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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 [13C]acetate or [13C]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 13C-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 13C-DNA were affiliated
with Methylophilaceae (e.g., Methylophilus, Methylobacil-
lus, and Aminomonas) and Hyphomicrobiaceae. Rarefac-
tion curves for clones retrieved from 13C-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

Thauera. However, most of the nirS or nirK sequences
retrieved from 13C-DNA were clustered in some uniden-
tified groups. On the basis of 16S rRNA gene clone
libraries retrieved from 13C-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]. TheseCorrespondence to: Satoshi Tsuneda; E-mail: stsuneda@waseda.jp
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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
cd1 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 [13C] 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 [13C] substrates. In

the acetate experiment, 13CH3
13COONa (99% 13C;

Cambridge Isotope Laboratories, Inc., Cambridge, MA,
USA) was added, and 13CH3OH (99% 13C; 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), MgSO4I7H2O (8.20 mg/L),
KH2PO4 (18.6 mg/L), KCl (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), NaHCO3 (191 mg/L),
NaNO3 (607 mg/L, i.e., 100 mg of NO3-N/L), 13CH3OH
(550 mg/L, i.e., 216 mg of 13C/L), and 13CH3

13COONa
(691 mg/L, i.e., 216 mg of 13C/L). The synthetic
wastewaters used for both the acetate and methanol
experiments were purged with pure N2 gas (999.9%) 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, NaNO3 (100 mg of NO3-N/L) and
[13C] substrates (100 mg of 13C/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 � g, 20 h, 20-C) was used for the separa-
tion and collection of 13C-DNA from 12C-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
mL 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 mM of each primer, 200 mM of dNTP,
2.0 mM MgCl2 for the 16S rRNA gene and nirK and 1.5
mM MgCl2 for nirS, 2.5 U of rTaq DNA polymerase
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(Toyobo, Osaka, Japan) for the 16S rRNA gene and
nirS and 1.25 U of rTaq DNA polymerase for the nirK, 2
mL of 10� PCR buffer for rTaq, and sterile water added
to a final volume of 20 mL. 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 (DDBJ). 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 [13C] substrate, although a
single DNA band was detected after 2 days of incubation
with the [13C] 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 13C into the
DNA. Therefore, it was judged that the upper band
corresponded to 12C-DNA and the lower band to 13C-
DNA.

Evaluation of Bacterial Populations Based on the 16S

rRNA Gene Clone Library. 13C-DNA and 12C-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 12C-DNA and 201
clones from 13C-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 12C-DNA fraction and
the original sludge before incubation, clone libraries
from the 13C-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 13C into the DNA.
Consequently, the clone libraries from the 12C-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 12C-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 12C-DNA
and 13C-DNA libraries. These findings confirmed the
successful separation of 12C-DNA and 13C-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 13C-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 13C-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 13C-DNA fraction were assigned to 71
different OTUs (13C-A1 to 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 13C-DNA clone library are shown in phylogenetic
trees (Figs. 2, 3, 4 and 5). The 13C-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 13C-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 13C-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 13C-DNA clone
library are shown in phylogenetic trees (Figs. 2 to 5).
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Figure 1. Histograms of bacterial community
structure based on bacterial 16S rRNA gene clones
retrieved from DNA extracted from original sludge
samples (before incubation) and each 12C-DNA and
13C-DNA (incubated 3 days) in acetate and meth-
anol samples.
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The 13C-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.).

Table 1. Phylogenetic affiliations and numbers of 16S rRNA gene clones retrieved from the 12C-DNA and 13C-DNA obtained by CsCl
density gradient centrifugation

Phylogenetic group

Acetate samples Methanol samples

12C-DNA 13C-DNA 12C-DNA 13C-DNA

Alphaproteobacteria
Ancylobacter group 1
Bradyrhizobiaceae 1 1 1
Hyphomicrobiaceae 1 3 29
Type II Methanotroph 1
Methylocystaceae 1
Phyllobacteriaceae 1
Rhizobiaceae 1 2
Rhodobacteraceae 8 29 13
Rhodospirillaceae 3 1
Sphingomonadaceae 2 1
Unidentified bacteria 1 3 1

