increased considerably over the
last decade due to changes in eating habits. Consequently,
attention has been paid recently to pollution in the soil, surface
water, and groundwater caused by intensive stock farming. The
application of animal manure and livestock wastewater to sur-
face soil results in a rapid increase in microbial biomass and
nitrogenous nutrients (9, 21, 29). As animal manure and waste-
water are important sources of nitrogen compounds, studies
have been carried out mainly to analyze the community struc-
ture of microorganisms responsible for nitrogen transforma-
tions (25, 33). Also, a few papers (23, 62) have been dedicated
to the study of the effect of livestock waste on groundwater
quality in the context of various nutrients and some indicator
bacteria. However, the effect of livestock manure and waste-
water on bacterial-community structure in environments re-
ceiving livestock waste is currently poorly understood. In our
recent study (12), subsurface aquifers in the Wonju stock-
farming area (Fig. 1) were found to be heavily contaminated
with nitrate and pollution indicator bacteria due to the infil-
tration of livestock wastewater. This study indicates that the
composition and diversity of the bacterial community in
groundwater may change dramatically through the introduc-
tion of livestock wastewater into aquifers. Merely by measuring
the indicator bacterial abundance using culture-dependent
methods, however, it could not be precisely determined which
kinds of bacteria were responsible for the change in the bac-
terial community and which types of organisms could be used
as pollution indicators, because most bacteria in the environ-
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ment have not been cultivated (11, 43). The analysis of bacte-
rial communities, including noncultivated bacteria, therefore,
can provide more-precise information on the bacterial popu-
lations responsible for rapid changes in the bacterial commu-
nity and the pollution indicators of fecal contamination in
groundwater ecosystems.

A variety of molecular methods have been used to deter-
mine the species composition of bacterial communities without
enrichment culture (18, 26). Many of these methods rely on
16S ribosomal DNA (rDNA) sequences, including in situ hy-
bridization (2, 3), direct amplification of 16S rDNA, and fur-
ther analysis using community fingerprinting such as denatur-
ing gradient gel electrophoresis (DGGE) (32, 45), temperature
gradient gel electrophoresis (TGGE) (17, 19), single-strand-
conformation polymorphism (SSCP) (37, 51), restriction frag-
ment length polymorphism (RFLP) (41), terminal RFLP (13),
or 16S rDNA cloning-sequencing (20, 42, 61). Although 16S
rDNA cloning-sequencing requires much time and effort and
hence cannot provide an immediate overview of the commu-
nity structure, it is a useful method for detecting infrequent
sequences in the environment. Studies using this method have
shown the presence of several novel genera or divisions of
microorganisms such as the Acidobacterium, the Holophaga,
and the Verrucomicrobium groups (5, 20, 39, 61).

Numerous studies using 16S rDNA technologies have re-
ported higher molecular diversity of uncultivated microorgan-
isms in various environmental samples (15, 27, 47). However,
evaluation of microbial diversity in quantitative terms using
molecular approaches had not been carried out until recent
reports (16, 42, 46) on the quantitative estimation of bacterial
diversity in soils and microbial mats were published. Also, the
questions of how bacterial communities are changed by the
large input of nutrients and allochthonous microorganisms and
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which kinds of bacterial populations are responsible for
changes in the community have not yet been fully solved using
molecular approaches.

The purposes of this study are to show the impact of live-
stock wastewater on change in the bacterial community, to
define the bacterial populations responsible for the shift of
bacterial community, and to determine which types of organ-
isms can be used as indicators of fecal contamination in
groundwater. We studied subsurface aquifers and a livestock
wastewater-stabilizing lagoon in the Wonju stock farming area,
where intensive stock farming has been carried out for 8 years.
The 16S rDNAs from an aquifer contaminated with livestock
wastewater, an uncontaminated aquifer, and a livestock waste-
water-stabilizing lagoon were amplified, and RFLP analysis of
the cloned sequences was performed; then various diversity
indices were calculated based on the RFLP patterns in five
clone libraries. Further phylogenetic analyses of sequences of
representative RFLP patterns were conducted to define the
bacterial populations responsible for the change in bacterial
community.

