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Abstract

Stable-isotope probing (SIP) was used to identify acetate-
or methanol-assimilating bacteria under nitrate-reducing
conditions in activated sludge. A sludge sample obtained
from wastewater treatment systems was incubated in a
denitrifying batch reactor fed with synthetic wastewater
containing [*Clacetate or ["*C]methanol as the main
carbon source and nitrate as the electron acceptor. We
analyzed how growth of bacterial populations was
stimulated by acetate or methanol as the external carbon
source in nitrogen-removal systems. Most of the acetate-
or methanol-assimilating bacteria identified by SIP have
been known as denitrifiers in wastewater treatment
systems. When acetate was used as the carbon source,
16S rRNA gene sequences retrieved from '’C-labeled
DNA were closely related to the 16S rRNA genes of
Comamonadaceae (e.g., Comamonas and Acidovorax) and
Rhodocyclaceae (e.g., Thauera and Dechloromonas) of the
Betaproteobacteria, and Rhodobacteraceae (e.g., Para-
coccus and Rhodobacter) of the Alphaproteobacteria.
When methanol was used as the carbon source, 16S rRNA
gene sequences retrieved from 'C-DNA were affiliated
with Methylophilaceae (e.g., Methylophilus, Methylobacil-
lus, and Aminomonas) and Hyphomicrobiaceae. Rarefac-
tion curves for clones retrieved from '>C-DNA showed
that the diversity levels for methanol-assimilating bacte-
ria were considerably lower than those for acetate-
assimilating bacteria. Furthermore, we characterized
nitrite reductase genes (nirS and nirK) as functional
marker genes for denitrifier communities in acetate- or
methanol-assimilating populations and detected the nirS
or nirK sequence related to that of some known pure
cultures, such as Alcaligenes, Hyphomicrobium, and
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Thauera. However, most of the nirS or nirK sequences
retrieved from ?C-DNA were clustered in some uniden-
tified groups. On the basis of 16S rRNA gene clone
libraries retrieved from >C-DNA, these unidentified nir
sequences might be identified by examining the nir gene
in candidates for true denitrifiers (e.g., the families
Comamonadaceae, Hyphomicrobiaceae, Methylophilaceae,
and Rhodobacteraceae).

Introduction

Biological nitrate and/or nitrite removal from wastewater
is achieved by denitrification, which involves the reduc-
tion of nitrate, via nitrite and nitric oxide, to nitrous
oxide or dinitrogen gas [49]. Denitrification requires an
oxidizing nitrogen compound as the electron acceptor
and a carbon source. For wastewater with a low carbon/
nitrogen ratio or which lacks readily biodegradable
carbon sources, various organic compounds acting as
external carbon sources, such as acetate, ethanol, glucose,
and methanol, are added to achieve a satisfactory degree
of denitrification. Methanol has often been chosen
because of its relatively low cost and the small amounts
of sludge produced compared with other organic com-
pounds, although only some bacteria can utilize metha-
nol as a carbon source [27].

In recent years, molecular biological analysis has been
applied to understanding microbial ecology in wastewater
treatment systems. For example, the 16S rRNA gene-
based approach is the most widely used technique for
organism identification and community analysis because
it provides phylogenetic information based on a large
database of sequence information.

Denitrification ability is found in many bacterial
species in a variety of taxonomic groups [49]. These
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bacteria have been found using primer sets specific for
functional genes involved in denitrification: genes encod-
ing periplasmic and membrane-bound nitrate reductases
(napA and narG) [5, 8, 9], genes encoding cytochrome
cd; and copper-containing nitrite reductases (nirS and
nirK, respectively) [2, 3, 10, 18, 26, 31, 38, 47], nitric
oxide reductase (norB) [4], and a gene encoding a nitrous
oxide reductase (nosZ) [35, 36]. Polymerase chain re-
action (PCR)-based methods using these primers revealed
the diversity and community structure of denitrifiers in
activated sludge [10, 38], marine sediment [2, 18, 35],
and soil [26, 31, 36]. However, active denitrifiers in
various environments cannot be identified by these
methods.

Recently, molecular techniques using radio isotopes
or stable isotopes in biomarkers have been developed and
applied to identifying active microbial populations [1, 12,
15, 20-23, 28, 32, 33, 44]. The combination of micro-
autoradiography and fluorescence in situ hybridization
(MAR-FISH) is used to simultaneously determine the
phylogenetic composition and in situ substrate uptake
patterns of complex microbial populations in wastewater
treatment systems [1, 12, 15]. Radajewski et al. [32]
established the stable-isotope probing (SIP) technique for
linking the identity of active bacteria with their function in
complex natural environments. DNA synthesized during
microbial growth on a substrate enriched with a heavy,
stable isotope is sufficiently labeled to be separated from
unlabeled DNA by CsCl density gradient centrifugation.
To date, the SIP technique has been successfully applied to
identifying the active methylotroph populations in oak
forest soil [32, 33], active ammonia oxidizers in lake
sediment [44], active phenol-degrading microbial popu-
lations in an aerobic industrial bioreactor [21], and active
methanol-assimilating denitrifiers in wastewater treat-
ment systems [20].

In this study, SIP analysis was applied to clarify how
growth of bacterial populations was stimulated by acetate
or methanol as the external carbon source under nitrate-
reducing conditions. Moreover, we characterized the
community structure and diversity of functional genes
(nitrite reductase genes, nirS and nirK) in acetate- or
methanol-assimilating bacterial populations for a better
understanding of denitrifying consortia.

