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Summary

Bacterial community structures and their activities in
the ocean are tightly coupled with organic matter
fluxes and thus control ocean biogeochemical cycles.
Bromodeoxyuridine (BrdU), halogenated nucleoside
and thymidine analogue, has been recently used to
monitor actively growing bacteria (AGB) in natural
environments. We labelled DNA of proliferating cells
in seawater bacterial assemblages with BrdU and
determined community structures of the bacteria that
were possible key species in mediating biochemical
reactions in the ocean. Surface seawater samples
were collected along a north-south transect in the
North Pacific in October 2003 and subjected to
BrdU magnetic beads immunocapture and PCR-
DGGE (BUMP-DGGE) analysis. Change of BrdU-
incorporated community structures reflected the
change of water masses along a north-south transect
from subarctic to subtropical gyres in the North
Pacific. We identified 25 bands referred to AGB
as BrdU-incorporated phylotypes, belonging to
Alphaproteobacteria (5 bands), Betaproteobacteria (1
band), Gammaproteobacteria (4 bands), Cytophaga-
Flavobacterium-Bacteroides (CFB) group bacteria
(5 bands), Gram-positive bacteria (6 bands), and
Cyanobacteria (4 bands). BrdU-incorporated phylo-
types belonging to Vibrionales, Alteromonadales and
Gram-positive bacteria appeared only at sampling
stations in a subtropical gyre, while those belonging
to Roseobacter-related bacteria and CFB group bac-

teria appeared at the stations in both subarctic and
subtropical gyres. Our result revealed phylogenetic
affiliation of AGB and their dynamic change along
with north-south environmental gradients in open
oceans. Different species of AGB utilize different
amount and kinds of substrates, which can affect the
change of organic matter fluxes along transect.

Introduction

A significant ecological role of bacteria in marine environ-
ment is now recognized as an important component in the
processes of biological production and biogeochemical
cycles (Azam, 1998). In the last few decades, bacterial
production has been measured by thymidine and/or
leucine methods in various marine environments
(Fuhrman and Azam, 1980; Kirchman et al., 1985; Cole
et al., 1998) and their community composition and dis-
tribution have been revealed in detail by culture-
independent molecular techniques (DeLong and Karl,
2005; Giovannoni and Stingl, 2005). Recent advances in
ecological genomic analysis have been providing power-
ful tools to access functional genes of as-yet-to-be-
cultured microorganisms (Tyson et al., 2004; Venter et al.,
2004; DeLong, 2005; Rusch et al., 2007). Thus, it has
been required to reveal the link between diversity and
functions of natural bacterial assemblages in order to
understand their roles in biogeochemical cycles.

Several studies have addressed the relationships
between diversity and functions of bacterial communities.
A combination of microautoradiography and fluorescence
in situ hybridization (Micro-FISH) enabled to measure
bacterial substrate uptake, specifically identifying phylo-
types of every single-cells under the microscope, which
revealed spatio-temporal variability of organic matter
utilization of major subgroups of marine bacteria
(Cottrell and Kirchman, 2000; 2003; Elifantz et al., 2005).
Micro-FISH analysis has revealed that Proteobacteria
and Cytophaga-Flavobacterium-Bacteroides (CFB) group
bacteria are not only abundant but they also account for
most of the heterotrophic bacterial production and con-
sumption of various substances in marine environment.
Schafer et al. (2001) identified metabolically active
bacterial populations in nutrient-enriched seawaters, by
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using denaturing gradient gel electrophoresis (DGGE) of
reverse transcriptase polymerase chain reaction (PCR)
products derived from 16S rRNA. They found that
Ruegeria-like bacteria and members of CFB were impor-
tant contributors to bacterial production and activity in the
post-grazing phase of nutrient-enriched experiment.

