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A fundamental question in microbial oceanography concerns the relationship between prokaryote diversity and
biogeochemical function in an ecosystem context. We combined bromodeoxyuridine (BrdU) magnetic bead immu-
nocapture and PCR-denaturing gradient gel electrophoresis (BUMP-DGGE) to examine phylotype-specific growth
in natural marine assemblages. We also examined a broad range of marine bacterial isolates to determine their
abilities to incorporate BrdU in order to test the validity of the method for application to diverse marine assem-
blages. We found that 27 of 29 isolates belonging to different taxa could incorporate BrdU. BUMP-DGGE analysis
revealed phylogenetic affiliations of DNA-synthesizing, presumably actively growing bacteria across a eutrophic to
mesotrophic transect in the Inland Sea of Japan. We found that the BrdU-incorporating (growing) communities
were substantially different from the total communities. The majority (34/56) of phylotypes incorporated BrdU and
were presumably growing, and these phylotypes comprised 10 alphaproteobacteria, 1 betaproteobacterium, 11
gammaproteobacteria, 11 Cytophaga-Flavobacterium-Bacteroides group bacteria, and 1 unclassified bacterium. All
BrdU-responsive alphaproteobacteria were members of the Rhodobacterales, suggesting that such bacteria were
dominant in the growing alphaproteobacterial populations in our samples. The BrdU-responsive gammaproteobac-
teria belonged to the Oceanospirillales, the SAR86 cluster, the Pseudomonadales, the Alteromonadales, and the
Vibrionales. Thus, contemporaneous cooccurrence of diverse actively growing bacterial taxa was a consistent pattern
in our biogeochemically varied study area.

Bacteria in seawater play important roles in the ocean’s food
webs. Their activities and responses to organic substrates sig-
nificantly influence the flux of organic matter and oceanic
biogeochemical cycles (3, 4). Because only a small fraction of
bacteria in any seawater sample can be isolated and cultivated,
culture-independent methods employing molecular approaches
have been used to great advantage during the last two decades
to study the natural assemblages of marine bacteria (11, 19,
39). These and other studies have revealed unexpected diver-
sity and dynamics of bacterial community structure in seawater
(8, 16, 47). However, the great challenge remains to relate
diversity to ecological function and biogeochemical activities of
bacteria. In recent studies workers have combined fluores-
cence in situ hybridization (FISH) with microautoradiography
and found differences in the uptake of specific organic sub-
strates by different phylogenetic groups of bacteria (7, 8, 40).
Stable-isotope probing has enabled PCR-based DNA analysis
of bacteria that incorporate specific substrates (45).

Bromodeoxyuridine (BrdU), a halogenated nucleoside that

can serve as a thymidine (TdR) analog, has been widely used as
an alternative to tritiated TdR ([3H]TdR) incorporation to
label proliferating cells in cell biology (2, 59). BrdU incorpo-
rated into de novo DNA can be detected using anti-BrdU
monoclonal antibody. The applicability of BrdU incorporation
as an alternative to [3H]TdR incorporation for bulk measure-
ment of bacterial secondary production in seawater has been
demonstrated (22, 38, 50). Employing antibodies conjugated
with magnetic beads, BrdU-labeled DNA can be separated
from total DNA, and this immunocapture technique and 16S
rRNA gene fingerprinting or sequencing have been used to
reveal some of the growing bacterial species in both soil and
lake water (1, 5, 58, 60). At the single-cell level, actively grow-
ing bacteria can be visualized by using anti-BrdU conjugated
with a fluorescent label or an enzymatic reporter (23, 42, 58).
In one study of coastal seawater, a significant portion of the
4�,6�-diamidino-2-phenylindole (DAPI)-stained bacteria (47%)
became BrdU positive in 5 h (23). Pernthaler et al. (42) combined
the BrdU immunofluorescence method with 16S rRNA FISH
and applied it to North Sea waters. They found that the actively
growing community included bacteria belonging to the Ro-
seobacter, Alteromonas, and SAR86 clades. However, detailed
community structures and identities of actively growing bacteria
in seawater or even in soils and lake water have not been
determined yet.