MATERIALS AND METHODS

Site description and sample collection. Subsurface groundwater and livestock
wastewater samples were recovered from boreholes drilled and from the live-
stock wastewater-stabilizing lagoon, respectively, in a stock-farming area. The
sampling site was located in a stock-farming area, Buron-myun, approximately 20
km southwest of Wonju, Korea (Fig. 1). The history of stock farming and the
sampling locations were described in a previous study (12). Briefly, livestock
wastewater (slurry) had been removed from the lagoon about bimonthly since
1992, and ca. 25 m? of this slurry had been spread onto the surrounding land
surface. Consequently, livestock wastewater had been introduced directly or
indirectly into the aquifers. Borehole W3, an uncontaminated control site located
adjacent to the cattle sheds, is a 120-m-deep domestic well. Borehole W1 is
located ca. 300 m downstream from the lagoon and ca. 200 m downstream from
the livestock waste disposal sites and is contaminated with livestock wastewater.
Groundwater samples were collected from borehole W1 and borehole W3 with
a suction-lift pump in March (designated W1-R and W3-R, respectively) and
May (designated W1-Y and W3-Y, respectively) of 1998 after each borehole was
flushed by pumping until at least 3 well volumes of water had been evacuated. In
addition, livestock wastewater samples (LW) were taken from the wastewater-
stabilizing lagoon and the livestock wastewater dump site on May 1998 and
pooled.

Collection of bacterial community and DNA extraction. Two liters of ground-
water samples was filtered with a stirred ultrafiltration cell (Amicon Co., Beverly,
Mass.) and YM100 disk membranes (molecular weight cutoff, 100,000; Amicon
Co.) under N, gas at constant pressure (20 Ib in~?). To detach the bacteria from
the membrane, the filter was soaked with 2 ml of sterile STE buffer (0.1 M NaCl,
10 mM Tris, 1 mM EDTA [pH 7.6]) for 1 h at 4°C. The resuspended cells were
centrifuged (at 10,000 X g for 15 min at 4°C), and the supernatant was removed
gently. This detaching step was repeated four times, and the products were used
for DNA extraction. Two milliliters of livestock slurry samples was centrifuged
(at 10,000 X g for 15 min at 4°C) and used likewise for DNA extraction. Total
nucleic acids were extracted from each sample by using lysozymes, freeze-thaw-
ing, and phenol-chloroform as previously described (37). Extracted nucleic acids
were purified by electrophoresis through a 0.75% low-melting-point agarose gel
(SeaPlaque GTG; FMC Bioproducts, Rockland, Maine). Total DNAs were pu-
rified from the excised gel slice with a DNA purification kit (DNA PrepMate;
Bioneer Co., Chungbuk, Korea), eluted in 30 pl of sterile Tris-EDTA (TE)
buffer, and used as templates for PCR.

PCR, cloning, and sequencing. Bacterial 16S rDNA was amplified with the two
bacterial universal primers, 27F (5'-AGAGTTTGATCMTGGCTCAG-3") and
1492R (5'-GGYTACCTTGTTACGACTT-3") (36). PCR amplification was car-
ried out with a thermal cycler (PE2400; Perkin-Elmer Co., Norwalk, Conn.)
under the following conditions: 94°C for 3 min; 35 cycles of denaturation at 94°C
for 1.5 min, annealing at 50°C for 1.5 min, and extension at 72°C for 2.0 min; and
72°C for 30 min. Reaction mixtures (final volume, 50 pl) contained 1.5 mM
MgCl,, 10 mM Tris-HCI (pH 8.8 at 25°C), 50 mM KCl, 0.1% Triton X-100, 200
ng of bovine serum albumin pl~!, 200 wM each deoxynucleoside triphosphate,
0.2 uM each oligonucleotide primer, and 2 U of Dynazyme (Finnzymes Oy.,
Espoo, Finland). Approximately 50 ng of DNA template was added to each PCR
tube. The amplification products were visualized by electrophoresis through a
1.2% low-melting-point agarose gel (SeaPlaque GTG). After triplicate amplified
products were pooled, the band corresponding to the correctly sized product
(~1.5 kb) was excised, purified, and concentrated. The 16S rDNA library was
generated with the purified 16S rDNAs from each sample by each ligation into
the pGEM-T vector (Promega Co., Madison, Wis.). Ligation, transformation
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FIG. 1. Locations of sampling sites and boreholes drilled at a livestock farm-
ing area in Wonju, Korea. Numbers on the contours show altitudes above sea
level (in meters). W3, used as an uncontaminated control, is a 120-m-deep
borehole located adjacent to the cattle sheds. Borehole W1 is located down-
stream from the lagoon and the livestock waste disposal sites and is contaminated
with livestock wastewater. Livestock wastewater samples were taken from a
livestock wastewater storage lagoon (Lagoon) and an animal waste dump site
(WDS).

into Escherichia coli DH5a competent cells, and blue/white screening were per-
formed according to the manufacturer’s instructions. Plasmid inserts were di-
rectly amplified from the transformant cells by PCR with pGEM-T primers T7
and SP6 for 16S rDNA screening. The composition of the reaction mixtures and
PCR conditions were the same as described above. To define RFLP patterns of
cloned 16S rDNA sequences, aliquots (5.0 pl) of reamplified PCR products were
digested for 3 h at 37°C with 2 U of Haelll (Promega Co.). The resulting
fragments were separated by gel electrophoresis in 4% NuSieve 3:1 agarose
(FMC Bioproducts). RFLP patterns for each library were grouped visually, and
representative clones were selected for sequencing. Plasmid preparations for
DNA sequencing were made with Wizard Mini-Preps (Promega Co.). A total of
109 16S rDNA clones were sequenced by the chain termination method on an
ALFexpress DNA autosequencer (Pharmacia Biotech, Uppsala, Sweden) using
the 27F primer and the Cy5 AutoRead sequencing kit.