Betaproteobacteria
Burkholderiaceae 1 3 1 4
Commamonadaceae 11 50 17 2
Methylophilaceae 87
Neisseriaceae 2 7
Nitrosomonadaceae 1
Oxalobacteraceae 5
Rhodocyclaceae 11 41 10 4
Unidentified bacteria 3 4

Gammaproteobacteria
Aeromonadaceae 2
Altermonadaceae 1 1
Enterobacteraceae 1 4 2
Methylococcaceae 1
Pseudomonadaceae 2
Thiothrix group 3
Unidentified bacteria 1 3 2
Xanthomonadaceae 5 12 4

Epsilonproteobacteria
Campylobacteraceae 4 22
Unidentified bacteria 1

Deltaproteobacteria
Bdellovibrionaceae 2
Unidentified bacteria 3

CFB group 14 4 20 3
Chloroflexi 20 5 15
Firmicutes 6 2 2 2
Actinobacteria 15 8 12 1
Acidobacteria 3 1
Planctomycetes 2 1
Nitrospirae 2 4
Verrucomicrobia 2 1
Chlamydia 1
Unidentified group 1 2 1
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Nitrite Reductase Genes (nirS and nirK). For the
characterization of functional genes in acetate- and
methanol-assimilating denitrifiers, the 13C-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 13C-DNA were
assigned to 27 OTUs (S-A1 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 13C-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 13C-DNA
were assigned to 27 OTUs (K-A1 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

X66025 Blastobacter denitrificans

AB205660 13C-A15(1)

AB205649 13C-A4(2)

AB205696 13C-A51(1)
AB205673 13C-A28(1)

AB205701 13C-A56(1)
AB122032 Rhodobacter sp.

AB205706 13C-A61(1)
AY014179 Paracoccus yeeii

AB205710 13C-A65(2)

AB205680 13C-A35(1)

AB205646 13C-A1(13)

AB205681 13C-A36(2)
AB205667 13C-A22(6)

AB205705 13C-A60(1)

Y12703 Paracoccus marcusii

L07834 Geobacter metallireducens

AF007948 Rasbo bacterium

AF511498 Rhizobium sp. NK-4 

AY465887 Rhizobium etli 

D32240 Paracoccus aminovorans

Y16930 Paracoccus denitrificans

AJ294415 Paracoccus alcaliphilus

AB008115 Paracoccus sp. MBIC302

D32239 Paracoccus aminophilus

 AB079681 Rhodobacter sp. AP-10

D16425 Rhodobacter sphaeroides

AF156711 Hyphomicrobium sp.
Y14308 Hyphomicrobium denitrificans

Y14311 Hyphomicrobium facilis

Y14304 Hyphomicrobium aestuarii

Y14306 Hyphomicrobium zavarzini
U59506 Hyphomicrobium zavarzini

Y14303 Hyphomicrobium hollandicum

AF498744 Bacterium Ellin362

AB205721 13C-M5(1)

AB205737 13C-M21(18)

AB205731 13C-M15(4)

AB205727 13C-M11(5)

AB205717 13C-M1(1)

AB205729 13C-M13(2)

5%

unidentified bacteria

Hyphomicrobiaceae

Bradyrhizobiaceae

Rhizobiaceae

Rhodobacteraceae

A

B

C

D

Figure 2. Phylogenetic affiliation
of the alphaproteobacterial clones
retrieved from each 13C-DNA by
neighbor-joining analysis. The par-
tial 16S rRNA gene sequences
obtained from acetate and metha-
nol 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 paren-
theses. Geobacter metallireducens
(accession no. L07834) are used as
the outgroup. Bootstrap values
9750 (closed circles) and in the
range of 500 to 750 (open circles)
are indicated at branch points.
Scale bar = 5% nucleotide
substitution.