Methods

Incubation with ["°C] Substrates under Nitrate-Reducing
Conditions. ~ Activated sludge samples were collected
from an anoxic—oxic activated sludge system for
removing carbon and nitrogen from municipal sewage.
To identify the microbial populations of the original
sludge, some of the collected activated sludge was stored
at —80°C. A sludge pellet (wet weight 8 g) was suspended
in synthetic wastewater containing ['*C] substrates. In

the acetate experiment, BCH;COONa (99% "°C;
Cambridge Isotope Laboratories, Inc., Cambridge, MA,
USA) was added, and ">CH;0H (99% '°C; Sigma, St.
Louis, MO, USA) was added in the methanol experiment.
The composition of the synthetic wastewater was as
follows: NaCl (6.60 mg/L), MgSO,7H,0O (8.20 mg/L),
KH,PO, (18.6 mg/L), KCI (13.4 mg/L), dextrin (30.5
mg/L), bactopeptone (65.5 mg/L), yeast extract (65.4 mg/
L), meat extract (74.6 mg/L), NaHCO; (191 mg/L),
NaNO; (607 mg/L, i.e., 100 mg of NO5-N/L), *CH;0H
(550 mg/L, i.e., 216 mg of >C/L), and *CH;"*COONa
(691 mg/L, ie., 216 mg of C/L). The synthetic
wastewaters used for both the acetate and methanol
experiments were purged with pure N, gas (>99.9%) to
eliminate the dissolved oxygen while maintaining the
temperature at 25°C. During incubation periods (6 days),
it was confirmed by using a dissolved oxygen meter
TOX-98E (Toko Chemical Laboratories Co., Ltd., Tokyo,
Japan) that dissolved oxygen concentration was almost
zero. Furthermore, NaNO; (100 mg of NO3-N/L) and
['*C] substrates (100 mg of >C/L) were added every 24 h.
Sludge samples were collected in the acetate and methanol
experiments every 24 h and stored at —=80°C. Nitrate, nitrite,
and acetate concentrations were measured with a DX-100
ion chromatograph (Dionex, Sunnyvale, CA, USA), and
methanol concentrations were measured with a GC380 gas
chromatograph (GL Science Inc., Tokyo, Japan).

DNA Extraction and Ultracentrifugation. Total
DNA was extracted from 0.15 g (wet weight) sludge
pellets using Isoplant (Nippon Gene, Toyama, Japan)
according to the manufacturer’s instructions. The DNA
was purified using a phenol/chloroform/isoamyl alcohol
(25:24:1) solution and was precipitated by adding
ethanol and sodium acetate.

CsCl—ethidium bromide density gradient centrifuga-
tion (270,000 x g, 20 h, 20°C) was used for the separa-
tion and collection of ?C-DNA from '>C-DNA fraction
as described by Radajewski et al. [33]. Ethidium bromide
was extracted from DNA fractions with an equal volume
of isoamyl alcohol saturated with water. Purified DNA
was dialyzed in a large volume of Tris—EDTA (TE) buffer
to remove CsCl, precipitated by adding ethanol and
sodium acetate overnight at —20°C, and dissolved in 30
pL of TE buffer.

PCR Characterization. ~ The following primer sets
were used for PCR amplification: (1) eub341f-univ907r
[24] for the amplification of 16S rRNA gene fragments,
(2) nirS1F-nirS6R [3] for the amplification of nirS
fragments, and (3) nirK1F-nirK5R [3] for the
amplification of nirK fragments. The PCR mixture
contained 0.5 uM of each primer, 200 uM of dNTP,
2.0 mM MgCl, for the 16S rRNA gene and nirK and 1.5
mM MgCl, for nirS, 2.5 U of rTaq DNA polymerase



T. OsaKA ET AL.: IDENTIFICATION OF ACETATE- OR METHANOL-ASSIMILATING BACTERIA BY SIP 255

(Toyobo, Osaka, Japan) for the 16S rRNA gene and
nirS and 1.25 U of rTaq DNA polymerase for the nirK, 2
pL of 10x PCR buffer for rTaq, and sterile water added
to a final volume of 20 pL. The PCR amplifications of the
16S rRNA gene, nirS, and nirK were conducted in a
model 9700 thermal cycler (Applied Biosystems, Foster
City, CA, USA) using the following protocols: (1) 16S
rRNA gene: 2 min at 94°C, 25 cycles (40 s at 94°C, 40 s at
54°C, 40 s at 72°C), 2 min at 72°C; (2) nirS: 5 min at
94°C, 30 cycles (1 min at 94°C, 1 min at 54°C, 1 min
at 72°C), 5 min at 72°C; (3) nirK: 5 min at 94°C, 30
cycles (30 s at 94°C, 40 s at 48°C, 40 s at 72°C), 5 min at
72°C. The presence of PCR products was confirmed by
2% agarose gel electrophoresis and the subsequent
staining of the gels with ethidium bromide.

Cloning, Sequencing, Rarefaction Analysis, and
Phylogenetic Analysis. =~ PCR products were purified
by eluting the bands from 2% agarose gels using a
Wizard SV gel and a PCR cleanup system (Promega
Corp., Madison, WI, USA). The PCR amplicons were
cloned using a QIAGEN PCR cloning kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s
instructions. Then, single colonies were picked up by
using a toothpick, and the toothpick was immersed in
Insert Check Ready Solution (Toyobo) for a few
seconds. Amplified inserts were run on 2% agarose
gels. Samples including inserts of estimated sizes were
used for the subsequent sequencing. A DNA insert was
amplified and used as template DNA in a cycle
sequencing reaction with a DYEnamic ET Terminator
Cycle Sequencing Kit (Amersham Biosciences, Freiburg,
Germany) according to the manufacturer’s instructions.
The 16S rRNA gene and nir gene fragments were
sequenced with an ABI PRISM 3100-Avant DNA
Sequencing System (Applied Biosystems). 16S rRNA
gene sequences with more than 99% identity were
considered to belong to the same operational
taxonomic unit (OTU). The nir sequences exhibiting
more than 97% identity were considered to belong to the
same OTU. Rarefaction calculations were carried out
using Analytic Rarefaction software [version 1.3,
Stratigraphy Laboratory, University of Georgia (http://
www.uga.edu/strata/software/Software.html)]. A da-
tabase search was conducted using BLAST from the
DNA Data Bank of Japan (DDB]J). Sequences determined
in this study and those retrieved from the database were
aligned using Clustal W [40]. Phylogenetic trees were
constructed using a neighbor-joining algorithm [34] and
were displayed using TreeView [29].