Phylogenetic analyses. Initially, all sequences of approximately 500 bases were
compared with sequences available in the EMBL/GenBank database by using
BLAST network services (1) and with sequences in the Ribosomal Database
Project IT (RDP) database (7) by using the SEQUENCE_MATCH (version 2.7)
function to determine their approximate phylogenetic affiliations. Sequences
were initially aligned with the CLUSTAL W program (55), visually examined,
and relocated to allow maximal alignment by referring to representative bacterial
sequences from the RDP. Sequences were also checked for chimeric properties
by using CHIMERA_CHECK from the RDP. Among the 109 16S rDNA se-
quences from samples analyzed, 3 clones appeared to be chimeras and were



958 CHO AND KIM

TABLE 1. Numbers of clones analyzed and a variety of diversity
indices obtained based on RFLP patterns in 16S rDNA clone
libraries from Wonju groundwater and livestock wastewater

Clone library

Parameter
W-3R W-3Y W-IR  W-1Y Lw

Total no. of clones 225 216 242 227 250
No. of RFLP patterns 38 42 127 91 111
RFLP pattern richness” 36.9 413 116.8 88.2  100.6

Shannon-Weaver diversity ~ 2.589  2.538  4.585 4.207 4.381
Evenness (e)° 0.712  0.679 0947 0933 0.930
Equitability (J)¢ 0478 0472 0.835 0.776  0.793
Simpson’s dominance (¢)° 0.147 0.152 0.014 0.021 0.018

¢ Calculated by rarefaction for a standard sample size of 210 clones for each
clone library (28, 34).

b Calculated as H = —3(P; log P;), where P; is the proportion for each RFLP
pattern.

¢ Calculated from H as follows: e = H/log S, where S is the total number of
RFLP patterns.

4 Calculated from H as follows: J = H/H,,,,, where H,,,, is the theoretical
maximal Shannon-Weaver diversity index for the clone libraries.

¢ Calculated as ¢ = 3(P;)*> where P; is the proportion for each RFLP pattern.

excluded in the phylogenetic analyses. Phylogenetic trees were constructed using
DNADIST with the Jukes-Cantor model (30) and NEIGHBOR with the neigh-
bor-joining method (49) in the programs of PHYLIP (phylogeny inference pack-
age), version 3.5 (J. Felsenstein, Department of Genetics, University of Wash-
ington, Seattle). Two hundred bootstrapped replicate resampling data sets were
generated with SEQBOOT (PHYLIP, version 3.5). The similarity values be-
tween sequences were calculated from DNADIST matrices by reversing the
Jukes-Cantor distance formula (30). Phylogenetic assignments were made from
both the constructed phylogenetic trees by using PHYLIP and the HTML TREE
by using SEQUENCE_MATCH in the RDP database.

Calculation of community diversity. To determine the similarities of bacterial
populations present in five clone libraries, pairwise comparisons of the RFLP
patterns between clone libraries were performed, and a matrix (presence or
absence of each RFLP pattern) was constructed. The matrix was computed by
the unweighted pair group method using arithmetic averages (UPGMA) algo-
rithm using the NTSYS program (version 1.8). Various diversity indices were
calculated from the RFLP patterns of five clone libraries. Species richness, which
represents the total number of species or operational taxonomic units (OTUs),
was calculated by rarefaction (28, 50) with the online Rarefaction Calculator (34;
http://gause.biology.ualberta.ca/jbrzusto/rarefact.html). Bacterial diversity was
calculated on the basis of RFLP patterns by using the Shannon-Weaver index
(H), Pielou’s evenness index (e), equitability (J), and Simpson’s dominance index
() (48).

Nucleotide sequence accession numbers. The partial sequences determined in
this study have been deposited in the GenBank database under accession no.
AF175579 to AF175674.