Bacterial community structure in the open ocean was
first reported in the Atlantic and Pacific Oceans (Giovan-
noni et al., 1990; Schmidt et al., 1991). Following these
studies, bacterial diversity in the open ocean has been
revealed by many studies, and based on phylogenetic
analysis of 16S rRNA genes, several major subgroups of
bacteria (i.e. SAR86, SAR116 and SAR11, Roseobacter
clusters and CFB group) have been identified in oceanic
environments (Giovannoni and Rappe, 2000). Micro-FISH
studies showed specific activity of some major subgroups
of bacteria in assimilating organic matters (Cottrell and
Kirchman, 2000). However, 16S rRNA gene cloning and
sequencing studies indicated that each phylogenetic
subgroup comprised diverse phylotypes of bacteria
presumably having diverse activity. Hence, more detailed
phylogenetic identification of actively metabolizing bacte-
ria should give more insights into mechanistic base of
spatio-temporal variability of bacterial community struc-
ture in open oceans than ever.

We used bromodeoxyuridine (BrdU), halogenated
nucleoside that can serve as a thymidine analogue, to
determine bacteria with detectable DNA de novo synthe-
sis and thus possibly actively growing bacteria (AGB) in
oceanic surface environments. BrdU incorporation and its
antibody detection has been recently used for monitoring
DNA-synthesizing (presumably actively growing) bacteria
in various natural environments such as soils (Yin et al.,
2000), rhizospheres (Artursson and Jansson, 2003;
Artursson et al., 2005), sewage (Walters and Field, 2006),
lake waters and seawaters (Steward and Azam, 1999;
Pernthaler et al., 2002; Hamasaki et al., 2004; 2007;
Nelson and Carlson, 2005; Pernthaler and Pernthaler,
2005; Warnecke et al., 2005; Hamasaki, 2006). Anti-BrdU
antibodies conjugated with magnetic beads have been
used for separating BrdU-labelled DNA from total DNA

(Borneman, 1999; Urbach et al., 1999). This immunocap-
ture technique combined with 16S rRNA gene fingerprint-
ing and sequencing were used to identify some of AGB in
eutrophic and mesotrophic coastal waters (Hamasaki
et al., 2007). In our previous study, some of Roseobacter-
like bacteria, Gammaproteobacteria and CFB-like bacte-
ria were determined as AGB in coastal waters. Bacterial
community structure and their growth may change along
environmental gradients such as salinity, temperature and
nutrient levels.

Here we report community structure analyses and iden-
tification of AGB in the western North Pacific to address
the question which species contribute bacterial production
in open ocean environments and whether they change
along a north-south environmental gradient. The purpose
of this study is to determine AGB community structure and
its spatial variability in oceanic environments.

Results

Environmental characteristics

Water temperature and salinity in our studied area
increased from north to south, ranging from 9.8°C to
28.1°C and from 32.7 PSU to 35.1 PSU respectively
(Table 1). These data showed that four northern stations
(from ST01 to ST04) were located in the North Pacific
Subarctic Gyre, two southern stations (ST06 and ST07)
were located in the North Pacific Subtropical Gyre and
ST05 was in a transitional area. Concentrations of dis-
solved oxygen (DO) and inorganic nutrients (SiO2, NO2 and
NO3 and NH4) at the northern stations were higher than at
the southern stations. Dissolved oxygen concentrations
varied from 209.0 to 296.1 mM with the maximum values at
48°N (ST03). Nutrient concentrations ranged from < 0.1 to
27.5 mM for SiO2, < 0.1 to 17.3 mM for NO2 plus NO3 with
the maximum value at 48°N (ST03), and from < 0.05 to
0.60 mM for NH4 with the maximum values at 44°N (ST01).
Bacterial abundance and chlorophyll a (chla) concentra-
tion ranged from 4.0 ¥ 105 to 5.9 ¥ 105 cells ml-1 and from
0.07 to 1.31 mg l-1 respectively.

Table 1. Environmental characteristics of sampling stations in the western North Pacific.