Nucleotide Sequence Accession Numbers. 16S
rRNA gene sequences determined in this study were de-
posited under accession numbers AB205646—AB206036,
nirS sequences were deposited under accession numbers

AB162225-AB162256, and nirK sequences were deposit-
ed under accession numbers AB162309-AB162341.

Results

SIP of Denitrifying Consortia. ~ Nitrate reduction was
observed from the beginning of incubation in both the
methanol and acetate experiments (data not shown).
Acetate was consumed rapidly from the beginning of the
incubation. In contrast, methanol was consumed slowly at
the beginning of incubation and then rapidly after 2 days of
incubation. Total DNA was extracted from sludge samples
after 1 to 6 days of incubation and then ultracentrifuged.
Double DNA bands were detected for the sludge sample
incubated for 3 days with the ['°C] substrate, although a
single DNA band was detected after 2 days of incubation
with the ['°C] substrate. When total DNA extracted from
the original sludge before substrate addition was
ultracentrifuged as a control, a single DNA band was
detected. The position of the single DNA band, which
was detected from the sludge sample after 2 days of
incubation or before substrate addition, was almost the
same as that of the upper DNA band. These results showed
that the lower DNA band was generated due to an increase
in buoyant density with the incorporation of '°C into the
DNA. Therefore, it was judged that the upper band
corresponded to '"?C-DNA and the lower band to ’C-
DNA.

Evaluation of Bacterial Populations Based on the 16S
rRNA Gene Clone Library. >C-DNA and '“C-DNA
collected from sludge samples incubated for 3 days were
chosen as the samples for the 16S rRNA gene clone
library in both methanol and acetate experiments. Five
16S rRNA gene clone libraries were generated. The
relative abundance of an individual clone obtained from
each sample is shown as a histogram (Fig. 1). From
acetate samples, 127 clones from 2C_.DNA and 201
clones from '>C-DNA were obtained. In methanol
samples, 130 clones from 12C-DNA and 137 clones from
13C-DNA were obtained. In addition, the 16S rRNA gene
clone library (131 clones) was also constructed from the
original sludge before substrate addition. In contrast to
clone libraries retrieved from the '>C-DNA fraction and
the original sludge before incubation, clone libraries
from the ?C-DNA fraction showed a completely differ-
ent bacterial composition and diversity. In these experi-
ments, the identification of active population using SIP is
a prerequisite for the incorporation of '’C into the DNA.
Consequently, the clone libraries from the '*C-DNA
fraction corresponded to organisms that did not grow with
acetate or methanol under these conditions, i.e., those that
were present in the original sludge and those that grew
with carbon sources other than acetate and methanol.

Most of the clones were affiliated with the Proteo-
bacteria in the clone libraries from '*C-DNA fractions
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and the original sludge. The remaining clones were
affiliated with the Bacteroidetes, Chloroflexi, Actino-
bacteria, Firmicutes, Nitrospairae, Acidobacteria and
Planctomycetes. In particular, many clones from the
12C_DNA were affiliated with the Actinobacteria, includ-
ing high G + C Gram-positive bacteria. In both the
methanol and acetate samples, bacterial community
structures were obviously different between '*C-DNA
and ""C-DNA libraries. These findings confirmed the
successful separation of '*C-DNA and "’C-DNA cor-
responding to an increase in buoyant density with the
incorporation of 13C into the DNA, and not to a dif-
ference in G + C content.

About 90% of the clones retrieved from the '>C-DNA
fraction were affiliated with Proteobacteria. This showed
that Proteobacteria actively consume acetate or methanol
as a carbon source under nitrate-reducing conditions.
The bacterial community structures in the '“C-DNA
fraction were obviously different between acetate and
methanol samples. The phylogenetic affiliations of all
analyzed clones are summarized in Table 1.

Phylogenetic Analysis of Acetate-Assimilating
Bacteria in Denitrifying Consortium. A total of 201
clones from the '?C-DNA fraction were assigned to 71
different OTUs (13C-A1to 13C-A71). The cloned sequence
types with more than 99% identity were considered to
belong to the same OTU. The placements of OTUs within
the ?C-DNA clone library are shown in phylogenetic
trees (Figs. 2, 3, 4 and 5). The ?C-DNA clone library
showed that acetate-assimilating bacteria were found in
various phylogenetic groups. About 25% (50 clones) of

all clones, including 11 different OTUs, were related to
Comamonadaceae of the Betaproteobacteria, such as the
genera Comamonas and Acidovorax. The OTU 13C-A7
contained many clones (18 clones) closely related to
Comamonas denitrificans. A further 20.4% (41 clones) of
all clones, including 17 OTUs, were clustered within
Rhodocyclaceae of the Betaproteobacteria, such as the
genera Thauera, Dechloromonas, Zoogloea and Azonexus.
In particular, many clones related to the genus Thauera
(e.g., Thauera aromatica, Thauera selenatis, and Thauera
terpenica) were found (25 clones). Furthermore, 10
different OTUs (29 clones) were related to members
of Rhodobacteraceae of the Alphaproteobacteria, such
as the genera Paracoccus and Rhodobacter, and OTU
13C-A71 (22 clones) was very similar to Arcobacter
cryaerophilus of the Epsilonproteobacteria. Nine different
OTUs (23 clones) were clustered within the Gammapro-
teobacteria, including the genera Pseudomonas, Aeromonas,
Thermomonas, and Stenotrophomonas. Furthermore, the
remaining clones of this '’C-DNA clone library were
seemingly distributed randomly throughout the bacterial
domain, including the Actinobacteria, Bacteroidetes,
Chlorflexi, and Firmicutes.