A fingerprinting approach using reverse-transcribed 16S
rRNA fragments has been used to infer potentially active bac-
terial populations in aquatic environments (14, 34, 48, 53, 57).
A comparison of DNA- and RNA-based fingerprints provides
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insight into total bacterial communities and their potentially
active fractions. Recent work using DNA- and RNA-derived
clone libraries indicated that the RNA-derived library included
distinct phylotypes which were not detected in the DNA li-
brary, suggesting that RNA-based analysis could be used to
characterize actively metabolizing but less abundant bacteria in
a community (33). This concept is based on the assumption
that the number of ribosomes per cell is a measure of cell
activity, including the growth rate. However, the RNA contents
of species vary greatly (17, 28), which makes interpretation
problematic for natural mixed-species communities. Also, dif-
ferences between DNA- and RNA-derived fingerprints may be
attributed to random priming and cDNA synthesis in reverse
transcription-PCR analyses.

In this study, we used combined BrdU magnetic bead im-
munocapture and PCR-denaturing gradient gel electrophore-
sis (BUMP-DGGE) to investigate the community structures
and phylogenetic identities of actively growing bacteria across

a eutrophic to mesotrophic transect. This approach is similar to
the method developed by Borneman (5) for soil samples. As
one of the essential assumptions for the validity of the method
is that all taxa in the microbial communities in a sample are
able to incorporate BrdU into DNA, we also examined a broad
range of marine bacterial isolates to determine whether they
could incorporate BrdU.

MATERIALS AND METHODS

Isolation and phylogenetic identification of marine bacteria. To determine
whether bacteria could incorporate BrdU, marine isolates were obtained from
various environments, such as coastal seawater, sea ice, marine macroalgae, and
dinoflagellate cultures (Table 1). Cultures were grown and bacteria were isolated
using 0.5� ZoBell 2216E medium. Isolates were analyzed by performing PCR
with partial 16S rRNA gene sequences, followed by DGGE for phylogenetic
typing (37). Isolated strains that yielded PCR amplicons which migrated at the
same position on a gel were grouped into one phylotype. The phylogenetic
affiliation of each representative isolate was examined by partially sequencing
the 16S rRNA gene. Bacterial 16S rRNA genes were amplified by colony PCR

TABLE 1. BrdU incorporation by marine bacterial isolates

Most closely allied taxon Isolate Source Accession no.
BrdU antibody detection

Whole cell DNA dot blot

Alphaproteobacteria
Erythrobacter KUR27 Seawater AB266542 � �
Erythrobacter OB10 Seawater AB266553 � �
Erythrobacter ATKR 01 Dinoflagellate AB266563 � �
Sulfitobacter OB4 Seawater AB266552 � �
Sulfitobacter OB14 Seawater AB266554 � �
Thalassospira TAMA2 Dinoflagellate AB266548 � �

Gammaproteobacteria
Alteromonas KUR4 Seawater AB266538 � �
Cobetia KUR58 Seawater AB266544 � �
Colwellia SL5 Sea ice AB266558 � �
Colwellia SL15 Sea ice AB266559 � �
Glaciecola KUR9 Seawater AB266539 � �
Marinobacter KUR64 Seawater AB266546 � �
Pseudoalteromonas MIDOR1 Green algae AB266549 � �
Pseudoalteromonas CHAKO4 Brown algae AB266547 � NAa

Pseudoalteromonas OB0 Seawater AB266551 � �
Pseudoalteromonas KUR2 Seawater AB266537 � �
Pseudomonas KUR18 Seawater AB266541 � �
Psychrobacter KUR35 Seawater AB266543 � �
Vibrio RYO1 Green algae AB266555 � �

Betaproteobacteria
Chromobacterium violaceum IAM12470

(� ATCC 12472)
Freshwater AE016825 � NA

CFB group
Algibacter OB15 Seawater AB266550 � �
Algoriphagus SL1 Sea ice AB266556 � �
Flavobacterium SL8 Sea ice AB266561 � �
Maribacter TAMA1 Dinoflagellate AB266562 � �
Maribacter SL4 Sea ice AB266557 � �
Pibocella SL14 Sea ice AB266560 � �

Low-G�C-content gram-positive
bacteria

Bacillus KUR61 Seawater AB266545 � �

Actinobacteria
Microbacterium KUR17 Seawater AB266540 � �
Microbacterium ATKR 03-1 Dinoflagellate AB266564 � �

a NA, not analyzed.
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using universal forward primer 27F and bacterium-specific reverse primer
1492R. After PCR products were treated with a QIAquick PCR purification
kit (QUIAGEN Inc., Valencia, CA), bidirectional sequencing was performed
with a Dual CyDye terminator sequencing kit and a Long-Read Tower auto-
mated DNA sequencer (Amersham Biosciences Corp., Piscataway, NJ), using
primers complementary to the bases at positions 341 to 358 and 517 to 534.
Sequences were aligned with known sequences in the DDBJ (DNA Data Bank
of Japan) database using BLAST (Basic Local Alignment Search Tool). Since we
found no betaproteobacteria, one representative strain of this taxon (Chromo-
bacterium violaceum IAM12470 [� ATCC 12472]) was obtained from the IAM
culture collection at the Institute of Molecular and Cellular Biosciences, The
University of Tokyo.

Incubation of isolates with BrdU. Isolates were grown in SWM medium at
room temperature for 1 to 2 days. The SWM medium used for BrdU labeling of
cultured isolates was prepared by adding 0.0058% (wt/vol) Casamino Acids, 0.69
mM glucose, 0.30 mM NH4Cl, 0.25 mM NaH2PO4, 0.2 �M ferric citrate, and 0.2
�M EDTA to seawater filtered with Whatman GF/F filters (G. Steward and F.
Azam, unpublished data) and was modified by adding 0.001% (wt/vol) Bacto
peptone (Difco). The seawater was replaced with distilled water for culturing and
labeling of C. violaceum. An aliquot of each culture was inoculated into fresh
SWM medium to obtain an optical density at 600 nm of 0.01 to 0.02. After 30 min
of incubation at 23°C, 200 nM (final concentration) BrdU was added to the tubes
(9 ml). Control tubes received 200 nM TdR. The cultures were incubated for an
additional 12 h, and then the contents were pelleted by centrifugation at 20,000 � g
for 5 min. The supernatants were discarded, and the pelleted cells were fixed with
4% paraformaldehyde, washed with phosphate-buffered saline (PBS), and resus-
pended in PBS. Each cell suspension was mixed with an equal volume of 100%
ethanol and stored at �15°C.

Detection of incorporated BrdU. BrdU was detected by two immunochemical
methods, one employing immunocytochemistry with whole-cell preparations and
the other employing a chemiluminescence immunoassay with genomic DNA dot
blots. Immunocytochemical fluorescence staining and assessment by fluores-
cence microscopy were performed by using the procedure described previously
(23). Aliquots (5 �l) of bacterial cell suspensions were spotted onto 6-mm-
diameter wells of Teflon printed glass slides (Electron Microscopy Science,
Hatfield, PA) and air dried for 1 h. After the cells were permeabilized and the
double-stranded DNA was denatured, anti-BrdU antibody was applied to detect
incorporated BrdU. The antibody signal was amplified by catalyzed reporter
deposition and was observed by using an Olympus BX51 epifluorescence micro-
scope (total magnification, �1,000; Olympus Corp., Tokyo, Japan). Also, a
chemiluminescence immunoassay with genomic DNA dot blots was performed
by using the procedure described previously (22). Aliquots (100 �l) of bacterial
cell suspensions were filtered through a nylon membrane (pore size, 0.22 �m;
MagnaGraph; GE Water & Process Technologies, Trevose, PA) with a 96-well-
format dot blotter (Minifold I; Schleicher & Schuell, Dassel, Germany). After
the cells were lysed, cross-linked DNA on the membrane was detected with
anti-BrdU antibody. The chemiluminescence signal was developed with an en-
zyme-conjugated antibody and then detected by using a cooled charge-coupled
device imaging system (VersaDoc5000; Bio-Rad Laboratories, Hercules, CA).

Field sampling and BrdU labeling. Coastal seawater was collected at nine
stations in the western part of the Inland Sea of Japan from the R/V Toyoshio-
Maru in July 2002 and 2003 (ST1 at 34°19�N, 132°22�E; ST2 at 34°09�N, 132°18�E;
ST3 at 34°01�N, 132°30�E; ST4 at 33°40�N, 132°23�E; ST5 at 33°34�N, 132°14�E; ST7
at 33°24�N, 132°14�E; ST8 at 33°06�N, 132°14�E; ST9 at 33°17�N, 132°27�E; and
ST10 at 32°15�N, 132°00�E). Depth profiles for salinity and temperature at each
site were obtained with a Sea-Bird SBE9plus conductivity-temperature-depth
profiler (Sea-Bird Electronics, Inc., Bellevue, WA). Seawater was collected from
a depth of 5 m with a Van Dorn bottle and was filtered with 100-�m nylon mesh
to remove large zooplankton. Samples were diluted (1:3) with 0.22-�m filtered
seawater collected from the same site to reduce micro- and nanozooplankton
grazing on bacteria during incubation for BrdU labeling. BrdU was added to the
seawater at a final concentration of 1 �M, and samples were incubated in a
10-liter dark plastic bottle for 1 or 5 h at the in situ temperature � 2°C. Bacteria
were collected on 0.22-�m cartridge filters (Sterivex GS; Millipore Corp., Bil-
lerica, MA).