Station Latitude Longitude
WT
(°C)

Sal
(PSU)

DO
(mM)

NO2 + NO3

(mM)
NH4

(mM)
SiO2

(mM)
Chla
(mg l-1)

BA
(x105 cells ml-1)

ST01 44°00N 155°00E 11.8 32.96 281.2 5.4 0.60 11.3 0.73 4.0
ST02 47°00N 160°00E 10.4 32.71 295.5 9.4 0.52 17.7 0.76 4.7
ST03 48°30N 165°00E 9.8 32.94 296.1 17.3 0.39 27.5 0.52 4.8
ST04 45°00N 165°00E 10.2 32.99 290.0 9.3 0.12 17.8 1.31 4.9
ST05 40°00N 165°00E 17.2 33.74 251.1 0.36 0.10 5.1 0.47 5.9
ST06 35°00N 165°00E 25.8 34.47 212.0 < 0.1a < 0.05a 1.4 0.25 4.8
ST07 28°00N 165°00E 28.1 35.02 209.0 < 0.1a 0.09 < 0.1a 0.07 5.4

a. Lower than each detection limit.
WT, water temperature; Sal, Salinity; DO, dissolved oxygen; BA, bacterial abundance.
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Community structures of total and
BrdU-incorporated bacteria

We optimized the procedure of BUMP-DGGE analysis, in
which specific immunoseparation of BrdU-labelled DNA
from total DNA was confirmed. The optimized procedure
gave no PCR amplification products, when seawater
samples without BrdU labelling were subjected to BrdU
immunocapture in the same conditions as BrdU-labelled
samples (data not shown).

The DGGE profiles of PCR-amplified 16S rRNA genes
from total DNA clearly represented change of bacterial
community structures along a north-south transect. A
similar trend was also observed in the profiles from BrdU-
incorporated DNA (Fig. 1). The cluster analysis of DGGE
profiles (Fig. 2) distinguished bacterial community struc-
tures of northern and transitional stations (ST01–05) from
those of southern stations (ST06 and ST07). Also, differ-
ent clusters were formed between total and BrdU-
incorporated community structures within either northern
or southern stations. The DGGE profiles of total commu-
nity changed little (less than 10%) after 10 h incubation
(see T0 and T10 in Fig. 2).

The DGGE profiles of BrdU-incorporated community
showed slight difference between the profiles of 5 h incu-
bation (T5b in Fig. 1) and that of 10 h incubation (T10b in
Fig. 1). Some DGGE bands appeared in either community
in T5b or T10b. The DGGE bands 12 and 13 were only
appeared in T5b but not in T10b, while the band 27 only
appeared at ST06 in T10b but not in T5b. Also, the band
8 was found at ST06 in T5b but disappeared in T10b.

Sequencing and phylogenetic analysis

We sequenced partial 16S rRNA genes of 32 bands
excised from both total and BrdU-incorporated communi-
ties (Fig. 1). The migration position of DGGE bands were
compared among all sampling stations and the presence
and absence of these 32 phylotypes at each sampling
station was determined (Table 2). Twenty-five out of 32
bands were referred to as BrdU-incorporated phylotypes,
including five alphaproteobacteria, one betaproteobacte-
rium, four gammaproteobacteria, five CFB group bacteria,
six Gram-positive bacteria and four cyanobacteria.
Four out of five alphaproteobacteria belonged to
Rhodobacterales. One betaproteobacterium belonged to
Burkholderiales. Although the closest match of relative of
this betaproteobacterium was an uncultured ‘Pseudomo-
nas sp.’ clone in the database, this should be miss iden-
tification of the registered clone, and it phylogenetically
belonged to Betaproteobacteria (Fig. 3). One out of four
gammaproteobacteria belonged to Vibrionales and others
belonged to Alteromonadales. As for Gram-positive bac-
teria, four were high-GC group (three actinobacteria and
one unidentified bacterium) and two were low-GC group
(Lactobacillales bacteria). Also, we found that two phylo-
types closely related to Prochlorococcus and other two
phylotypes closely related to Synechococcus. There were
five phylotypes (KH03–30B and KH03–7B of alphaproteo-
bacteria, KH03–11B of betaproteobacteria, KH03–42B
and KH03–24B of CFB group bacteria) widely distributed
from north to south as BrdU-incorporated bacteria. Most
of gammaproteobacteria, all Gram-positive bacteria, two
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Fig. 1. DGGE images of 16S rRNA genes amplified from total and BrdU-incorporated communities in the western North Pacific in October
2003. (A) Total communities before (T0) and after 10 h incubation (T10) and (B) BrdU-incorporated communities after 5 h (T5b) and 10 h
incubation (T10b). The lanes of both ends of each image are used for markers to refer band positions for gel-to-gel comparison. Each excised
and sequenced band is marked and numbered.
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alphaproteobacteria and Prochlorococcus were found
only at southern and transitional stations. In contrast, five
phylotypes (KH03–9B of alphaproteobacteria, KH03–
13B, KH03–32B and KH03–38B of CFB group bacteria
and KH03-77 of Synechococcus) were found only at
northern and transitional stations.