Phylogenetic Analysis of Methanol-Assimilating
Bacteria in Denitrifying Consortium. ~ One hundred
thirty-seven clones from the '>C-DNA were assigned to
22 different OTUs (OTU 13C-M1 to 13C-M22). The
cloned sequence types with more than 99% identity were
considered to belong to the same OTU. The phylogenetic
positioning of OTUs obtained from the ?C-DNA clone
library are shown in phylogenetic trees (Figs. 2 to 5).

16S rRNA gene clone library

acetate samples methanol samples
Day 0 | [12C]-DNA [13C]-DNA |[12C]-DNA [13C]-DNA
100%
90% B Unidentified group
BChlamydiae
80% | HVerrucomicrobia
70% ONitrospirae
EPlanctomycetes
60% B Acidobacteria
o B Actinobacteria
50% EFirmicutes
H B Chloroflexi
40% OCFB group
W Deltaproteobacteria
30% DEpsilonproteobacteria ~ Figure 1. Histograms of bacterial community
20% OGammaproteobacteria ~ structure based on bacterial 16S rRNA gene clones
M Betaproteobacteria retrieved from DNA extracted from original sludge
10% B Alphaproteobacteria samples (before incubation) and each *C-DNA and
1>C-DNA (incubated 3 days) in acetate and meth-
0% L L

anol samples.
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Table 1. Phylogenetic affiliations and numbers of 16S rRNA gene clones retrieved from the '>C-DNA and "*C-DNA obtained by CsCl

density gradient centrifugation

Acetate samples

Methanol samples

Phylogenetic group 2C-DNA

13C_DNA

2C_DNA 13C_DNA

Alphaproteobacteria
Ancylobacter group 1
Bradyrhizobiaceae 1
Hyphomicrobiaceae 1
Type II Methanotroph
Methylocystaceae
Phyllobacteriaceae
Rhizobiaceae
Rhodobacteraceae
Rhodospirillaceae
Sphingomonadaceae
Unidentified bacteria
Betaproteobacteria
Burkholderiaceae
Commamonadaceae 11
Methylophilaceae
Neisseriaceae 2
Nitrosomonadaceae
Oxalobacteraceae
Rhodocyclaceae 11
Unidentified bacteria 3
Gammaproteobacteria
Aeromonadaceae
Altermonadaceae 1
Enterobacteraceae 1
Methylococcaceae
Pseudomonadaceae
Thiothrix group
Unidentified bacteria 1
Xanthomonadaceae
Epsilonproteobacteria
Campylobacteraceae 4
Unidentified bacteria

Deltaproteobacteria
Bdellovibrionaceae
Unidentified bacteria 3
CFB group 14
Chloroflexi 20

Firmicutes 6

Actinobacteria 15

Acidobacteria 3

Planctomycetes

Nitrospirae
Verrucomicrobia
Chlamydia

Unidentified group

BN W 00— =
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The ""C-DNA clone library showed two predominant
groups related to known methylotrophs. Of all the clones,
63%, including six different OTUs, were related to
Methylophilaceae of the Betaproteobacteria, such as
Methylophilus, Methylobacillus, and Aminomonas. Most of
the Methylophilaceae are obligate methylotrophs, which
have the capacity to grow in the presence of methanol or
methylamine but not in the presence of methane. A further

21% of all the clones, including four OTUs, were clustered
within Hyphomicrobiaceae of the Alphaproteobacteria. The
remaining clones in this library were clustered in the
Alphaproteobacteria (e.g., Blastobacter denitrificans),
Betaproteobacteria (e.g., Ralstonia pickettii, Thauera
aromatica, Comamonas sp.), Gammaproteobacteria (e.g.,
Ewingella americana), and Actinobacteria (e.g., Carnobac-
terium piscicola and Nocardioides sp.).
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AF498744 Bacterium Ellin362
AB205731 13C-M15(4)
J_—AB205737 13C-M21(18)
AF156711 Hyphomicrobium sp.
Y 14308 Hyphomicrobium denitrificans
_EAB205729 13C-M13(2)

[ Y14303 Hyphomicrobium hollandicum

Y 14304 Hyphomicrobium aestuarii
AB205727 13C-M11(5)

— Y 14306 Hyphomicrobium zavarzini
U59506 Hyphomicrobium zavarzini

%AB205721 13C-M5(1)

AF511498 Rhizobium sp. NK-4

L07834 Geobacter metallireducens

— AB205717 13C-M1(1) unidentified bacteria

Y 14311 Hyphomicrobium facilis Hyphomicrobiaceae

X66025 Blastobacter denitrificans

—E205660 13C-A15(1) Bradyrhlzoblaceae
] AF007948 Rasbo bacterium
AY465887 Rhizobium etli
AB205649 13C-A4(2) Rhizobiaceae

Figure 2. Phylogenetic affiliation

AB205696 13C-A51(1) of the alphaproteobacterial clones
AB205673 13C-A28(1) retrieved from each '>C-DNA by
D16425 Rhodobacter sphaeroides A neishbor-ioining analvsis. The par

AB205701 13C-A56(1) CIgADOT-joInIng analysis. The p
AB122032 Rhodobacter sp. tial 165 rRNA gene sequences
AB205706 13C-A61(1) IB obtained from acetate and metha-
— AY014179 Paracoccus yeeii nol samples are labeled as 13C-A
Y 16930 Paracoccus denitrificans and 13C-M, respectively. The

AB205710 13C-A65(2) C number of clones assigned to each
AB205680 13C-A35(1) sequenced OTU with more than

D32240 Paracoccus aminovorans Rhodobacteraceae . . .

99% identity is shown in paren-
AB205646 13C-A1(13) h Geob llired
D32239 Paracoccus aminophilus t eses.. €o aCtir metallire MCEIZ;
AJ294415 Paracoccus alcaliphilus (Eccesswn no. 07834) are luse as
AB205681 13C-A36(2) the outgroup. Bootstrap values
-AB205667 13C-A22(6) D >750 (closed circles) and in the
AB079681 Rhodobacter sp. AP-10 range of 500 to 750 (open circles)
ABO008115 Paracoccus sp. MBIC302 are indicated at branch points.
5% AB205705 13C-A60(1) Scale bar = 5% nucleotide
Y 12703 Paracoccus marcusii substitution.