To determine the chlorophyll a concentration, duplicate seawater samples
were filtered (pressure differential, �100 mm Hg) through Whatman GF/F filters
and extracted in the dark with N,N-dimethyl formamide at 4°C for 24 h (52), and
the chlorophyll a concentration was determined fluorometrically (25). Particu-
late matter collected on precombusted (500°C, 2 h) Whatman GF/F filters was
analyzed to determine the particulate organic carbon and particulate organic
nitrogen contents using a CHN analyzer (Yanaco Co., Ltd., Tokyo, Japan).
Seawater filtrates obtained with Whatman GF/F filters were collected for analysis

of dissolved organic carbon in precombusted glass ampoules and frozen after
flame sealing until analysis with a Shimadzu TOC5000 (Shimadzu Corp., Kyoto,
Japan) (51). Seawater samples fixed with 2% (final concentration) formalin were
stained with DAPI, filtered onto 0.2-�m-pore-size black polycarbonate filters
(Millipore), and mounted on glass slides (44). Bacterial abundance was deter-
mined by counting the bacteria in 10 fields using epifluorescence microscopy
(Olympus BX-51).

DNA extraction. DNA was extracted by using the xanthogenate-sodium dode-
cyl sulfate protocol described by Tillett and Neilan (54), with volume modifica-
tion. Each Sterivex GS filter unit was thawed and filled with xanthogenate-
sodium dodecyl sulfate buffer (1% potassium ethyl xanthogenate [Wako Pure
Chemical, Osaka, Japan], 100 mM Tris-HCl [pH 7.4], 20 mM EDTA [pH 8], 1%
sodium dodecyl sulfate, 800 mM ammonium acetate). After the filter housing
was sealed, the unit was incubated at 70°C for 120 min. Following incubation,
the filter unit was vortexed for 10 s. The lysate was eluted into 2-ml micro-
centrifuge tubes and then placed on ice for 30 min. Cell debris was pelleted
by centrifugation at 22,000 � g for 15 min at 4°C. The supernatant was
transferred to a clean 1.5-ml microcentrifuge tube and mixed with an equal
volume of 100% isopropanol. After incubation at room temperature for 10
min, the precipitated DNA was pelleted by centrifugation at 22,000 � g for 20
min. The pellet was washed once with 70% ethanol, air dried, and resus-
pended in 50 �l of water.

BrdU magnetic bead immunocapture. Immunocapture was performed as de-
scribed by Urbach et al. (58), with slight modifications. In the procedures de-
scribed below, all preparations were incubated at room temperature. Herring
sperm DNA (1.25 mg ml�1 in PBS; Trevigen Inc., Gaithersburg, MD) was boiled
for 1 min, quickly frozen in dry-ice ethanol, and thawed. The solution was mixed
(9:1) with anti-BrdU monoclonal antibody (diluted 1:10 in PBS; Sigma-Aldrich,
St. Louis, MO) and incubated for 30 min. Extracted DNA samples (0.5 to 1 �g)
were boiled for 1 min, quickly frozen in dry-ice ethanol, and thawed. Each
denatured sample solution was mixed with 10 �l of the herring sperm DNA-
antibody mixture and incubated for 30 min. Paramagnetic beads coated with goat
anti-mouse immunoglobulin G (Dynabeads; Dynal Biotech, Oslo, Norway) were
washed with PBS containing acetylated bovine serum albumin (BSA) (1 mg
ml�1; Nacalai Tesque, Kyoto, Japan), using a magnetic concentrator. The beads
were resuspended in PBS-BSA at their initial concentration. The bead suspen-
sion (25 �l) was mixed with each sample (20 �l). After incubation for 30 min with
constant agitation, the beads were washed seven times with 0.5 ml PBS-BSA.
BrdU-labeled DNA captured by the beads was eluted by adding 100 �l of 1.7 mM
BrdU (in PBS-BSA) and incubating the preparation for 30 min with constant
agitation. Glycogen (2 �l; 20 mg ml�1; Roche Diagnostics, Mannheim, Ger-
many) was added to the bead supernatant, and the DNA was collected by two
rounds of ethanol precipitation. The precipitate was resuspended in 10 to 20 �l
of water and subjected to PCR amplification and DGGE. To evaluate the
specificity of immunocapture, a parallel DNA sample without BrdU labeling was
processed in the same manner and subjected to PCR amplification as a negative
control.