Discussion

In our previous study, the BUMP-DGGE analysis revealed
phylogenetic affiliations of AGB in coastal waters. This
approach allows workers to determine phylotypes contrib-
uting to bacterial production at a given time and locale.
Furthermore, it is also possible to test growth performance
of specific bacteria bearing genes important in bio-
geochemical cycles when the functional genes instead of
16S rRNA gene are amplified after BrdU-labelling and
immunocapturing. For example, the protocol should help
to address a question whether light-dependent growth
of aerobic phototrophic bacteria and proteorhodopsin-
containing bacteria contribute to pelagic bacterial produc-
tion (Schwalbach et al., 2005; Sieracki et al., 2006). In this
study, the same method was successfully applied to open
ocean waters where bacterial growth rate was lower and
thus BrdU incorporation was less than coastal waters. As
ambient substrate availability for growth of bacteria should

be much lower in the oceanic waters than the coastal ones,
we added much lower concentration of BrdU for labelling to
oceanic waters (20 nM) than the coastal ones (1 mM).
Hence, our methodology was sensitive enough to detect
BrdU-incorporated bacteria in nutrient-poor oligotrophic
environments such as the North Pacific Subtropical Gyre,
although longer labelling time (> 5 h) was required for it
than nutrient-rich coastal waters.

To our knowledge, this is the first report on identifying
detailed phylotypes of AGB inhabiting oligotrophic
open ocean environments. Micro-FISH studies using
3H-thymidine and 3H-leucine showed active growth of
SAR11 bacteria in the North Atlantic Ocean (Malmstrom
et al., 2004). Also, BrdU immunofluorescence method in
combination with 16S rRNA FISH showed that some phy-
logenetic groups of bacteria such as Roseobacter clade,
Alteromonas clade and SAR86 group are actively growing
in the North Sea (Pernthaler et al., 2002). BUMP-DGGE
analysis gave more detailed affiliation of AGB. Although
several studies using RT-PCR-DGGE have revealed
detailed phylotypes of metabolically active bacteria
(Moesender et al., 2001; Schafer et al., 2001; Troussellier
et al., 2002), it has never been performed in open ocean
environments.

Distinct bacterial community structures between the
northern and the southern stations in both total and BrdU-