Nitrite Reductase Genes (nirS and nirK). For the
characterization of functional genes in acetate- and
methanol-assimilating denitrifiers, the '’C-DNA
fraction isolated in both experiments, in which
activated sludge was incubated for 3 days, was used as a
template for PCR amplification using the nirS- and nirK-
specific primer pairs. Partial nirS and nirK sequences
were determined and compared with those in the DDBJ
database using BLAST. The phylogenetic analysis
performed by the neighbor-joining method for all of
the nirS and nirK clone sequences revealed that the
denitrifying populations strongly depended on the type
of organic carbon source (Figs. 6 and 7).

(a) Nitrite Reductase Genes (nirS and nirK) in
Acetate-Assimilating Populations. One hundred
seventeen nirS clones retrieved from the ?C-DNA were
assigned to 27 OTUs (S-Al to S-A27). About 88% of the
nirS clones belonged to cluster II and were related to a
nirS mRNA clone detected from estuarine sediment [26].

In particular, OTU S-A24 (56 clones) was the most
dominant in the ?C-DNA retrieved from acetate sam-
ples. Cluster I was predominantly composed of nirS
clones from acetate samples, which were related to the
nirS genes of the genus Thauera (e.g., T. aromatica and
T. terpenica). The nirS clones in cluster V were related
to the nirS clone detected in cyanobacterial aggregates
(AJ457201). Only nirS clones from the incubation
with acetate medium were found in clusters III and VI.
The nirS clones in cluster III were related to the nirS
genes of Azospirillum brasilense (AJ224912) and the nirS
clones in cluster VI were related to the nirS genes
of Ralstonia eutropha (X91394).

Eighty-seven nirK clones retrieved from the '>C-DNA
were assigned to 27 OTUs (K-Al to K-A29). Each of the
nirK clones from the incubation with acetate medium
belonged to all nirK clusters except for cluster V (I to IV
and VI-XI). Most of the nirK clones showed less than
90% identity with nirK genes of isolated denitrifiers, such
as Mesorhizobium, Pseudomonas, and Rhizobium. OTU
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AY360349 Methaflophtlus sp.
AB20572513C M9?
L15475 Meth{/opht us methylotrophus
ncultured bacterium

A@Eg(} 3& Me%ﬁ{ 1%2tlus leisinge

AB027139 A?et?lﬁobac‘il}lltgg Itured Betaproteol
AB205726 13C (1{”
AB205738 13C-M22(10)
Y027801 Aminomonas aminovorus
2(14)

801 A
D AB205728 13C-M1
AF351577 uncultured Betaproteobacterium

eisseria denitrificans
ARG
AB021385 Vo esella indigofera
1§z 1367481

'_ 518 Agquaspirillum serpens
§ AB205733 13C M16(3)
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AvSiZE ??ﬁéoss@ws i

715 13C- A70(
AB205704 13C AS9(2
AB205672 13C-A27(1
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AF170355 Dechloromonas sp.
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AF011350 Azonexus fungiphilus
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AF011346 Azovibrio restrictus
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AB2056 '
AY126453 Dechlorﬁogoma Ky 1
l%?gauem mec esn)tchn
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AB205670 13C-A 5 14)
AB205730 13C-M14
AJ315677 Thauera sp.
AJ315680 Thauera aromatica
X83533 Azoarcus IS{;
AB2056 113C-A6(6)
g 9}&{% era selenans

_+AB2056
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AB205697 13C-A52(1)
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D14257 Zoogloea ra igera
7 4,13C M8(
toma tc emt
B205657 13C-A
64059 Dtazotro str. BAI26

6&3&596% rllgholge:;:a vtetn:miens

—CA%%%@ unuf: ;ltl%ledl ?)acterlum

Q0.
=

e

205708 13 A63(1

AF&%%‘? é’é‘rﬂiﬁ’ RGeS
B‘i?&di%i‘f‘e““m

AB205661 13C

AF502223 ncultured bactenum

23 Acidovorax delafieldi

AB205686 13C-A41(2)

AF235010 Aci ovomx sp.
AB225700 13C-A 5(1
eRiASHsiaeerax ‘(’ﬁz g

5% ABO7
AB205691 13C-A46(3)

448460 unculrured Methylo%hlllt.ls bacterium
acterium

AB20 5%;?}% 67 (Ag(fyogenophuga pseudoflava

U5l 105 Demtrlfym Fe<II>-oxidizing bacterium

i
A%&’?gﬁ? % Acféovorax temperans

AJ420324 Acidovorax facilis

L07834 Geobacter metallireducen

Methylophilaceae

Niesseriaceae

Rhodocyclaceae

Burkholderiaceae

Comamonadaceae

Figure 3. Phylogenetic affiliation of the betaproteobacterial clones retrieved from each "C-DNA by neighbor-joining analysis. The partial
16S rRNA gene sequences obtained from acetate and methanol samples are labeled as 13C-A and 13C-M, respectively. The number of
clones assigned to each sequenced OTU with more than 99% identity is shown in parentheses. Geobacter metallireducens (accession no.
L07834) are used as the outgroup. Bootstrap values >750 (closed circles) and in the range of 500 to 750 (open circles) are indicated at branch

points. Scale bar = 5% nucleotide substitution.

K-A2 was highly related to the nirK genes of Alcaligenes
faecalis (D13155). In the nirK clone library, the domi-
nant OTUs were K-A3 (9 clones), K-A4 (14 clones),
K-A17 (11 clones) and K-A19 (9 clones). OTUs K-A3
and K-A17 were related to the nirK clones detected in
activated sludge and soil. OTU K-A4 was related to
the nirK gene of Alcaligenes sp. (AB046603), and OTU
K-A19 was related to the nirK gene of Pseudomonas sp.
(M97294).