RESULTS

RFLP patterns and similarity coefficients. Bacterial diver-
sity in subsurface aquifers and livestock wastewater was ana-
lyzed by RFLP patterns obtained by Haelll-digested 16S
rDNA fragments. About 250 clones containing 16S rDNA in
each clone library were analyzed by reamplification with T7
and SP6 primers. After exclusion of partially inserted 16S
rDNA clones, in the five clone libraries taken together, the
analysis of Haelll-digested RFLP types of a total of 1,160
clones resulted in 222 RFLP patterns (Table 1). In clone li-
braries W3-R and W3-Y from the uncontaminated borehole,
W3, 38 and 42 RFLP patterns, respectively, were detected,
while in LW and borehole-W1 samples, 91 to 127 RFLP pat-
terns were detected. In this analysis, each RFLP pattern was
taken as an OTU. Therefore, the similarity values among the
clone libraries could be calculated by the pairwise comparison
of RFLP patterns. In this way a similarity coefficient was ob-
tained for every pair of clone libraries and a similarity
UPGMA dendrogram was generated (Fig. 2). The dendrogram
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FIG. 2. Dendrogram of 16S rDNA RFLP similarities among five clone li-
braries calculated on the basis of similarity coefficients with the clustering algo-
rithm of UPGMA. See Materials and Methods for designations.

showed the similarity levels in the samples analyzed. Clone
libraries from two borehole-W3 samples (W3-R and W3-Y;
similarity coefficient, 0.829) were more similar to each other
than those from two borehole-W1 samples (W1-R and W1-Y;
similarity coefficient, 0.613). Interestingly, the RFLP patterns
from LW were more closely related to those from the bore-
hole-W1 samples than to those from the borehole-W3 samples.
The similarity coefficients between the LW and WI1-R and
between the LW and W1-Y clone libraries were 0.523 and
0.586, respectively, while those between the LW and W3-R
and between the LW and W3-Y clone libraries were 0.356
and 0.419, respectively.

Diversity indices. The molecular bacterial diversity of
groundwater and livestock wastewater in each clone library was
calculated using five diversity indices in the context of two
components of diversity, richness (the number of RFLP pat-
terns), and evenness (relative abundance of each RFLP pat-
tern), and results are given in Table 1. For the calculation of
richness, the numbers of RFLP patterns according to a sample
size of 210 clones were estimated by rarefaction. The estimated
values of richness in the W1-R (116.8), W1-Y (88.2), and LW
(100.6) clone libraries were much higher than those in the
W3-R (36.9) and W3-Y (41.3) clone libraries. The rarefaction
curves in Fig. 3 show different patterns of richness among the
clone libraries. The slopes of the RFLP pattern richness curves
for the W1 and LW clone libraries were much steeper than
those for the W3 clone libraries. As shown in Table 1, the W1
and LW clone libraries had higher values on diversity indices
such as richness, the Shannon-Weaver diversity index, even-
ness, and equitability than the W3 clone libraries. Otherwise,
the Simpson’s dominance index value for the W3 clone librar-
ies was much higher than those for the W1 and LW clone
libraries, which means that the W3 clone libraries were dom-
inated by a few RFLP patterns. Overall, the calculated diver-
sity index values showed that the bacterial communities of the
contaminated borehole, W1, and of livestock wastewater were
more diverse than those of the uncontaminated borehole, W3.

Analysis of 16S rDNA sequences. In the five clone libraries
taken together, a total of 109 clones (3 clones were chimeras)
were partially (approximately 500 bp at the 5" end) sequenced.
Fourteen clones, which were composed of two to six clones
from each of four selected RFLP patterns (WJGRT-1,
WIGRT-2, WIGRT-6, and WJGRT-20), were sequenced to
determine the 16S rDNA sequence similarity of clones repre-
senting the same RFLP patterns. The ranges of similarity val-
ues of 16S rDNA sequences for WJGRT-1, WIGRT-2,
WIGRT-6, and WIJGRT-20 were 97.5 to 100% (average,
99.8%), 96.3 to 99.7% (average, 98.4%), 98.2 to 99.8% (aver-
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FIG. 3. RFLP pattern richness curves of the five clone libraries obtained by
16S rDNA PCR-RFLP patterns. Sampling curves were calculated by rarefaction
(28, 34). For designations, see Materials and Methods.

