The Journal of Microbiology, October 2005, p.383-390

Copyright (© 2005, The Microbiological Society of Korea

Diversity of Denitrifying Bacteria Isolated
from Daejeon Sewage Treatment Plant

Young-Woon Lim', Soon-Ae Lee?, Seung Bum Kim®, Hae-Young Yong’,
Seon-Hee Yeon?, Yong-Keun Park’, Dong-Woo Jeong” and Jin-Seok Park**

'Department of Wood Science, University of British Columbia, 2900-2424 Main Mall, Vancouver, B.C. V6T 124, Canada
Department of Biotechnology, Hannaim University, 133 Ojung-dong, Daeduk-gu, Daejeon 306-791, Republic of Korea

SDepartment of Microbiology, School of Bioscience and Biotechnology, Chungnam National University,
220 Gung-dong, Yusong-gu, Daejeon 305-764, Republic of Korea
‘Laboratory of Microbial Genetics, School of Life Science and Biotechnology, Korea University,
5 Anam-dong, Seongbuk-gu, Seoul 136-701, Republic of Korea

(Received March 31, 2005 / Accepted August 8, 2005)

The diversity of the denitrifying bacterial populations in Daejeon Sewage Treatment Plant was exam-
ined using a culture-dependent approach. Of the thrée hundred and seventy six bacterial colonies
selected randomly from agar plates, thirty-nine strains that showed denitrifyitig activity were selected
and subjected to farther analysis. According to the morphological and biochemical properties, the
thirty nine isolates were divided into seven groups. This grouping was supported by an unweighted pair
group method, using an arithmetic mean (UPGMA) analysis with fatty acid profiles. Restriction pat-
tern analysis of 16S rDNA with four endonucleases (A/u), BsfUl, Mspl and Rsal) again revealed seven
distinct groups, consistent with those defined from the morphological and biochemical properties and
fatty acid profiles. Through the phylogenetic analysis using the 16S rDNA partial sequences, the main
denitrifying microbial populations were found to be members of the phylum, Proteobacteria; in par-
ticular, classes Gammaproteobacteria (Aeromonas, Klebsiella and Enterobacter) and Betaproteobacteria
(Acidovorax, Burkholderia and Comamonas), with Firmicutes, reptesénted by Bdcillus, also comprised
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a major group.
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The nitrification and denitrification processes in wastewa-
ter treatment plants reduce the nitrogen content in waste-
water. Nitrification is the biological oxidation of ammonia
to nitrate. Denitrification is the reduction of nitrate to
nitrogen gas via nitrite, nitric oxide and nitrous oxide.
Denitrifying bacteria play a key role in the removal of
nitrogen compounds from wastewater (Knowles, 1982).
Denitrification by bacteria in sewage treatment plant is of
particular interest, as nitrates and nitrites are hazardous to
human health (Kempster et al., 1997), and more impor-
tantly, a main cause of eutrophication (Gray, 1990). Bac-
teria capable of denitrification can be easily isolated from
sediment, soil and aquatic environments. Pseudomonas
species are generally presumed to be the predominant
microorganisms through which denitrification is achieved
(Lazarova et al., 1992; Janda et al., 1998). However,
recent studies have shown that various species, including
Achromobacter, Agrobacterium, Alcaligenes, Bacillus,
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Chromobacterium, Flavobacterium and Hyphomicrobium,
as well as Pseudomonas, are responsible for denitrification
in soil (Zumft, 1992; Otlanabo, 1993; Chéneby, et al.,
2000). Therefore, it seems unlikely that only Pseudomonas
species are responsible for the denitrification that oceurs in
such incredibly diverse microbial consortia as exist in sew-
age treatment plants.