DGGE. Bacterial 16S rRNA genes were amplified from either immunocap-
tured or nonimmunocaptured DNA samples by a touchdown PCR protocol (12)
and then subjected to bacterial community analysis by DGGE. Nonimmunocap-
tured samples were analyzed before and after incubation. A bacterial primer
complementary to bases at positions 341 to 358 containing a 40-bp GC clamp was
used as the forward primer. A universal 17-bp primer complementary to bases at
positions 517 to 534 was used as the reverse primer for the samples collected in
2002 (37). A different universal primer complementary to bases at positions 907
to 926 was used for the samples collected in 2003 (6).

The PCR products (200 to 500 ng) were loaded onto 8% polyacrylamide gels
in 0.5� TAE (20 mM Tris, 10 mM acetate, 0.5 mM Na2EDTA; pH 8.2) with a
denaturing gradient from 20 to 70% from the top to the bottom. Electrophoresis
was performed at 85 V for 16 h at 60°C in a hot-bath DGGE unit (CBS Scientific,
San Diego, CA) with a running buffer consisting of 0.5� TAE. Gels were stained
for 30 min with 1� SYBR gold nucleic acid stain in 0.5� TAE (Molecular
Probes, Eugene, OR) and were destained for 10 min with 0.5� TAE. The gels
were then visualized and documented using a charge-coupled device camera
imaging system (Printgraph AE6911CX; ATTO Corp., Tokyo, Japan). DGGE
bands were excised, and the DNA was eluted overnight. The eluants were used
for PCR reamplification, followed by cloning with a TOPO TA cloning kit
(Invitrogen, Carlsbad, CA). The presence of inserts was verified by PCR ampli-
fication using primers M13F and M13R. Clones with insertions that were the
correct size were analyzed by DGGE to confirm the position of the cloned bands
relative to the position of the original sample.

Cluster analysis of DGGE banding patterns. To assess the similarity of com-
munity structures (DGGE banding patterns), the Jaccard coefficient was calcu-
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lated (18), and the distance matrix was analyzed by using the between-group
average linkage method for clustering with the software SPSS Base 10.0J (SPSS
Inc., Chicago, IL). The presence of DGGE bands in a sample was determined by
eye, and the results were scored 1 or 0 to generate a binary matrix. This matrix
was used to generate a distance matrix and a dendrogram with SPSS.

Sequencing and phylogenetic analysis. Bidirectional sequencing was per-
formed with a Dual CyDye terminator sequencing kit using T7 primers and a
Long-Read Tower automated DNA sequencer (Amersham Biosciences Corp.).
Sequences were aligned with known sequences in the DDBJ database using
BLAST. Phylogenetic relationships were inferred by pairwise comparison and
the neighbor-joining method using CLUSTAL W (55). Phylogenetic trees were
edited using Treeview (41).

Nucleotide sequence accession numbers. The nucleotide sequences of the 16S
rRNA gene determined in this study have been deposited in the DDBJ nucleo-
tide sequence database under accession numbers AB266537 to AB266564. The
nucleotide sequences of DGGE bands have been deposited in the DDBJ nucle-
otide sequence database under accession numbers AB265970 to AB266026.

RESULTS

BrdU incorporation by marine bacterial isolates. We ob-
tained 98 isolates, which grouped into 28 phylotypes based on
DGGE migration of 16S rRNA gene partial fragments. The

abilities of 28 marine isolates plus one betaproteobacterium
from a culture collection to incorporate BrdU were examined.
The phylogenetic groups and affinities with known genera of
our isolates were determined by sequencing 16S rRNA genes
(Table 1). These isolates included 6 alphaproteobacteria, 13
gammaproteobacteria, 6 Cytophaga-Flavobacterium-Bacteroides
(CFB) group bacteria, 2 low-G�C-content gram-positive bac-
teria, and 1 actinobacterium. Twenty-seven of the 29 isolates
incorporated BrdU under the culture conditions that we em-
ployed (Table 1).