age, 99.5%), and 98.6%, respectively. After the 3 chimeras and
10 clones among the 14 clones used for determining sequence
similarity were excluded, the resulting 96 clones representing
the unique RFLP patterns were used for the phylogenetic
analysis. These 96 RFLP patterns were chosen from the total
of 222 RFLP patterns as those most commonly occurring on
the basis of comparisons between the W3-R and W3-Y, W1-R
and W1-Y, W3 and W1, W3 and LW, and W1 and LW clone
libraries and among the W3, W1, and LW clone libraries.
Phylogenetic assignment of 96 clones to bacterial divisions
was carried out using the RDP database. As shown in Table 2,
most clones in each clone library, except the W3-R and W3-Y
clone libraries, were assigned to four well-characterized divi-
sions (the Proteobacteria, the low-G+C gram-positive group,
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the high-G+C gram-positive group, and the Cytophaga-Flexi-
bacter-Bacteroides group). Two clusters including eight clones,
however, were not assigned to any of the known bacterial
divisions or candidate divisions (27) in the phylogenetic anal-
ysis (see Fig. 6). In this study, therefore, these clusters were
designated WJG groups 1 and 2. In the groundwater clone
libraries (W3 and W1), clones belonging to the B-Proteobacte-
ria were most abundant, while in the LW clone library, clones
belonging to the low-G+C gram-positive group were more
abundant. The molecular bacterial diversities in clone libraries
were highly different from each other. The relative abundance
of clones assigned to the B-Proteobacteria, the low-G+C gram-
positive group, the Cytophaga-Flexibacter-Bacteroides group,
and WIJG group 1 clearly made this point. In the W3 clone
libraries, sequences of the B-Proteobacteria and WJG group 1
comprised 43.2 and 24.3% (pooled data set), respectively, and
sequences of the gram-positive bacteria and the Cytophaga-
Flexibacter-Bacteroides group were rare. In the W1 clone librar-
ies, however, the relative abundances of the low-G+C gram-
positive group and the Cytophaga-Flexibacter-Bacteroides group
were 19.5 and 17.8%, respectively (pooled data set), and WJG
group 1 was rare. In the LW clone library, as with W1, the
relative abundances of the low-G+C gram-positive group and
the Cytophaga-Flexibacter-Bacteroides group were as high as
29.8 and 22.8%, respectively, and no sequences belonging to
WIJG group 1 were found. From these results, it could be
inferred that borehole W1 was affected by the input of live-
stock wastewater.

Phylogenetic distribution of the bacterial community. The
Wonju groundwater and livestock wastewater sequences ana-
lyzed, their occurrence in the libraries, and their phylogenetic
affiliations are shown in Fig. 4 to Fig. 6. Among 96 sequences
of cloned 16S rDNA, 33 sequences (34.3%) had similarities
greater than 95.0% with sequences obtained from the RDP
and the GenBank database. Thirty-four sequences (35.4%)
had similarity values lower than 90.0%, and the sequences with
similarity values lower than 85.0% comprised 21.2%.

The sequences assigned to the Proteobacteria are repre-
sented in Fig. 4. The a-proteobacterial sequences were closely
related to the cultured bacteria with strong support in the

TABLE 2. Relative abundances of clones related to various bacterial phylogenetic divisions in clone libraries
from Wonju groundwater and livestock wastewater

Relative clone abundance (%) in:

Phylogenetic group

Clone libraries of groundwater and livestock wastewater

Pooled data set of

groundwater

W3-R W3-Y WI1-R W1-Y LW W3¢ w1
a-Proteobacteria 5.6 10.5 7.7 7.5 7.0 8.1 7.6
B-Proteobacteria 44.4 42.1 323 28.3 21.1 43.2 30.5
vy-Proteobacteria 5.6 10.5 9.2 7.5 8.8 8.1 8.5
8-Proteobacteria 0.0 0.0 1.5 1.9 1.8 0.0 1.7
Low-G+C gram-positive group 0.0 53 20.0 18.9 29.8 2.7 19.5
High-G+C gram-positive group 5.6 53 3.1 5.7 35 54 42
Cytophaga-Flexibacter-Bacteroides 0.0 53 15.4 20.8 22.8 2.7 17.8
Cyanobacteria 0.0 0.0 1.5 0.0 0.0 0.0 0.8
Nitrospira 0.0 0.0 1.5 1.9 0.0 0.0 1.7
Verrucomicrobia 0.0 0.0 1.5 1.9 1.8 0.0 1.7
Spirochaetales 0.0 0.0 1.5 1.9 1.8 0.0 1.7
Acidobacterium 5.6 53 0.0 1.9 0.0 5.4 0.8
WIJG group 1¢ 333 15.8 31 0.0 0.0 243 1.7
WIG group 2¢ 0.0 0.0 1.5 1.9 1.8 0.0 1.7

“W3-R and W3-Y.
”W1-R and W1-Y.
¢ The unclassified groups, WIJG groups 1 and 2, are defined in Fig. 6.
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bootstrap analysis and had relatively high similarities (92.2 to
99.8%; mean, 96.1%) to the reference sequences. Five se-
quences assigned to the B-Proteobacteria had as their nearest
neighbors unclassified or unidentified bacterial clones and
were regarded as unclassified B-proteobacterial clones. A total
of nine clones were assigned to the +y-Proteobacteria with a
bootstrap value of 92%. Clone WIGRT-116 was taken as an
unclassified §-proteobacterium, although there was no strong
support (bootstrap value, 57%) for this relationship.