258 T. OSAKA ET AL.: IDENTIFICATION OF ACETATE- OR METHANOL-ASSIMILATING BACTERIA BY SIP



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 13C-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 13C-DNA clone library generated from methanol
samples. The nirS gene sequences of OTU S-M5 (1 clone)

5%

AY345493 unidentified bacterium

AF351577 uncultured Betaproteobacterium

AY274146 Uncultured bacterium 

AF448460 uncultured Methylophilus bacterium
AJ583175 uncultured Betaproteobacterium
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U96929 Burkholderia vietnamiens
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Figure 3. Phylogenetic affiliation of the betaproteobacterial clones retrieved from each
13

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 9750 (closed circles) and in the range of 500 to 750 (open circles) are indicated at branch
points. Scale bar = 5% nucleotide substitution.
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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 13C-DNA were
assigned to four OTUs (K-M1 to K-M4). The nirK clones
from methanol samples were found in clusters III 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 13C-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 13C-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

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 12C-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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Figure 4. Phylogenetic affiliation of the gamma-,
delta-, and epsilonproteobacterial clones retrieved
from each

13

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 9750 (closed circles) and
in the range of 500 to 750 (open circles) are
indicated at branch points. Scale bar = 10%
nucleotide substitution.
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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 13C-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
13C-DNA clone library was closely related to those of the
obligate methylotroph of Methylophilaceae, most of
which assimilated [14C]methanol in the MAR-FISH

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 13C-DNA clone library
generated from methanol samples. However, a number
of clones related to the family Rhodobacteraceae were

10%
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Figure 5. Phylogenetic affiliation of the remaining
bacterial clones except proteobacterial clones re-
trieved from each

13

C-DNA by neighbor-joining
analysis. The partial 16S rRNA gene sequences
obtained from acetate and methanol samples are
labeled 13C-A and 13C-M, respectively. The num-
ber of clones assigned to each sequenced OTU with
more than 99% identity is shown in parentheses.
Haloarcula vallismortis (accession no. D80851) are
used as the outgroup. Bootstrap values 9750 (closed
circles) and in the range of 500 to 750 (open circles)
are indicated at branch points. Scale bar = 10%
nucleotide substitution.
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detected in the 13C-DNA clone library from acetate
samples and in the 12C-DNA clone library from both
acetate and methanol samples. Seven sequences obtained
from the 12C-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)

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

10%
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Figure 6. Neighbor-joining analy-
sis of partial nirS gene products
(261 amino acids) from the
13

C-DNA retrieved from acetate
samples (S-A) and methanol sam-
ples (S-M). The number of clones
assigned to each nirS sequence with
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branch points. Scale bar = 10%
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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

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 13C-DNA isolated from methanol
samples was related to the genus Paracoccus.
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Figure 7. Neighbor-joining analy-
sis of partial nirK gene products
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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 13C-DNA retrieved from methanol samples.
However, most of the nirS and the nirK clones were not
closely related to the nir 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 nirS 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 13C-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 13C-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 13C-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 13C-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 13C-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 13C-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-

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.

References

1. Andreasen, K, Nielsen, PH (1997) Application of microautora-
diography to the study of substrate uptake by filamentous
microorganisms in activated sludge. Appl Environ Microbiol 63:
3662–3668

2. Braker, G, Ayala-del Rio, HL, Devol, AH, Fesefeldt, A, Tiedje, JM
(2001) Community structure of denitrifiers, bacteria, and archaea
along redox gradients in Pacific Northwest marine sediments by
terminal restriction fragment length polymorphism analysis of
amplified nitrite reductase (nirS) and 16S rRNA genes. Appl
Environ Microbiol 67: 1893–1901

3. Braker, G, Fesefeldt, A, Witzel, KP (1998) Development of PCR
primer systems for amplification of nitrite reductase genes (nirK
and nirS) to detect denitrifying bacteria in environmental samples.
Appl Environ Microbiol 64: 3769–3775

4. Braker, G, Tiedje, JM (2003) Nitric oxide reductase (norB) genes
from pure cultures and environmental samples. Appl Environ
Microbiol 69: 3476–3483

5. Cheneby, D, Hallet, S, Mondon, M, Martin-Laurent, F, Germon,
JC, Philippot, L (2003) Genetic characterization of the nitrate
reducing community based on narG nucleotide sequence analysis.
Microb Ecol 46: 113–121

6. Claus, G, Kutzner, HJ (1985) Denitrification of nitrate and nitric
acid with methanol as carbon source. Appl Microbiol Biotechnol
22: 378–381

7. Coates, JD, Chakraborty, R, Lack, JG, O’Connor, SM, Cole, KA,
Bender, KS, Achenbach, LA (2001) Anaerobic benzene oxidation
coupled to nitrate reduction in pure culture by two strains of
Dechloromonas. Nature 411: 1039–1043