Environmental factors. The near-surface salinity increased
along our north-south transect, with lower salinity observed
near the Ohta River runoff in Hiroshima Bay in the northern
part of the sampling area, while the temperature did not ex-
hibit such a pattern (see Table S1 in the supplemental mate-
rial). The concentration of chlorophyll a varied from 0.35 to 14
mg m�3, and the concentrations at ST1 were high (11 and 14
mg m�3). The particulate organic carbon and particulate or-
ganic nitrogen concentrations were also highest at ST1 and

FIG. 1. Structures of total and active bacterial communities in the Inland Sea of Japan in July 2002. Seawater was incubated with 1 �M
BrdU for 5 h to label actively growing bacteria. The PCR products amplified from BrdU-containing and immunocaptured DNA [BrdU-
incorporated (T5)] were compared with the products amplified from total community DNA [Total (T0)] by DGGE analysis. Each excised,
cloned, and sequenced band is numbered. The relationships of excised band sequences to other sequences in the DDBJ database are shown
in Table 3.
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lowest at the southern end of transect. The same pattern was
observed for the dissolved organic carbon concentration. The
total bacterial counts ranged from 3.3 � 105 to 4.6 � 106 cells
ml�1, and a regular pattern was not observed.

BUMP-DGGE analysis. To confirm the specificity of immu-
nocapture, control samples were processed like the BrdU-
treated samples and then subjected to PCR. The control sam-
ples were obtained from parallel incubation mixtures to which
BrdU was not added, as well as mixtures amended with BrdU.
No PCR products were obtained with the control unlabeled
samples, while PCR products that were the appropriate size
(ca. 200 or 500 bp) were obtained with the BrdU-treated
samples.

To rapidly compare the growing fraction of the bacterial
community with the total bacterial community, we performed
a DGGE analysis of the 16S rRNA genes. BrdU labeling and
DGGE analysis of 16S rRNA gene fragments produced band-
ing patterns for the BrdU-incorporating bacterial community
that were used for comparisons with the total bacterial com-
munity for both 2002 and 2003 samples (Fig. 1 and 2). In both
transects the bacterial community structure varied, and the
variation was greater in 2003 (Fig. 1 and 2). Two distinct
communities were observed for the 2002 transect; the commu-
nities in Hiroshima Bay (ST1a, ST2, and ST3) and the outer
samples (ST4 and ST5) exhibited about 80% similarity, as
determined by using Jaccard’s index. When the total bacterial
community was compared to the BrdU-incorporating phylo-
types, the levels of dissimilarity were greater, and the differ-
ences between the community at ST1a, ST2, and ST3 and the
community at ST4 and ST5 were reinforced. In 2003, a similar
pattern was observed; the community at the Hiroshima Bay
station (ST1b) was different from the community at the re-

FIG. 2. Structures of total and active bacterial communities in the Inland Sea of Japan in July 2003. Seawater was incubated with 1 �M BrdU
for 1 h to label actively growing bacteria. The PCR products amplified from BrdU-containing and immunocaptured DNA [BrdU-incorporated
(T1)] were compared with the products amplified from total community DNA before [Total (T0)] and after [Total (T1)] incubation by DGGE
analysis. Each excised, cloned, and sequenced band is numbered. The relationships of excised band sequences to other sequences in the DDBJ
database are shown in Table 3.

FIG. 3. Relationship between total and active bacterial community
structures in the Inland Sea of Japan in 2002 (A) and 2003 (B). The
structure of the total community (Total) was compared with the struc-
ture of the BrdU-incorporating community (BrdU-incorporated) be-
fore (T0) and after (T1 or T5) incubation by DGGE analysis. The tree
was constructed by using the between-group average linkage method
with the Jaccard coefficient distance matrix for clustering with the
software SPSS Base 10.0J (SPSS Inc.).
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maining stations. In 2003, the total communities at the begin-
ning and at the end of the incubations were similar (�10%
difference) as determined by a pairwise analysis of samples
from the same site; however, these communities differed by
25% or more from the BrdU-incorporating communities at the
same site (Fig. 2 and 3B). Comparisons of DGGE bands re-
vealed that 15 to 30 phylotypes were present at each location
and that 47 to 76% of these phylotypes were present in BrdU-
incorporating fractions (Table 2).