(b) Nitrite Reductase Genes (nirS and nirK) in
Methanol-Assimilating Populations.  Eighty-one nirS
clones retrieved from the 'C-DNA were assigned to
five OTUs (S-M1 to S-M5). About 96% of the total nirS
clones belonged to cluster II and were related to a nirS
mRNA clone detected from estuarine sediment [26]. In
particular, OTU S-M4 (75 clones) was the most dominant
in the ?C-DNA clone library generated from methanol
samples. The nirS gene sequences of OTU S-M5 (1 clone)
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AB205692 13C-A47(2)
Bdellovibrionaceae
AY094117 Bdellovibrio sp.

AB205716 13C-A71(22)

L14624 Arcobacter cryaerophilus Campylobacteraceae

AB205695 13C-A50(1)
AF273082 Pseudoxanthomonas mexicana
L ¢ AB205698 13C-A53(1)
AJ131116 Stenotrophomonas maltophilia
AF508110 Thermomonas haemolytica
AB205699 13C-A54(1)

AJ519986Thermomonas fusca

E AB205712 13C-A67(1)

AY234631 Bacterium Ellin5280

AB205674 13C-A29(1)
B AJ293824 Arctic seawater bacterium
AB205655 13C-A10(1)

AJ583090 Pseudomonas fluorescens

AF114783 Alkalispirillum mobile
~‘ AB205675 13C-A30(11)
AY258109 Alcanivorax sp.

AB205656 13C-A11(4)

Xanthomonadaceae

unidentified bacteria

Pseudomonadaceae

unidentified bacteria

AB205720 13C-M4(2) Enterobacteriaceae

U29438 Ewingella americana

AB205685 13C-A40(2)
Aeromonadaceae

10% X60410 Aeromonas media

belonging to cluster I were related to the nirS genes of T.
aromatica (AY078257). The remaining clones were related
to the nirS clones detected in a cyanobacteria aggregate
(AJ457201 and AJ457200).

Eighty nirK clones retrieved from the '?C-DNA were
assigned to four OTUs (K-M1 to K-M4). The nirK clones
from methanol samples were found in clusters IIT and V.
OTU K-M4 (1 clone) was closely related to the nirK
genes of Hyphomicrobium zavarzinii (AJ224902), and the
remaining clones were related to the nirK genes of
Rhizobium hedysari (U65658). In particular, K-M1 (71
clones) was the most dominant clone in the >C-DNA
clone library generated from methanol samples.

Rarefaction Analysis.  The diversity of the 16S
rRNA gene clones and nir clones isolated from acetate
and methanol samples and the original sludge sample
was evaluated by rarefaction analysis (Fig. 8). The 16S
rRNA gene clones retrieved from the '>’C-DNA indicated
that the diversity level of methanol-assimilating bacteria
was much lower than that of acetate-assimilating
bacteria. Similarly, rarefaction analyses of nirS and nirK

A
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D80851 Halogrcula vallismortis

Delta

Epsilon

Gamma
Figure 4. Phylogenetic affiliation of the gamma-,

delta-, and epsilonproteobacterial clones retrieved
from each "C-DNA by neighbor-joining analysis.
The partial 16S rRNA gene sequences obtained from
acetate and methanol samples are labeled as 13C-A
and 13C-M, respectively. The number of clones
assigned to sequenced OTU with more than 99%
identity is shown in parentheses. Haloarcula vallis-
mortis (accession no. D80851) are used as the
outgroup. Bootstrap values >750 (closed circles) and
in the range of 500 to 750 (open circles) are
indicated at branch points. Scale bar = 10%
nucleotide substitution.

clones showed that the diversity level of methanol-
assimilating denitrifiers was much lower than that of
acetate-assimilating denitrifiers. There were no signif-
icant differences between the diversity levels of the 16S
rRNA gene clones retrieved from the original sludge
sample and the >C-DNA in both methanol and acetate
samples. Therefore, these results implied that the 3 days
of incubation in the synthetic wastewater had no
significant effects on the bacterial diversity.

Discussion

In this study, 16S rRNA gene- and functional gene
(nitrite reductase gene)-targeted analysis combined with
SIP revealed the identity and carbon uptake pattern of
active denitrifying populations in activated sludge. Our
results showed that the type of organic carbon source,
such as acetate or methanol, had a strong effect on the
active denitrifying populations. As for the community
structure and ecological aspects of methanol-assimilating
denitrifiers, some members of the genera Hyphomi-
crobium, Paracoccus, Rhodobacter, Blastobacter, and
Hydrogenophaga have been reported as methanol-assim-
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r AB205723 13C-M7(2)
AF314421 uncultured bacterium PHOS-HE79
AF314434 uncultured bacterium
AB205722 13C-M6(1)
AB205694 13C-A49(1)
AB205713 13C-A68(1)
M58790 Haliscomenobacter hydrossis
AB205693 13C-A48(1)

AJ519403 Flavobacterium sp.
J AY278614 Flavobacteriaceae genomosp.

AB205711 13C-A66(1)
t AY204874 Candidatus Amoebinatus massiliae
AY?244776 Haloanella gallinarum
AB205668 13C-A23(3)
AB087523 uncultured bacterium

AY063760 Eikelboom Type 1851 Be
AB205683 13C-A38(2)

X84565 uncultured bacterium
[ AB205714 13C-A69(1)

TABZO5671 13C-A26(1)

AB205735 13C-M19(1)

AF234711 uncultured sludge bacterium
M58825 Lactobacillus maltaromicus

AB205707 13C-A62(1)
ABO051430 Tetrasphaera elongata
ABO030911 Actinomycete Lp2
AB205690 13C-A45(3)
AJ504573 uncultured bacterium