8. Flanagan, DA, Gregory, LG, Carter, JP, Karakas-Sen, A, Richardson,
DJ, Spiro, S (1999) Detection of genes for periplasmic nitrate
reductase in nitrate respiring bacteria and in community DNA.
FEMS Microbiol Lett 177: 263–270

9. Gregory, LG, Karakas-Sen, A, Richardson, DJ, Spiro, S (2000)
Detection of genes for membrane-bound nitrate reductase in
nitrate respiring bacteria and in community DNA. FEMS Micro-
biol Lett 183: 275–279

10. Hallin, S, Lindgren, PE (1999) PCR detection of genes encoding
nitrite reductase in denitrifying bacteria. Appl Environ Microbiol
65: 1652–1657

11. Holm, NC, Gliesche, CG, Hirasch, P (1996) Diversity and
structure of Hyphomicrobium populations in a sewage treatment
plant and its adjacent receiving lake. Appl Environ Microbiol 62:
522–528

12. Ito, T, Nielsen, JL, Okabe, S, Watanabe, Y, Nielsen, PH (2002)
Phylogenetic identification and substrate uptake patterns of sulfate
reducing bacteria inhabiting an oxic–anoxic sewer biofilm deter-
mined by combining microautoradiography and fluorescence in
situ hybridization. Appl Environ Microbiol 68: 356–364

13. Kelly, DP, Rainey, FA, Wood, AP (2001) The genus Paracoccus. In:
Prokaryotes, An Evolving Electronic Resource for the Microbio-
logical Community, Release 3.7, 3rd edn. Springer-Verlag, New
York. http://link.springer-ny.com/link/service/books/10125/. 2
Nov.

14. Labbe, N, Juteau, P, Parent, S, Villemur, R (2003) Bacterial
diversity in a marine methanol-fed denitrification reactor at the
Montreal biodome, Canada. Microb Ecol 46: 12–21

15. Lee, N, Nielsen, PH, Andreasen, KH, Juretschko, S, Nielsen, JL,
Schleifer, KH, Wagner, M (1999) Combination of fluorescence in
situ hybridization and microautoradiography—a new tool for

T. OSAKA ET AL.: IDENTIFICATION OF ACETATE- OR METHANOL-ASSIMILATING BACTERIA BY SIP 265

http://link.springer-ny.com/link/service/books/10125/


structure–function analyses in microbial ecology. Appl Environ
Microbiol 65: 1289–1297

16. Lemmer, H, Zaglaure, A, Metzner, G (1997) Denitrification in a
methanol-fed fixed-bed reactor. Part 1: Physico-chemical and
biological characterization. Water Res 31: 1897–1902

17. Lemmer, H, Zaglaure, A, Neef, A, Meier, H, Amann, R (1997)
Denitrification in a methanol-fed fixed-bed reactor. Part 2:
Composition and ecology of the bacterial community in the
biofilm. Water Res 31: 1903–1908

18. Liu, X, Tiquia, SM, Holguin, G, Wu, L, Nold, SC, Devol, AH, Luo,
K, Palumbo, AV, Tiedje, JM, Zhou, J (2003) Molecular diversity of
denitrifying genes in continental margin sediments within the
oxygen-deficient zone off the Pacific coast of Mexico. Appl
Environ Microbiol 69: 3549–3560

19. Lueders, T, Friedrich, M (2003) Evaluation of PCR amplification
bias by terminal restriction fragment length polymorphism
analysis of small-subunit rRNA and mcrA genes by using defined
template mixtures of methanogenic pure cultures and soil DNA
extracts. Appl Environ Microbiol 69: 320–326

20. Maneesha, PG, Hugenholtz, P, Daimes, H, Wagner, M, Keller, J,
Blackall, LL (2004) Use of stable-isotope probing, full-cycle rRNA
analysis, and fluorescence in situ hybridization–microautoradiog-
raphy to study a methanol-fed denitrifying microbial community.
Appl Environ Microbiol 70: 588–596

21. Manefield, M, Whiteley, AS, Griffiths, RI, Bailey, MJ (2002) RNA
stable isotope probing, a novel means of linking microbial
community function to phylogeny. Appl Environ Microbiol 68:
5367–5373