Fig. 2. Relationships of community structures
between total and BrdU-incorporated bacteria
and among stations along a north-south
transect in the western North Pacific. The tree
was constructed by using the between-group
average linkage method for clustering with the
software SPSS Base 11.5 J (SPSS, Chicago,
IL).
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incorporated communities reflected the changes of asso-
ciated water masses from subarctic to subtropical gyres.
Environmental characteristics (Table 1) such as water
temperature, salinity and inorganic nutrients clearly indi-
cated the change of water masses. Also, surface seawa-
ter (10 m depth) DOC concentrations were 60.0–62.2 mM
at ST01–04 (subarctic), 63.9 mM at ST05 (transitional),
and 70.9 and 70.8 mM at ST06 and 07 (subtropical)
respectively (H. Ogawa, pers. comm.). Dissolved organic
matter in the highly productive subarctic area reportedly
showed lower carbon concentrations but contained higher
labile fractions than those in the oligotrophic subtropical
area (Ogawa and Tanoue, 2003). Although it is too early to
generalize such distinct patterns of bacterial community
structure, change of BrdU-incorporated community struc-
ture from one to another gyre could lead to the change of
organic matter fluxes owing to variable characteristics of
nutrient acquisition by different phylotypes of bacteria.
Bacterial productivity measured in the same sampling

sites was different between the two gyres (Hamasaki,
2006).

BUMP-DGGE can be a powerful method to address
questions in structuring mechanism of bacterial commu-
nity (e.g. bottom-up versus top-down, growth versus
mortality). Cluster analysis of DGGE profiles revealed that
total community structures were distinguished from BrdU-
incorporated community structures (Fig. 2), suggesting
total community was not only structured by the growth of
bacteria but also structured by other factors such as
grazing and viral lysis in our studied samples. Another
possibility is that differences between total and BrdU-
incorporated communities may be due to differential
growth of various phylotypes of bacteria on fine temporal
scales such as daily or half-daily scales. The DGGE
bands in total communities reflect major bacteria with high
abundance, whereas those in BrdU-incorporated commu-
nities reflect bacteria with high growth rate. Bacteria with
high growth rates but low abundance due to high mortality

Table 2. The phylogenetic group of 16S rRNA gene sequencing of excised DGGE bands and the presence and absence at each samples.

DGGE band Band name Accession number Phylogenetic groupa ST01 ST02 ST03 ST04 ST05 ST06 ST07

Alphaproteobacteria
18 KH03–30B AB307981 uncultured B B B B B T/B T/B
7 KH03–9B AB307970 Rodobacterales T/B T/B T/B T/B T/B – –
9 KH03–7B AB307969 Rodobacterales T/B T/B T/B T/B T/B T/B T/B
20 KH03–34B AB307984 Rodobacterales – – – – B B T/B
29 KH03–57B AB307994 Rodobacterales T T – T T T/B T/B

Betaproteobacteria
8 KH03–11B AB307971 Burkholderiales T/B T/B T/B T/B T/B B B

Gammaproteobacteria
5 KH03-40 AB307996 Alteromonadales T – – – – – –
19 KH03–33B AB307983 Alteromonadales – – – – T/B T/B T/B
31 KH03–51B AB307991 Alteromonadales – – – – – – B
32 KH03–52B AB307992 Alteromonadales – – – – – B B
16 KH03–22B AB307978 Vibrionales – – – – – B B

CFB group
11 KH03–13B AB307972 Flavobacteriales T/B T/B T/B T/B T – –
23 KH03–24B AB307980 Flavobacteriales T/B – – T/B T/B B B
24 KH03–32B AB307982 Flavobacteriales T/B T/B T/B T/B – T T
25 KH03–38B AB307987 Flavobacteriales T/B T/B T/B T/B – – –
26 KH03–42B AB307988 uncultured T/B T/B B B T/B B –

Gram-positive bacteria
12 KH03–17B AB307975 Lactobacillales – – – – B B B
13 KH03–18B AB307976 Lactobacillales – – – – B T/B T/B
30 KH03–47B AB307990 Actinobacteria – – – – – T/B B
17 KH03–23B AB307979 Actinobacteria – – – – – B –
27 KH03–46B AB307989 Actinobacteria – – – – – B –
28 KH03–56B AB307993 uncultured – – – – – – B