Sequencing and phylogenetic analysis of 16S rRNA gene
fragments. To investigate which groups were represented in
the total community fractions and the BrdU-incorporating
fractions, we excised 57 DGGE bands or phylotypes (34 bands
in 2002 and 23 bands in 2003) (Fig. 1 and 2) from the gels and
sequenced them; these phylotypes included 24 phylotypes from
the BrdU-incorporating community (Table 3). We found 51
phylotypes related to 15 alphaproteobacteria, 1 betaproteobac-
terium, 15 gammaproteobacteria, 17 CFB group bacteria, 2
cyanobacteria, and 1 unclassified bacterium (Fig. 4 and 5).
Forty of these phylotypes were found in BrdU-incorporating
fractions. These phylotypes were related to 11 alphaproteobac-
teria, 1 betaproteobacterium, 13 gammaproteobacteria, 14
CFB group bacteria, and 1 unclassified bacterium. All of the
phylotypes that were related to the Alphaproteobacteria except
one unclassified phylotype were clustered in two major sub-
groups, the Rhodobacterales and SAR11 clusters, and all of the
BrdU-incorporating phylotypes were clustered in the
Rhodobacterales. The phylotypes that were related to the Gam-
maproteobacteria were clustered in five major subgroups, the
Oceanospirillales, the SAR86 cluster, the Pseudomonadales, the
Alteromonadales, and the Vibrionales, and BrdU-positive phylo-
types were present in every cluster. In particular, the phylotype
corresponding to Vibrio splendidus (Fig. 1, bands 25 and 33)
was present at all locations from ST1a to ST5, and the signals
of this phylotype at ST2 and ST5 were intense. Also, the two
phylotypes corresponding to uncultured CFB group bacteria
(Fig. 2, bands 40, 38, and 57) were present at all locations from
ST1b to ST10, as determined by BrdU-positive bands. Almost
the same phylotype (band 7) as the band 38 and 57 phylotype
was found to be present at ST1, ST4, and ST5, as determined

by BrdU-positive bands (Fig. 1). Eleven phylotypes did not
appear in BrdU-incorporating fractions. These phylotypes in-
cluded three SAR11 group bacteria, one bacterium belonging
to the Rhodobacterales, one bacterium belonging to the
Oceanospirillales, one unclassified gammaproteobacterium,
three CFB group bacteria, and two cyanobacteria (Table 3).

DISCUSSION

A fundamental question in microbial oceanography con-
cerns the relationship between prokaryote diversity and bio-
geochemical function in an ecosystem context. While culture-
independent methods for determining diversity are well
established, it is still methodologically challenging to deter-
mine phylotype-specific in situ activities of bacteria that have
not been cultured yet. Phylotype-specific growth performance
and phenome expression in natural marine assemblages are
influenced by physicochemical and nutritional conditions, as
well as inter- and intraspecies interactions. Insight at the broad
phylogenetic group level has been obtained by combining
[3H]TdR incorporation and FISH (8, 9, 40). RNA-based
DGGE fingerprints (reverse transcription-PCR-DGGE) have
revealed phylotypes with active gene expression and whether a
gene of interest was expressed (13, 57).

BUMP-DGGE complements these methods by addressing
phylotype-specific growth (growing organisms versus nongrow-
ing organisms). It allows workers to determine phylogenetic
affiliations of DNA-synthesizing, presumably actively growing
bacteria in seawater, as in this study. Thus, it is possible to
determine the phylotypes contributing to bacterial production
and biogeochemical cycles at a given time and locale. As sug-
gested by Borneman (5), this approach could also help deter-
mine phylotype-specific functional gene expression (e.g., genes
important in biogeochemical cycles) in a given ecological sce-
nario, although this was not tested here. Furthermore, if pe-
lagic archaeon-specific primers are used, the protocol should
reveal archaeal growth and help address currently cutting-edge
questions (e.g., whether some or all shallow-water or deep-sea
Archaea are chemoautotrophic) (24, 26). This approach should

TABLE 2. Comparisons of total and BrdU-incorporating operational taxonomic units in the Inland Sea of Japana

Sampling
location

No. of DGGE bands
% of BrdU-positive bands

Total
(T0)