22. Nielsen, JP, Nielsen, PH (2002) Quantification of functional
groups in activated sludge by microautoradiography. Water Sci
Technol 46: 389–395

23. Morris, SA, Radajewski, S, Willison, TW, Murrel, JC (2002)
Identification of the functionally active methanotroph population
in a peat soil microcosm by stable isotope probing. Appl Environ
Microbiol 68: 1446–1453

24. Muyzer, G, Brinkhoff, T, Nubel, U, Santegoeds, C, Schafer, H,
Wawer, C. Denaturing gradient gel electrophoresis (DGGE) in
microbial ecology. In: Akkermans, ADL, v. Elsas, JD, de Bruijin, FJ
(Eds.) Molecular Microbial Ecology Manual, Kluwer Academic
Publishers, Dordrecht, the Netherlands, 3.4.4., pp 1–27

25. Neef, A, Zaglaure, A, Meier, H, Amann, R, Lemmer, H, Schleifer,
KH (1996) Population analysis in a denitrifying sand filter:
conventional and in situ identification of Paracoccus spp. in
methanol-fed biofilms. Appl Environ Microbiol 62: 4329–4339

26. Nogales, B, Timmis, KN, Nedwell, DB, Osborn, AM (2002)
Detection and diversity of expressed denitrification genes in
estuarine sediments after reverse transcription–PCR amplification
from mRNA. Appl Environ Microbiol 68: 5017–5025

27. Nyberg, U, Aspegren, H, Andersson, B, Jansen, J, Cour, L,
Villadsen, IS (1992) Full-scale application of nitrogen removal
with methanol as carbon source. Water Sci Technol 26(5–6): 1077

28. Padmanabhan, P, Padmanabhan, S, Derito, C, Gray, A, Gannon,
D, Snape, JR, Tsai, CS, Park, W, Jeon, C, Madsen, EL (2003)
Respiration of 13C-labeled substrates added to soil in the field and
subsequent 16S rRNA gene analysis of 13C-labeled soil DNA. Appl
Environ Microbiol 69: 1614–1622

29. Page, RDM (1996) TreeView: an application to display phylogenetic
trees on personal computers. Comput Appl Biosci 12: 357–358

30. Poindexter, JS (1992) Dimorphic prosthecate bacteria: the genera
Caulobacter, Asticcacaulis, Hyphomicrobium, Pedomicrobium,
Hyphomonas, and Thiodendron. In: Balows, A, Truper, HG,
Dworkin, M, Harder, W, Schleifer, K-H (Eds.) The Prokaryotes:
A Handbook on the Biology of Bacteria: Ecophysiology, Isolation,
Identification, Application, 2nd edn. Springer-Verlag, New York,
pp 2176–2196

31. Prieme, A, Braker, G, Tiedje, JM (2002) Diversity of nitrite
reductase (nirK and nirS) gene fragments in forested upland and
wetland soils. Appl Environ Microbiol 68: 1893–1900

32. Radajewski, S, Ienson, P, Parekh, NR, Murrell, JC (2000) Stable-
isotope probing as a tool in microbial ecology. Nature 403: 646–649

33. Radajewski, S, Webster, G, Reay, DS, Morris, SA, Ineson, P,
Nedwell, DB, Prosser, JI, Murrel, JC (2002) Identification of active
methylotroph populations in an acidic forest soil by stable isotope
probing. Microbiology 148: 2331–2342

34. Saitou, N, Nei, M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol 4:
406–425

35. Scala, D, Kerkhof, LJ (1998) Nitrous oxide reductase (nosZ) gene-
specific PCR primers for detection of denitrifiers and three nosZ
genes from marine sediments. FEMS Microbiol Lett 162: 61–68

36. Scala D, Kerkhof, LJ (1999) Diversity of nitrous oxide reductase
(nosZ) genes in continental shelf sediments. Appl Environ Micro-
biol 65:1681–1687

37. Snaidr, J, Amann, R, Huber, I, Ludwig, W, Schleifer, KH (1997)
Phylogenetic analysis and in situ identification of bacteria in
activated sludge. Appl Environ Microbiol 63: 2884–2896

38. Song, B, Ward, BB (2003) Nitrite reductase genes in halobenzoate
degradation denitrifier. FEMS Microbiol Ecol 43: 349–357