Cyanobacteria and chlroplasts
1, 10 KH03–77, 15B AB307999, AB307973 Chroococcales T T T/B T/B T – –
2, 14 KH03–78, 21B AB308000, AB307977 Chroococcales – – – – T/B – –
3, 21 KH03–71, 37B AB307997, AB307986 Prochlorales – – – – – T/B T/B
4, 22 KH03–73, 35B AB307998, AB307985 Prochlorales – – – – – T/B T/B
15 KH03–16B AB307974 Plastid – – – – B T/B T/B
6 KH03–36 AB307995 Plastid T T T T T T –

a. Class or Order of the closest isolates. The band matched to no isolates with > 95% similarity represented as ‘uncultured’ for convenience.
T, presence of DGGE band in total communities (T0 and T10); B, in BrdU-incorporated comminities (T5b and T10b); T/B, in both communities;
–, DGGE band was not detectable.
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rates or temporally limited growth may not be detected in
the total communities but in the BrdU-incorporated
communities. We found such phylotypes mostly in sub-
tropical stations. High water temperature might support
instantaneous rapid growth but the final yield of their
biomass might be limited by low substrate availability in
subtropical oligotrophic open oceans. For example,
phylotypes closely related to Alteromonas and Vibrio
(KH03–51B, 52B and 22B) were only detected in BrdU-
incorporated communities at ST06 and 07. Most of the
phylotypes identified as Gram-positive bacteria detected
at ST05–07 were only found in BrdU-incorporated
communities. Also, no betaproteobacteria were detected
in the total communities at ST06 and ST07, although one
phylotype was found at all stations in BrdU-incorporated
communities. Some rapidly growing bacteria might be
subjected to intense grazing by protists or viral lysis and
thus prevented from becoming abundant enough to be
detected in PCR-DGGE.

We found that bacteria in Roseobacter clade appeared
as AGB in both subarctic and subtropical stations. Espe-
cially, their presence in the subtropical stations suggested
their active growth in oligotrophic open oceans. Roseo-
bacter clade includes aerobic anoxygenic photosynthetic
bacteria (AAPB). This group of bacteria reportedly
accounted for up to about 10% of marine prokaryotes
(Sieracki et al., 2006) and had more advantages than
other bacteria in oligotrophic environments because of
their potential for photosynthetic energy acquisition
(Kolber et al., 2000; Karl, 2002). As we have no data
whether Roseobacter-related bacteria found in this study
are AAPB or not, more research should be required to
reveal the contribution of AAPB to bacterial carbon pro-
duction in oligotrophic open oceans.

Occurrence of Betaproteobacteria and Gram-positive
bacteria was unexpected in this study because they were
mostly reported as abundant group in wastewater, soil or
subsurface of deep sediments (Hugenholtz et al., 1998).
Most DGGE bands related to Gram-positive bacteria were
not found in total communities but in BrdU-incorporated
communities, suggesting that they are actively growing
but relatively minor in abundance. Bouvier and del Giorgio
(2007) reportedly showed that Betaproteobacteria and
Gram-positive bacteria (Actinobacteria) had a potential to
rapidly grow in an open ocean pelagic environment but
were minor in the assemblages due to high viral mortality.
Betaproteobacterium detected in this study (KH03–11B)
were closely related (99.5% similarity) to an isolated strain
of ‘Pseudomonas saccharophila’, recently reclassified
into Pelomonas saccharophila (Xie and Yokota, 2005).
This bacterium has been reported to fix nitrogen
(Barraquio et al., 1986). Identity of nitrogen-fixing micro-
organisms and their contribution to nitrogen supply to
oligotrophic open oceans has been attracted much inter-

est (Capone et al., 1997). ‘Pelomonas saccharophila’-
like betaproteobacterium could be an as-yet-unknown
nitrogen-fixing prokaryote in open oceans.