Many nitrate reducing bacteria only have the enzymatic
ability to reduce nitrates to nitrites, with fio further reduc-
tion of the nitrites (Glass ef al., 1997). According to Rhei-
nheimer (1985), most denitrifying bacteria in aquatic
systems are capable of complete denitrification. As a
whole, the full effect of complete denitrification on the
nitrogen removal in sewage treatment plants remains to be
determined and; thus, a more intensive understanding of
denitrifying bacteria is essential, as this may be one of the
next steps for optimizing the nitrogen removal efficiency
of sewage treatment plants. Therefore, the analysis of the
microbial community structure related to nitrogen
removal is a prerequisite for understanding the nitrogen
removal process.

A culture dependent approach has been used for the
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study of the diversity of denitrifying populations in waste-
water treatment plan ts (Krogulska and Mycielski, 1984;
Patureau ef al., 2000; Drysdale er al., 2001). The infor-
mation derived from 16S rDNA sequences facilitates not
only the identification of bacteria in environmental sam-
ples, but also a more complete understanding of microbial
phylogeny (Woese, 1987; Chéneby er al., 2000). Ampli-
fied rDNA restriction analysis {ARDRA) has also been an
extremely valuable tool for assessing the diversity from
large amounts of data (Cho et al., 2003; Yoon et al., 2003;
Yeon et al., 2005).

In this study, the isolated denitrifying bacteria were
identified and characterized, using their morphological
and biochemical properties, cellular fatty acid composi-
tion and 16S rDNA sequencing.

Materials and Methods

Sampling and isolation of denitrifying bacteria

Sewage water samples were taken from inflow and efflu-
ent regions of the Daejeon Sewage Treatment Plant, Dae-
jeon, Republic of Korea, during spring, 2001 and fall,
2002. Samples (100 pl each) were diluted within the range
10" to 107, spread onto 1/10 nutrient broth (Difco, USA)
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and incubated at 30°C. All colonies appearing on the plates
over a period of 3 weeks were characterized by several cri-
teria related to their morphology, and individual colonies
streaked onto 1/10 nutrient broth for isolation. Subse-
quently, denitrifying bacteria were selected by checking
for the presence of nitrite or nitrate by the addition of 0.2%
sulphanilamide and 0.1% o-naphthyleneamine.

Morphological and biochemical characterization

The denitrifying bacteria were characterized using colony
pigment, Gram-straining, catalase, oxidase, indole produc-
tion, glucose acidification, arginine dihydrolase, urease,
esculin hydrolysis, geletine, hydrolysis and 4-galactosidase
tests. Additional tests were performed using API Kits
(BioMerieux, France) to determine the ability of the bac-
teria to utilize glucose, arabinose, mannose, mannitol, N-
acetyl-glucosamine, maltose, gluconate, caproate, adipate,
malate, citrate and phenyl-acetate. Isolated denitrifying
bacteria were tentatively identified to the genus level by
examining their phenotypic and biochemical characteris-
tics, as described previously (Krieg and Holt, 1984; Sneath
et al., 1986; Holt ef al., 1994). DNA was extracted by the
method of Saito and Miura, 1963), and the G+C contents
determined by reversed-phase high-performance liquid
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Fig. 1. Dendrogram showing the relationships between the denitrifying bacterial isolates based on the biochemical characters.
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chromatography (Tamaoka and Komagata, 1984). Similar- tistical Package (MVSP, Version 3.1). The UPGMA
ity between strains was estimated from the combined method was used to build the similarity dendrogram from
endonuclease restriction data, using the Multi-Variate Sta- the percentage similarity matrix using the MVSP software.