39. Teske, A, Sigalevich, P, Cohen, Y, Muyzer, G (1996) Molecular
identification of bacteria from a coculture by denaturing gradient
gel electrophoresis of 16S ribosomal DNA fragments as a tool for
isolation in pure cultures. Appl Environ Microbiol 62: 4210–4215

40. Thompson, JD, Higgins, DG, Gibson, TJ (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequencing weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res 22: 4673–
4680

41. Trotsenko, YA, Doronina, NV, Hirsch, P (1989) Genus Blasto-
bacter Zavarzin 1961, 962AL. In: Staley, JT, Bryant, MP, Pfennig, N,
Holt, JG (Eds.) Bergey’s Manual of Systematic Bacteriology, Vol 3.
Williams & Wilkins Co., Baltimore, pp 1963–1968

42. Voordouw, G, Armstrong, SM, Reimer, MF, Fouts, B, Telang, AJ,
Shen, Y, Gevertz, D (1996) Characterization of 16S rRNA genes
from oil field microbial communities indicates the presence of a
variety of sulfate-reducing, fermentative, and sulfide-oxidizing
bacteria. Appl Environ Microbiol 62: 1623–1629

43. Wagner, M, Loy, A (2002) Bacterial community composition and
function in sewage treatment systems. Curr Opin Biotechnol 13:
218–227

44. Whitby, CB, Hall, G, Pickup, R, Saunders, JR, Ineson, P, Parekh,
NR, McCarthy, A (2001) 13C incorporation into DNA as a means
of identifying the active components of ammonia-oxidizer pop-
ulations. Lett Appl Microbiol 32: 398–401

45. Willems, A, Vos, P (2001) The genus Comamonas. In: Prokaryotes,
An Evolving Electronic Resource for the Microbiological Commu-
nity, 3rd edn., release 3.7, Springer-Verlag, New York. http://
link.springer-ny.com/link/service/books/10125/. Cited 2 Nov 2001

46. Wirsen, CO, Sievert, SM, Cavanaugh, CM, Molyneaux, SJ, Ahmad,
A, Taylor, LT, DeLong, EF, Taylor, CD (2002) Characterization of
an autotrophic sulfide-oxidizing marine Arcobacter sp. that
produces filamentous sulfur. Appl Environ Microbiol 68: 316–325

47. Yoshie, S, Noda, N, Tsuneda, S, Hirata, A, Inamori, Y (2004)
Salinity decreases nitrite reductase gene diversity in denitrifying
bacteria of wastewater treatment systems. Appl Environ Microbiol
70: 3152–3157

48. Zhao JS, Ward, OP (1999) Microbial degradation of nitrobenzene
and mono-nitrophenol by bacteria enriched from municipal
activated sludge. Can J Microbiol 45: 427–432

49. Zumft, WG (1997) Cell biology and molecular basis of denitrifi-
cation. Microbiol Mol Biol Rev 61: 533–616

266 T. OSAKA ET AL.: IDENTIFICATION OF ACETATE- OR METHANOL-ASSIMILATING BACTERIA BY SIP

http://link.springer-ny.com/link/service/books/10125/
http://link.springer-ny.com/link/service/books/10125/

	Identification of Acetate- or Methanol-Assimilating Bacteria �under Nitrate-Reducing Conditions by Stable-Isotope Probing
	Abstract
	Introduction
	Methods
	Incubation with [13C] Substrates under Nitrate-Reducing Conditions
	DNA Extraction and Ultracentrifugation
	PCR Characterization
	Cloning, Sequencing, Rarefaction Analysis, and Phylogenetic Analysis
	Nucleotide Sequence Accession Numbers

	Results
	SIP of Denitrifying Consortia
	Evaluation of Bacterial Populations Based on the 16S rRNA Gene Clone Library
	Phylogenetic Analysis of Acetate-Assimilating Bacteria in Denitrifying Consortium
	Phylogenetic Analysis of Methanol-Assimilating Bacteria in Denitrifying Consortium
	Nitrite Reductase Genes (nirS and nirK)
	(a) Nitrite Reductase Genes (nirS and nirK) in Acetate-Assimilating Populations
	(b) Nitrite Reductase Genes (nirS and nirK) in Methanol-Assimilating Populations
	Rarefaction Analysis

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