Cyanobacteria were appeared in BrdU-incorporated
community at transitional and southern stations (Table 2).
Vaulot and colleagues (1995) reported that Prochlorococ-
cus replicated DNA in late afternoon and divided cells in
night. If their growth was synchronized by such a day-
night cycle, it would depend on the time point of sampling
(morning or afternoon) whether these bacteria appear as
‘BrdU-incorporated’ or not. However, we found no corre-
lation between the time points of sampling and BrdU
incorporation in this study. BrdU incorporation by Prochlo-
rococcus was detected from the samples collected both in
the morning (8–9 AM at the ST06) and afternoon (6–7 PM

at the ST07). The incorporation by Synechococcus was
also detected from the samples collected both in the early
morning (3–4 AM at the ST05) and afternoon (5–6 PM at
the ST03 and ST04).

We compared AGB phylotypes found in this study with
those found in our previous study (Hamasaki et al., 2007),
constructing phylogenetic trees representing all AGB ever
found by BUMP-DGGE analysis, to see whether common
or specific AGB were present between the coastal and the
oceanic waters studied in the present and the previous
works (Figs 3 and 4). The coastal waters were obtained
from nine sampling stations with an environmental gradi-
ent from eutrophic to mesotrophic waters (Hamasaki
et al., 2007). We have found that the species or strains of
AGB found in the coastal sites were basically different
from those in the oceanic sites, even though some of
them belonged to the same subgroups of bacteria.
Cyanobacteria and Gram-positive bacteria only appeared
in the oceanic sites, while bacteria belonging to
Pseudomonadales, Oceanospirillales and SAR86-cluster
only appeared in the coastal sites. Also, AGB belonging to
Roseobacter-cluster, Burkholderiales, Vibrionales, Altero-
monadales and CFB were commonly present in both
sites. However, the most phylotypes belonging to the
same subgroups of bacteria in both sites were not exactly
the same as each other if 16S rRNA gene sequences
were compared. There were more than 3% differences in
those partial 16S rRNA gene sequences (V3 variable
regions). Roseobacter-related bacteria were previously
detected as AGB in the Inland Sea of Japan and North
Sea coastal environments using BrdU methodology
(Pernthaler et al., 2002; Hamasaki et al., 2007). Also, it
has been reported that this group of bacteria are well
adapted to nutrient-rich conditions such as coastal waters
and algal blooms (Gonzalez et al., 2000; Riemann et al.,
2000; Zubkov et al., 2001; Malmstrom et al., 2004;
Moran et al., 2004; Grossart et al., 2005). Phylotypes of
Roseobacter-related AGB found in this study were differ-
ent with > 3% mismatch in partial 16S rRNA gene
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Fig. 4. A neighbour-joining tree of 16S rRNA gene sequences of actively growing bacteria from members of the CFB group bacteria,
Gram-positive bacteria and Cyanobacteria retrieved from the coastal (Inland Sea of Japan; Hamasaki et al., 2007) and the oceanic
(western North Pacific) sites. The band names of green and blue letters represent phylotypes retrieved from coastal and oceanic environments
respectively. Bootstrap values > 50% are indicated above the branches. The scale bar represents 2% estimated sequence divergence.
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sequences (V3 variable regions) from those found in the
Inland Sea of Japan coastal sites. Although the sample
coverage is not enough to conclude it, there might be
different types of Roseobacter-related bacteria adapted to
oligotrophic open oceans (Fig. 3). Further investigation
should be required to test the hypothesis.

We found that Roseobacter-related and CFB group phy-
lotypes were major AGB from subarctic to subtropical
transect in the western North Pacific. Also AGB community
structures changed along the transect, where phylotypes
of Gammaproteobacteria and Gram-positive bacteria addi-
tionally appeared in subtropical stations. Bacterial phylo-
types identified as AGB in this and previous studies are
responsible for bacterial production and thus possible key
players in marine biogeochemical carbon cycles. These
phylotypes should be targeted to monitor their dynamics
and ecological functions in future works.