Table 1. Morphological characteristics, G+C contents (mol %) and biochemical characteristics of the denitrifying bacterial isolates

G+C Biochemical Characteristics’
Group Tsolates' Gram Shape?
(%) OXI IND GLU ADH URE ARA MNE CIT PAC
1D10-1 ~ R 64 + - - - _ - - _ -
ID16 - R 64 + - - - - - - - -
1 D22 - R 60 + - - - - - - - -
EDI8 - SR 63 + - - - - - - - -
ED17 -~ SR 66 + - - - - - - - -
ID13 - SR 59 + + + + - + + - -
1DS7 - SR 66 + + + + - + + + -
IDS12 - SR 59 + + + + - + + - -
EDI1 - SR 57 + - + - - + + + -
ED2 - SR 58 + - + - - + + + -
2 EDI3 - SR 55 + + + + - - + + -
EDI15 - SR 57 + + + + - - + + -
EDS4 - SR 65 + + + + + + + + -
EDSS5 - SR 54 + + + + - + + - -
EDS8 - SR 60 + + - + + + -
EDS12 - SR 57 + - + + —- + + -
D5 - SR 52 - - + + + + + + +
ID15 - SR 54 - - + - - + + + +
ID6 - SR 57 - - + - + + + + +
3 ID8 - SR 58 - - + - - + + + +
ID14 - SR 54 - - + + - + + +
D17 - SR 57 - - + + - + + + -
ID15-1 - SR 57 - - + - + + + + -
IDS4 + CR 38 - - - + + + - + -
EDS10 + CR 35 - - - + + - - - -~
EDS13 + CR 37 - - - + - - - -
DI + R 48 - - - - - ; + - -
D2 + R 44 - - - - - - + - -
4 ID19 + R 38 - - - - - - + - -
D18 + K 39 - - - + + + + + -
ED5 + R ) - - - + + + + + _
ED7-1 + R 39 - - - + + + + + -
ED7-2 + R 47 - - - + + + + + -
ED16 + R 37 - - - + + + + + -
5 D21 - R 38 - - - - + - - - -
D23 - R 40 - - - - + - - - -
P ED20 - R 66 - - - - - - + + +
ED22-1 - R 64 - - - - - - + + +
7 ED19 - R 63 - - - - + + + - -

+, positive; —, negative.

'ID, inflow (2001); ED, efflux (2001); EDS, efflux (2002)

’R, rod; SR, short-rod; CR, chained-rod.

30X, oxidase; IND, indole production; GLU, glucose acidification; ADH, arginine dihydrotase; URE, urease; ARA, arabinose; MNE, mannose; CIT,
citrate; PAC, phenyl-acetate.
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Cellular fatty acid profile

After an incubation period of 24 to 48 h on Trypticase
Soy Broth agar plates at 30°C, the bacterial biomass was
harvested, saponified, methylated and analyzed by capil-
lary gas-liquid chromatography employing the Sherlock
Microbial Identification System (MIDI Inc., USA). The
similarities between isolates were computed, with simi-
larity indices from 0.5 to 0.9 considered reliable for iden-
tifying individual species.

Amplified rDNA restriction analysis (ARDRA) and 16S
rDNA sequencing

The 16S rDNA gene was amplified using the primer set
fdl (5-AGA GIT TGA TCM TGG CTC AG-3") (Weis-
burg et al., 1991) and 1492r (§-TAC GGH TAC CTT
GTT ACG ACT T-3") (Lane, 1991). PCR and restriction
fragment analyses were performed, as previously
described by Chéneby et al. (2000.). Briefly, after ampli-
fication, the PCR products (10 pl) were digested with the
restriction endonucleases, Alul, Mspl, and Rsal, for 16 h

[ ID23
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at 37°C, and BsfUI for 4 h at 60°C. The fragments
obtained were then separated on a 2.5% (w/v) agarose gel
in 0.5x TBE buffer. DNA fragments were sized by ref-
erence to a DNA molecular marker (1kb plus maker,
Gibco BRL, USA). Restriction profiles were classified
according to the presence or absence of digested frag-
ments for each enzyme.