10% AB205703 13C-A58(1)

ilating denitrifiers in freshwater environments [16, 17,
25]. However, active methanol-assimilating bacteria in a
denitrifying consortium might have been missed because
these members were identified by culture-dependent
methods. Therefore, it is necessary to characterize active
methanol-assimilating bacteria in a denitrifying consor-
tium by molecular techniques linking microbial function
with taxonomic identity [14]. Thus, we used SIP in the
identification of active methanol-assimilating bacteria
under nitrate-reducing conditions and found the exis-
tence of two predominant methanol-assimilating pop-
ulations in the ">C-DNA clone library from methanol
samples. One major phylotype was related to the
members of the Methylophilaceae of the Betaproteobac-
teria, such as the genera Methyolphilus, Methylobacillus,
and Aminomonas. Maneesha et al. also reported on a
methanol-fed denitrifying community in activated sludge
using the SIP and MAR-FISH techniques [20]. In their
study, the dominant 16S rRNA gene phylotype in the
C-DNA clone library was closely related to those of the
obligate methylotroph of Methylophilaceae, most of
which assimilated ['*C]methanol in the MAR-FISH

D80851 Haloarcula vallismortis

Bacteroidetes

Chloroflexi

unidentified group

um pisci Firmicutes - . - ..
ﬁi%gg%gg&‘%g;“m piscicola Figure 5. Phylogenetic affiliation of the remaining
AB205676 13C-A31(2) bacterial clones except proteobacterial clones re-
. 13 . . . .
AB205666 13C-A21(1) trieved from each "C-DNA by neighbor-joining
AJ241005 uncultured high G+C bacterium analysis. The partial 16S rRNA gene sequences
AB205679 13C-A34(1) bained f tate and methanol 1
AB205719 13C-M3(1) obtained from acetate and methanol samples are
AFS37327 Nocardioides sp. labeled 13C-A and 13C-M, respectively. The num-
AF498659 Mycobacterium sp. JS62 ber of clones assigned to each sequenced OTU with
AB205648 13C-A3(1) Actinobacteria more than 99% identity is shown in parentheses.

Haloarcula vallismortis (accession no. D80851) are
used as the outgroup. Bootstrap values >750 (closed
circles) and in the range of 500 to 750 (open circles)
are indicated at branch points. Scale bar = 10%
nucleotide substitution.

analysis. The other major phylotype was related to the
genus Hyphomicrobium. The genus Hyphomicrobium
(hyphomicrobia) consists of restricted facultative meth-
ylotrophs and has been found in soils, aquatic habitats,
and a sewage treatment plant [30]. The diversity of
hyphomicrobia in a sewage treatment plant and an
adjacent receiving lake has been examined by Holm et
al. [11]. An important characteristic of certain hypho-
microbia is their ability to grow with methanol as the
carbon source and nitrate as the terminal electron
acceptor. Moreover, we also found some clones related
to B. denitrificans, which was reported as a methanol-
assimilating denitrifier [41]. Hence, it was confirmed that
SIP could specifically identify a methanol-assimilating
population under nitrate-reducing conditions in a
complex microbial community, such as activated sludge.

No clones related to the members of the family
Rhodobacteraceae (e.g., Paracoccus and Rhodobacter),
which were reported as methanol-assimilating denitri-
fiers, were detected in the 'C-DNA clone library
generated from methanol samples. However, a number
of clones related to the family Rhodobacteraceae were
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detected in the '">C-DNA clone library from acetate
samples and in the '*C-DNA clone library from both
acetate and methanol samples. Seven sequences obtained
from the 'C-DNA of the acetate samples belonged to
cluster A, and 13 sequences obtained from the 12C_DNA
of the methanol samples belonged to cluster A (9 clones)

nucleotide substitution.

and cluster C (4 clones) (Fig. 2). These results implied
that these bacterial groups preferred other organic
compounds (e.g., acetate, dextrin, and peptone) to
methanol as carbon sources. Indeed, these bacterial
groups can utilize various organic compounds for
denitrification [13]. On the other hand, Claus and
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Kutzner [6] also reported that the members of Paracoccus
grow poorly with methanol as the carbon source.
Furthermore, they assumed that the growth of Paracoccus
is supported by formate, which is produced by other
bacteria (such as hyphomicrobia), or by organic com-
pounds excreted by other bacteria. This assumption
might lead to one limitation of SIP, that is, labeled

cated at branch points. Scale bar =
10% nucleotide substitution.

intermediates and products might become incorporated
into the DNA of other microbial communities when
primary consumers metabolize the original substrates
and excrete labeled metabolites. However, in this study,
we considered this limitation unlikely because no clone
obtained from the '*C-DNA isolated from methanol
samples was related to the genus Paracoccus.
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In denitrifying functional gene analysis of methanol-
assimilating bacterial populations, a nirK clone highly
related to the nirK gene of H. zavarzinii was detected
only in the "?C-DNA retrieved from methanol samples.
However, most of the nirS and the nirK clones were not
closely related to the nmir sequences of any known
cultivated bacteria or nir clones found in various
environments. Because the denitrification ability of
methylotrophs was not previously characterized, there is
a lack of nirS and/or nirK gene sequence data for most of
the methylotrophs in the database. This might support
the finding that many #irS and nirK clones found in
this study, such as nirS clones S-M1 to S-M4 and nirK
clones K-M1 to K-M3, were not related to any of the nirS
and nirK gene sequences registered in the database. In
future studies, we should obtain nir sequences from some
pure cultures or isolates belonging to methanol-assimi-
lating denitrifiers (e.g., Methylophilaceae and Hyphomi-
crobiaceae) identified by 16S rRNA gene clone libraries
generated from the '>C-DNA clone library.