Experimental procedures

Sampling and BrdU labelling

Surface seawater samples were collected with a clean bucket
at seven stations along a north-south transect in the western
North Pacific in October 2003 during the KH-03–2 cruise of
R/V Hakuho-maru (Table 1). About 35 l of surface seawater
samples was pre-filtered through a 200 mm nylon mesh to
remove mesozooplankton, and subjected to further proce-
dure within 1 h. Eleven litres of the pre-filtered samples with
BrdU (20 nM in final concentration; Sigma-Aldrich, St Louis,
MO) was incubated in dark bottles at in situ water tempera-
ture for 5 and 10 h. After incubation, bacterial cells were
collected with 0.22 mm pore size Sterivex cartridge filters
(Millipore, Billerica, MA) with a peristaltic pump. Immediately
after filtration, the Sterivex filters were stored at -20°C until
further analysis. Chla concentration was measured with
Turner-Designs fluorometer after the extraction with N,N-
dimethylformamide (Suzuki and Ishimaru, 1990; Welschm-
eyer, 1994). Bacterial abundance was enumerated by direct
counting with the use of epifluorescence microscopy
(Olympus BX-51, Olympus, Tokyo, Japan) after staining with
4′,6-diamidino-2-phenylindole (1.0 mg mlin-1 in final concen-
tration; Molecular Probes, Eugene, OR) (Porter and Feig,
1980). Nitrate + nitrite, ammonium, phosphate and silicate
were measured by continuous flow system (AACS-II,
Bran + Luebbe GmbH, Norderstedt, Germany). The concen-
tration of DO was determined by Winkler titration method.

BUMP-DGGE analysis

The analysis has been performed according to the proce-
dures previously described (Hamasaki et al., 2007). Briefly,
the Sterivex filter was subjected to xanthogenate-SDS DNA
extraction and 1 mg of the extracted DNA was used for
BrdU immunocapture. The total DNA and immunocaptured
BrdU-labelled DNA were used as templates by PCR amplifi-
cation of 16S rRNA genes using the eubacterial-specific
primer 341F-GC with a 40-bp GC clamp (57 mer;

5′-CGC CCG CCG CGC GCG GCG GGC GGG GCG
GGG GCA CGG GGG GCC TAC GGG AGG CAG CAG-3′)
and the universal primer 907R (20 mer; 5′-CCG TCA ATT
C[A/C]T TTG AGT TT-3′) (Schafer and Muyzer, 2001). For
DGGE, the PCR products (about 250 ng) were loaded onto
8% polyacrylamide gels in 0.5¥ TAE with a denaturing gradi-
ent from 20% to 70% from the top to the bottom. Electro-
phoresis was performed as 85 V for 16 h at 60°C in a hot-
bath DGGE unit (CBS Scientific, San Diego, CA). The
Jaccard coefficient was calculated for cluster analysis of
DGGE profiles, and the distance matrix was analysed by
using the between-group average linkage method for
clustering with the software SPSS Base 11.5 J (SPSS,
Chicago, IL).

Sequencing and phylogenetic analysis

Excised DGGE bands were sequenced directly from PCR
products which were re-amplified with the primer set used
above. Prior to sequencing, the PCR products were analysed
by DGGE to confirm the band positions relative to the original
sample. Bidirectional sequencing was performed with an
automatic sequencer 3730xl (Applied Biosystems, Foster
City, CA) after sequencing reaction with a BigDye terminator
sequencing kit (Applied Biosystems, Foster City, CA) using
341F and 907R primers. Sequences were aligned to known
sequences in the DNA Data Bank of Japan (DDBJ) database
using BLAST (Altschul et al., 1997). Phylogenetic relationships
were inferred from multiple alignments using CLUSTAL W
(Thompson et al., 1994) and draw the phylogenetic tree by
neighbour-joining method with MEGA 3.1 software (Kumar
et al., 2004). All sequences were checked by the CHECK-
_CHIMERA program available through the Ribosomal Data-
base Project (Maidak et al., 2001). The nucleotide sequences
of DGGE bands have been deposited in the DDBJ nucleotide
sequence database under accession numbers from
AB307969 to AB308000.
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