One to five representatives from each group were cho-
sen for 16S rDNA sequencing, using the primer set 341f
(5-CCT ACG GGA GGCAGC AG-3") (Muyzer ef al.,
1988.) and 926r (5'-CCG TCA ATT CMT TTR AGT TT
-3") (Lane, 1991). Sequencing was performed using the
dideoxy terminator sequencing method, with an ABI
model 310 (version 3.0) automated sequencer. The nucle-
otide sequence data generated in this study have been
deposited in the GenBank DNA sequence database. The
16S rRNA gene sequences were aligned using the
CLUSTAL X program (Thompson ef al., 1997), and
finally optimized using the PHYDIT program version 3.2
(http://plaza.snu.ac.kr/~jchun/phydit/). Maximum parsi-
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Fig. 2. Dendrogram of the denitrifying bacterial isolates from sewage water based on the fatty acid profiles.
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mony analyses were performed using PAUP*4.0b4da
(Swoftord, 1999). Heuristic searches, using tree-bisection
reconnection, with 100 random sequence additions were
employed. The strength to support the branches of trees
was evaluated through 1000 replicates of the bootstrap
resampling (simple addition sequence, TBR swapping
and MAXTREES unrestricted) (Hillis and Bull, 1993).

Results

Isolation and morphological and biochemical characteriza-
tion of denitrifying bacteria

Out of 227 and 149 colonies isolated in 2001 and 2002,
respectively, 39 isolates capable of denitrification were
identified. According to the colony morphology and bio-
chemical characteristics, the isolates were divided into
seven distinct groups. Examples of selective characters
are shown in Table 1. A dendrogram was constructed
using the MVSP program based on the morphological and
biochemical characteristics (Fig. 1). Groups 1, 2, 3 and 4
contained 5, 11, 7 and 11 isolates, respectively, while
groups 5, 6 and 7 included 2, 2 and 1 isolate, respectively.

Denitrifying bacteria from sewage 387
The strains in Group 4 were Gram positive, with those in
all other groups being Gram negative. The morphological
and biochemical properties enabled assignment of each
group to generic level (Fig. 1). Groups 1 to 7 were iden-
tified as Acidovorax, Aeromonas, Klebsiella, Bacillus,
Stenotrophomonas, Burkholderia and Comamonas respec-
tively. Members of Betaproteobacteria (Acidovorax, Burk-
holderia and Comamonas) and Gammaproteobacteria
(Aeromonas, Klebsiella and Stenotrophomonas) were
found to be the predominant denitrifying bacterial taxa.
The DNA base compositions for each group are presented
in Table 1. These data were consistent with the assignment
of each group to their corresponding genera.

Cellular fatty acid profile

The predominant saturated and unsaturated fatty acids in
all denitrifying isolates, with the exception of those in
Group 4, were n-hexadecanoic acid (16:0) and cis-11-
octadecenoic acid (18:1 ®7¢). In contrast, n-pentade-
canoic acid (15:0) and 12-methyltetradecanoic acid
(anteiso-15:0) were the major saturated and unsaturated
fatty acids in Group 4. According to the cellular fatty acid
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Fig. 3. UPGMA dendrogram obtained after restriction of the amplified 16S rDNA gene with four different enzymes (4/u1, Bst U1, MspI and Rsal).
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profiles, the thirty nine isolates were again divided into
seven groups (Fig. 2), as the strain composition of each
group was identical to that found from the phenotypic
properties. The sole exception was strain 1D22, which

belonged to Group 1 (Acidovorax group) in the pheno-

typic analysis, but fell into Group 7 (Comamonas group)
from the fatty acid analysis. The clustering pattern
between the groups was different from that based on the
phenotypic properties. Group 4 (Bacillus) was separated
from the other groups, with a similarity level of 36%, but
Betaproteobacteria and  Gammaproteobacteria  were
mixed within a big clade (Fig. 2).

ARDRA and 16S rDNA sequence analysis
All isolates yielded the same sized bands, ca. 1.5kb after
amplification with the fd1 and 1492r primer set. ARDRA
with Al digestion resulted in the highest number of
bands. Denitrifying isolates could be divided into 7
ARDRA groups after digestion with the four restriction
endonucleases (Fig. 3). Although the branching patterns
of the dendrogram were different, the groupings were
congruent with those found from the phenotypic proper-
ties and fatty acid profiles (Fig. 3).