In contrast to methanol as an external carbon source,
acetate was consumed quickly from the beginning of
incubation. This implied that numerous heterotrophic
bacteria in activated sludge can take up acetate under
denitrifying conditions. MAR-FISH analysis conducted
by Nielsen and Nielsen [22] revealed that wastewater
treatment systems with nitrogen removal have relatively
high numbers of acetate-assimilating bacteria (53-93%).
The phylogeny of 16S rRNA gene sequences retrieved
from the "?C-DNA indicated that a diverse range of
bacteria in the activated sludge assimilated acetate under
nitrate-reducing conditions. From the viewpoint of the
number of clones retrieved from the °C-DNA, the
dominant acetate-assimilating bacteria were the Acid-
ovorax-related groups (28 clones), Paracoccus-related
groups (26 clones), Thauera-related groups (24 clones),
Arcobacter-related groups (22 clones), Comamonas-relat-
ed groups (19 clones), and Dechloromonas-related groups
(8 clones). In previous studies, some denitrifying
organisms in these genera, except for the genus Arco-
bacter, were isolated from activated sludge and were
found to have the ability to degrade various xenobiotic
compounds (e.g., aromatic compounds, hydrocarbons,
and chlorinated compounds) under nitrate-reducing
conditions [7, 13, 21, 45, 48]. Wagner and Loy reported
that the Azoarcus—Thauera group of Betaproteobacteria
represents numerous denitrifiers in wastewater treatment
systems [43]. As for the genus Arcobacter, A. cryaerophi-
lus was shown to be abundant in activated sludge [37].
Some Arcobacter spp. were shown to be sulfide oxidizers
(with the production of sulfur), and it has been suggested
that they play a role in the sulfur cycle by reoxidizing
sulfide formed by microbial sulfate or sulfur reduction
[39, 42, 46]. Teske et al. reported that Arcobacter spp. use
acetate as the electron donor and nitrate as the electron

acceptor [39]. However, to date, their denitrification
ability in the environment has not been well documented.

Most of the acetate- or methanol-assimilating bacte-
ria identified by SIP have been known as denitrifiers in
wastewater treatment systems. There were interesting
findings for 16S rRNA gene and nitrite reductase gene
clone libraries in '>C-DNA clone libraries. The Thauera-
related groups and Hyphomicrobium-related groups were
detected in both 16S rRNA gene- and nitrite reductase
gene clone libraries. However, no nirS or nirK clone
retrieved from '?C-DNA had nir sequences related to the
Paracoccus isolates, which were found to be dominant by
16S rRNA gene analysis, whereas nirK clones retrieved
from "C-DNA were highly related to A. faecalis (99%
identity), which was not detected by 16S rRNA gene
analysis. Although it may not be appropriate to compare
the results obtained by the 16S rRNA gene- and the
nitrite reductase gene-based approach, we discuss possi-
ble explanations for these findings below. First, the 16S
rRNA gene approach detects all organisms that are active
under conditions that are nitrate reducing or anaerobic
(e.g., fermentation), not only under denitrifying con-
ditions. Second, there is insufficient analysis of a
statistically significant number of clones required for
understanding complex communities. In this study,
some rarefaction curves did not reach a plateau; reaching
a plateau would indicate that the diversity was sufficient-
ly analyzed. Third, there may be bias due to PCR
amplification and degenerate primers. Lueders and
Friedrich [19] reported that the degeneracy of primers
has a considerable impact on bacterial diversity. They
showed a decrease in bacterial diversity with increase in
annealing temperature within a bacterial community
model. However, highly degenerate primers often have
to be used for functional genes to cover a wide phy-
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Figure 8. Rarefaction curves indicating the diversity of denitrify-
ing bacteria as OTU of 16S rRNA sequences and functional gene
(nirS and nirK) sequences retrieved from methanol and acetate
samples and the original sludge sample.
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logentic range because the sequence conservation of
functional genes in comparison to 16S rRNA genes is
constrained by the genetic code and its variability.
Therefore, we should carefully characterize microbial
community structures obtained by PCR-based analysis
using highly degenerate primers, which might enhance
the bias of PCR amplification. Other factors might be
attributed to a lack of registered nir sequences of isolates
with phylogenetic information from the database and to
horizontal gene transfer. For instance, most of the nirS
sequences registered in the database are retrieved from
uncultured clones. Although only a part of the sequences
are retrieved from pure cultures, most of these sequences
are affiliated with limited bacterial groups (e.g., Alcali-
genes, Marinobacter, Pseudomonas, Paracoccus, and
Thauera). Thus, the primer sets used for detecting
denitrifying bacteria, nirS1F-nirS6R and nirK1F-nirK5R,
were designed on the basis of a limited number of
sequences, mainly from laboratory strains. These primers
were most commonly used, but this may need to be
reassessed. Therefore, denitrifying gene sequences need
to be obtained from many different isolates whose
phylogenetic 16S rRNA positions have been identified.
In particular, the denitrifying genes of candidates for true
denitrifiers (e.g., the families Comamonadaceae, Hypho-
microbiaceae, Methylophilaceae, and Rhodobacteraceae)
should be characterized because these bacteria are
probably important populations in the nitrogen-removal
system.

As for the horizontal gene transfer, Song and Ward
reported an interesting correlation between 16S rRNA
and nitrite reductase genes (nirS) and discussed the
possibility of the horizontal gene transfer of nirS [38].
Most of the nirS genes from halobenzoate-degrading
denitrifiers affiliated with the genera Thauera, Acid-
ovorax, and Azoarcus of Betaproteobacteria are related
to the nirS gene of Pseudomonas stutzeri of the Gam-
maproteobacteria, although phylogenetic relationships
based on 16S rRNA genes from these genera are very
different. The authors said that this might provide
evidence for horizontal gene transfer of nirS among the
genera Pseudomonas, Thauera, Acidovorax, and Azoarcus
[38]. However, it was difficult to infer the horizontal
gene transfer from our data sets at the community level.

This study showed how bacterial communities could
be stimulated by external carbon sources (e.g., acetate
and methanol) in denitrifying tanks. Moreover, SIP can
be used for screening candidates for true denitrifiers
from complex bacterial communities, such as activated
sludge. Furthermore, the combination of SIP and other
molecular techniques, such as MAR-FISH and real-time
PCR, should significantly enhance our understanding of
active denitrifying bacteria in activated sludge. Thus, in
the future, the understanding of acetate- or methanol-
assimilating bacteria under nitrate reducing conditions

will be useful for the efficient and stable operation and
suitable maintenance of nitrogen-removal systems.
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