The sequences assigned to the low-G+C gram-positive
group, the high-G+C gram-positive bacteria, and the Cyfo-
phaga-Flexibacter-Bacteroides group are shown in Fig. 5. Most
of the sequences assigned to the low-G+C gram-positive group
and the Cytophaga-Flexibacter-Bacteroides group were found
only in the W1 and LW clone libraries. Six clones assigned to
the low-G+C gram-positive group were not related to any
cultivated bacterial sequences; however, interestingly, these
sequences were related to the unidentified rumen bacteria
RF26 (GenBank accession no. AF001758), RFN17 (AF009176),
and 30-1205 (AF018567) obtained from recent studies (54, 59)
on rumen microbiota. As with low-G+C gram-positive group,
sequences related to unidentified rumen bacteria were also
found in the Cyfophaga-Flexibacter-Bacteroides group. Three
clones, WIGRT-87, WIGRT-195, and WIGRT-214, assigned
to the Cytophaga-Flexibacter-Bacteroides group were related to
the unidentified rumen bacteria 12-15 (AF018459), 12-103
(AF018482), and 30-9 (AF018506) obtained from the rumen
fluid of cattle (59). Clones related to rumen bacterial se-
quences did not occur in the W3 clone libraries from uncon-
taminated groundwater, while they occurred in both the W1
and LW clone libraries.

The results of phylogenetic analysis of 15 clones that were
not represented in Fig. 4 or 5 are shown in Fig. 6. Each group
of the Verrucomicrobia, Nitrospira, and Cyanobacteria had
only one sequence. Two clones, WIGRT-27 and WIGRT-33,
were assigned to the recently defined Acidobacterium group (5,
39), and they are related to environmental sequences from
other studies (35, 39). Eight clones which were not assigned to
any of the defined bacterial divisions comprised two novel
groups designated WJG groups 1 and 2. WIG group 1 con-
tained seven clones that comprised a single group with a boot-
strap value of 94% and also comprised three strongly sup-
ported lineages.

DISCUSSION

In this study, the molecular diversity of the bacterial com-
munity in the Wonju stock-farming area was analyzed to show
the effect of livestock wastewater on changes in the bacterial
community in groundwater. The comparison of the bacterial
communities among the five clone libraries was carried out by
three approaches using cloned 16S rDNA RFLP patterns: cal-
culation of the similarity coefficients between the distribution
of RFLP patterns in each clone library, calculation and com-
parison of various diversity indices, and phylogenetic analysis
by sequencing of the representative RFLP patterns.

All the approaches described above were based on RFLP
patterns of 16S rDNA sequences as units of biodiversity. Be-
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cause the current bacteriological species concepts are not
equivalent to those of macrobiology (53, 58), there is a basic
difficulty in applying diversity indices based on the species
concept directly to bacterial communities. Therefore, various
taxonomic levels used as operational units have been preferred
in the field of microbiology. These have included the morpho-
types (14, 46), sequence similarity between isolates or clones
(8, 42), the heterogeneity of total community DNA (56), RFLP
patterns of amplified 16S rDNA (16, 44), bands in community
fingerprints (17, 41), and various biochemical markers (6, 31).
RFLP patterns as OTUs were proposed by Moyer et al. (44),
who estimated the number of RFLP patterns and the abun-
dance of each RFLP pattern. Similarly, a recent study by Dun-
bar et al. (16) calculated various diversity indices based on
RFLP patterns. The amplification of 16S rDNA, cloning, and
RFLP typing are known to have biases such as efficiency and
selectivity of DNA extraction, differential PCR amplification,
rrn operon heterogeneity, and chimera formation that can dis-
tort the perception of the bacterial community (26, 60). How-
ever, in spite of shortcomings in estimating bacterial-commu-
nity diversity based on the above methods, the bacterial-
community diversity in each clone library could be compared
with that in every other, since the biases might operate uni-
formly for identically treated environmental samples. In addi-
tion, the triplicate PCR products were pooled before cloning to
minimize the effect of PCR drift.

Similarity analysis by the pairwise comparison of RFLP pat-
terns between clone libraries showed remarkable relationships
between clone libraries. Although the boreholes studied are
located in the same geographical area, the similarities (0.42 +
0.08) between the bacterial communities from these boreholes
(W1 and W3) were lower than those between bacterial com-
munities from livestock wastewater and borehole W1 (0.56 +
0.04). In our previous study (12), borehole W1 was found to be
heavily contaminated with nitrate and various pollution indi-
cator bacteria due to the infiltration of livestock wastewater
after rainfall. These results indicate that the bacterial commu-
nity of the aquifer located downstream from a livestock waste-
water dump site has been influenced by the input of livestock
wastewater into the aquifer, while borehole W3 as an uncon-
taminated control located upstream from a livestock wastewa-
ter dump site was not influenced by it. However, by estimating
only similarity values between clone libraries, it is impossible to
determine whether the input of livestock wastewater caused an
increase in bacterial-community diversity or a decrease. There-
fore, diversity index values were calculated for each clone
library and compared among clone libraries.