Fourteen representative isolates from each of the seven
groups were selected for 16S rDNA partial sequencing.
Approximately 580 nucleotides were sequenced from

J. Microbiol.

each amplified 16S rDNA using the 341f and 926r primer
set. The deposited nucleotide sequences are represented in
the phylogenetic tree shown in Fig. 4. A parsimony anal-
ysis yielded the 48 most parsimonious trees, and example
of which is shown in Fig. 4. From the phylogenetic tree,
it is apparent that the seven major groups can be consis-
tently associated with the genera identified from the mor-
phological- and biochemical-properties and fatty acid
profiles (Fig. 4). However, the strains in Group 5, which
were initially assigned as Stenotrophomonas, were clus-
tered with some enteric bacteria instead, namely Entero-
bacter, Pantoea agglomerans and Salmonella enterica.
From the above results, it was evident that the denitrifying
populations in the wastewater treatment system encom-
passed a wide variety of bacterial genera, mainly those
belonging to the Betaproteobacteria and Gammaproteo-
bacteria.

Discussion

Wastewater treatment processes are dependent on micro-
bial activities for the removal of inorganic nitrogen or
phosphorus. Denitrifying bacteria are important for the
removal of nitrogen compounds from wastewater, where
both denitrification and nitrification processes are com-
bined (Janda ef al., 1998). Analysis of the microbial com-
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munity structure related to denitrification and nitrification;
thus, will be important for understanding the nitrogen
removal process. However, there have only been a few
researches on the microbial community related to the treat-
ment processes that occur within domestic sewage treat-
ment plants (Ahn er al., 2003, Jeon ef al., 2003, Lee et al.,
2004), and even fewer studies on the diversity of denitri-
fying bacteria (Kim et al., 2001, Lee et al., 2005). This
study is the first extensive study on the culturable diversity
of denitrifying bacteria found within a domestic sewage
treatment plant.

In the last decade, a set of molecular tools have been
developed and applied for the investigation of the micro-
bial community composition and dynamics in activated
sludge systems, in both cultivation dependent and inde-
pendent manners (Pike and Carrington, 1972; Wagner et
al., 1993; Juretschko et al., 2002). Denitrifying bacteria are
also widely distributed among taxonomic and phylogenetic
varieties of microorganisms (Tiedje, 1988). A number of
bacterial taxa involved in denitrification within wastewater
treatment systems have been reported in Korea, including
Pseudomonas, Arthrobacter, Staphylococcus and Bacillus
(Kim et al., 2001; Lee et al., 2005). Despite the limited
sampling, our study clearly revealed the broad diversity of
bacteria involved in denitrification. Based on their bio-
chemical characteristics and fatty acid profiles, the thirty
nine isolates fell into seven groups, corresponding to the
genera Acidovorax, Aeromonas, Klebsiella, Bacillus,
Stenotrophomonas, Burkholderia and Comamonas. The
identification was identical to those found from ARDRA
and 16S rDNA sequencing, with the exception of Group 5.
The members of Group 5 were identified as Stenotroph-
omonas due to their morphological and biochemical prop-
erties and cellular fatty acid composition, but showed high
sequence similarities with enteric bacteria. Interestingly, no
denitrifying isolates were found to belong to Pseudomo-
nas, which was contrary to expectation. The groupings
based on the three different methods employed in this
study were consistent with each other, although the relative
relationships between the groups were different. Although
16S rDNA is commonly used for analyses of the diversity
of denitrifying bacteria populations (Magnusson et al.,
1998; Chéneby ef al., 2000), the level of acceptable vari-
ation in the 16S rRNA gene is low, which is because of the
functionality of this gene. In contrast, the biochemical
characteristics and fatty acid profiles provided higher res-
olution between strains. Whether differences exist in the
denitrifying capacity between the groups remains to be
examined. This study revealed that the entire denitrifica-
tion process might include activities contributed to by a
number of different bacterial groups.
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