Calculated RFLP pattern richness, Shannon-Weaver diver-
sity, evenness, equitability, and Simpson’s dominance index
based on 16S rDNA RFLP patterns showed distinct patterns
among the clone libraries. The overall patterns of estimated
diversity in bacterial communities showed clearly that the bac-
terial communities of the livestock wastewater and bore-
hole-W1 samples were much more diverse than those of the
borehole-W3 samples in terms of richness, evenness, and the
Shannon-Weaver index. The lower diversity observed in bore-
hole W3 was due to the higher dominance of three RFLP types
(WJGRT-1, WJGRT-2, and WIJGRT-6) which comprise

FIG. 4. Phylogenetic tree generated by the neighbor-joining method showing the phylogenetic relationships among Wonju groundwater and livestock wastewater
clones within the Proteobacteria based on analysis of ca. 400 bases of aligned 16S rDNA sequences. Bootstrap values are shown for each node that had >50% support
in a bootstrap analysis of 200 replicates. Sequences obtained from samples are designated in boldface by the prefix WIGRT, followed by replicate numbers (WJGRT-1,
WIGRT-2, etc.). The clone libraries from which the individual 16S rDNA clone sequences came are given in parenthesis. GenBank accession numbers of environmental
clones or unclassified cultural isolates are given in quotation marks. Actinomyces bovis in the high-G+C gram-positive group served as the outgroup organism. The scale

bar indicates 0.1 change per nucleotide.
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FIG. 5. Phylogenetic tree generated by the neighbor-joining method showing the phylogenetic relationships among Wonju groundwater and livestock wastewater
clones within the high-G+C gram-positive group, the low-G+C gram-positive group, and the Cytophaga-Flexibacter-Bacteroides group based on analysis of ca. 400 bases
of aligned 16S rDNA sequences. For sequence nomenclature, clone libraries in parentheses, accession numbers in quotation marks, and support for branch points, see
the legend to Fig. 4. E. coli in the y-Proteobacteria served as the outgroup organism. The scale bar indicates 0.1 change per nucleotide.
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FIG. 6. Phylogenetic tree generated by the neighbor-joining method showing the phylogenetic relationships among Wonju groundwater and livestock wastewater
clones within the Bacteria based on analysis of ca. 400 bases of aligned 16S rDNA sequences. Only sequences that are not assigned to the Proteobacteria, the high-G+C
gram-positive group, the low-G+C gram-positive group, or the Cytophaga-Flexibacter-Bacteroides group are represented in the tree. For sequence nomenclature, clone
libraries in parentheses, accession numbers in quotation marks, and support for branch points, see the legend to Fig. 4. Methanobacterium thermoflexum in the Archaea

served as the outgroup organism. The scale bar indicates 0.1 change per nucleotide.

60.5% of the total clones analyzed. Therefore, the Simpson’s
dominance index value in the W3 clone libraries was much
higher than those in the W1 and LW clone libraries. It can be
deduced from these results that the bacterial community of the
aquifer became more diverse as livestock wastewater contain-
ing diverse microbial flora and a high concentration of nutri-
ents infiltrated into the aquifer.

Subsurface bacteria show limited physiological and bio-
chemical diversity (24), and hence the microbial community in
a subsurface environment is less complex than those in near-
surface environments, showing the strong selectivity of physi-
cally controlled ecosystems (10). In contrast, animal manure

itself contains a large number of microorganisms that originate
from gut microflora or rumen microflora, which have great
diversity (21, 52, 63). Bacterial-community diversity generally
is low under stressed conditions, as in soils polluted by chem-
ical contaminants (4). Also, Torsvik et al. (57) suggested that
agricultural management, fish farming, and pollution may lead
to profound changes in community structures and reduction in
bacterial diversity. However, it was assumed that the infiltra-
tion of livestock wastewater into an aquifer did not act as a
stress because a greater increase in community diversity was
found in an aquifer contaminated with livestock wastewater.
In aquifers into which livestock wastewater, with its diverse
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microflora, is introduced, the diversity of the bacterial commu-
nity may greatly increase. Bacteria can colonize aquifer envi-
ronments by active or passive migration via percolation from
the surface soil and lateral movement from the recharge areas
(22, 40). Relatively rapid migration of allochthonous bacterial
populations occurs in large fractures and fissures. The aquifers
studied in this research contained a large number of fractures
distributed rather uniformly and had a high hydraulic conduc-
tivity (38); therefore, bacterial populations originating from
livestock wastewater can migrate rapidly into the aquifer. It
remains open, however, whether bacterial populations intro-
duced into the aquifer successfully adapt to the groundwater
ecosystems and colonize them or are defeated in competition
and die off. Because 16S rDNAs were amplified from total
community DNA, RFLP patterns in clone libraries themselves
do not represent sequences of live cells but rather sequences of
total cells, including dead cells and even DNA fragments re-
leased from dead cells. Some introduced aerobic bacterial pop-
ulations might adapt well to aerobic aquifers; however, that
rumen-related bacteria would so adapt is doubtful, since these
are strictly anaerobic organisms, found almost exclusively in
the guts of warm-blooded animals. Therefore, the detection of
sequences of rumen-related bacteria in the groundwater was
likely due to persistence of DNA rather than adaptation.

Finally, phylogenetic analyses of the cloned sequences were
carried out to define bacterial populations responsible for
changes in bacterial-community diversity in groundwater. This
is the first study, to our knowledge, to define the bacterial
populations responsible for the contamination of groundwater
and the shift in community diversity by using molecular bio-
logical methods in a pollution study. This approach clearly
showed that mainly the Cytophaga-Flexibacter-Bacteroides
group and the low-G+C gram-positive group are associated
with the changes in the bacterial community of the aquifer
contaminated with livestock wastewater in the Wonju stock-
farming area. There were significant (P < 0.001 by #-test)
differences in the abundances of the Cytophaga-Flexibacter-
Bacteroides group, the low-G+C gram-positive group, and
WIJG group 1 between the contaminated borehole (W1) and
the uncontaminated borehole (W3). Introduction of the Cyro-
phaga-Flexibacter-Bacteroides group and low-G+C gram-posi-
tive group into the groundwater ecosystem was apparent from
the result that livestock wastewater and borehole-W1 samples
showed higher abundances of the Cyfophaga-Flexibacter-Bacte-
roides group and the low-G+C gram-positive group, while
borehole-W3 samples showed lower abundances. More obvi-
ously, six of the clones assigned to the Cytophaga-Flexibacter-
Bacteroides group and three of the clones assigned to the low-
G+C gram-positive group were related to unidentified rumen
bacterial sequences obtained from rumen fluid (54, 59) (Fig.
6). In addition, these sequences were not found in the uncon-
taminated borehole, W3, while they were found in borehole
W1 and livestock wastewater. Members of the Cyfophaga-Flexi-
bacter-Bacteroides and low-G+C gram-positive groups are of-
ten reported as being among the most numerous culturable or
uncultivated microbes present in the rumen or gut. Therefore,
sequences related to the rumen bacteria found in borehole W1
must have originated from livestock wastewater containing a
variety of rumen microorganisms. From this perspective, ru-
men-related sequences can be used as correct indicator se-
quences of fecal contamination of groundwater, particularly
from livestock.

Besides the Cytophaga-Flexibacter-Bacteroides and low-G+C
gram-positive groups, sequences related to nitrogen cycling
were found only in W1 and/or LW clone libraries; they were
not found in W3 clone libraries. In the a-Proteobacteria subdi-
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vision, sequences related to nitrite oxidizers (Nitrobacter wino-
gradskyi) were found. In the B-Proteobacteria subdivision, se-
quences related to the PB-group ammonium oxidizers
(Nitrosomonas spp. and Nitrosospira spp.) and Fe-oxidizing
denitrifying bacteria (U51102) were found. In addition, a se-
quence related to the Nitrospira moscoviensis subgroup was
found in the W1 clone libraries. Livestock wastewater contains
high concentrations of inorganic and organic nitrogen com-
pounds. It has been reported that ammonium N is oxidized to
nitrate N in septic tanks, wastewater stabilization ponds, and a
cow slurry storage lagoon (23, 62). Also, our previous study on
the flux of nitrogen compounds suggested that nitrification of
ammonium N actively occurred in a livestock wastewater-sta-
bilizing lagoon and that denitrification occurred in an aquifer
as a change to anoxic conditions following the introduction of
livestock wastewater containing high concentrations of carbon
substrates (12). The occurrence of sequences related to nitro-
gen cycling in the borehole-W1 and livestock wastewater sam-
ples also supports our previous findings.

In summary, comparative study of 16S rDNA sequences
using diversity indices and phylogenetic analysis showed that
the diversity of the bacterial community in groundwater in-
creased significantly following the input of livestock wastewa-
ter into an aquifer and that this increase of diversity was mainly
due to the Cytophaga-Flexibacter-Bacteroides and low-G+C
gram-positive groups originating from animals. Especially, this
study showed that rumen-related sequences could be indicator
sequences of fecal contamination of groundwater by livestock
wastewater. Further studies are required to directly detect
indicator sequences in groundwater and to trace the survival or
adaptation of microorganisms introduced into aquifers.
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