Total
(T1) BrdU

In commonb Uniquec

Total (T0)
and BrdU

Total (T1)
and BrdU

Total (T0)
and BrdU

Total (T1)
and BrdU

Total (T0)
and BrdU

Total (T1)
and BrdU

ST1a 16 17 4 29 59
ST2 16 16 4 28 57
ST3 13 17 4 26 65
ST4 22 15 7 30 50
ST5 15 16 6 25 64
ST1b 13 11 13 6 7 20 17 65 76
ST7 10 12 10 4 5 16 17 63 59
ST8 11 10 7 3 4 15 13 47 54
ST9 11 11 13 7 7 17 17 76 76
ST10 12 12 10 3 3 19 19 53 53

a Total (T0), total community before incubation; Total (T1), total community after incubation; BrdU, BrdU-incorporating community.
b Number of bands appearing at the same position for the total community and the BrdU-incorporating community samples.
c Number of unique bands found at each sampling location.
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TABLE 3. Affiliations of excised DGGE band sequences with other sequences in the DDBJ database

DGGE banda Clone Accession no.b DNA fractionc BrdUd Phylogenetic group

From ST1a to ST5 in 2002
1 HB02-12 AB265970 Total � Gammaproteobacteria, SAR86
2 (17) HB02-13 AB265971 Total � CFB
3 HB02-14 AB265972 Total � Gammaproteobacteria, SAR86
4 HB02-15 AB265973 Total � CFB
5 (32) HB02-16 AB265974 Total � Gammaproteobacteria, Pseudomonadales
6 HB02-17 AB265975 Total � CFB
7 HB02-18 AB265976 Total � CFB
8 HB02-19 AB265977 Total � Gammaproteobacteria
9 HB02-20 AB265978 Total � Alphaproteobacteria, SAR11
10 HB02-27 AB265979 Total � Alphaproteobacteria
11 SIS02-21 AB265980 Total � Gammaproteobacteria, SAR86
12 HB02-22 AB265981 Total � Gammaproteobacteria
13 SIS02-30 AB265982 Total � Cynnobacteria
14 (27) SIS02-31 AB265983 Total � Gammaproteobacteria, Alteromonadales
15 SIS02-95 AB265984 Total � Alphaproteobacteria, SAR11
16 SIS02-26 AB265985 Total � Alphaproteobacteria, SAR11
17 (2) HB02-5b AB265986 BrdU � CFB
18 HB02-6b AB265987 BrdU � CFB
19 HB02-7b AB265988 BrdU � Alphaproteobacteria, Rhodobacterales
20 HB02-8b AB265989 BrdU � Alphaproteobacteria, Rhodobacterales
21 HB02-9b AB265990 BrdU � Alphaproteobacteria, Rhodobacterales
22 HB02-10b AB265991 BrdU � Alphaproteobacteria
23 HB02-11b AB265992 BrdU � Alphaproteobacteria, Rhodobacterales
24 HB02-2b AB265993 BrdU � Gammaproteobacteria, Oceanospirillales
25 (33) HB02-4b AB265994 BrdU � Gammaproteobacteria, Vibrionales
26 HB02-1b AB265995 BrdU � CFB
27 (14) HB02-3b AB265996 BrdU � Gammaproteobacteria, Alteromonadales
28 SIS02-35b AB265997 BrdU � Alphaproteobacteria, Rhodobacterales
29 SIS02-28b AB265998 BrdU � Gammaproteobacteria, Vibrionales
30 SIS02-92b AB265999 BrdU � Gammaproteobacteria, Vibrionales
31 SIS02-29b AB266000 BrdU � Gammaproteobacteria, Pseudomonadales
32 SIS02-33b AB266001 BrdU � Gammaproteobacteria, Pseudomonadales
33 (25) SIS02-36b AB266002 BrdU � Gammaproteobacteria, Vibrionales
34 SIS02-34b AB266003 BrdU � Alphaproteobacteria, Rhodobacterales

From ST1b to ST10 in 2003
35 (37) HB03-70 AB266004 Total � CFB
36 HB03-3 AB266005 Total � CFB
37 (35) SIS03-9 AB266006 Total � CFB
38 (57) SIS03-10 AB266007 Total � CFB
39 SIS03-11 AB266008 Total � Gammaproteobacteria, Oceanospirillales
40 SIS03-13 AB266009 Total � CFB
41 SIS03-19 AB266010 Total � CFB
42 SIS03-20 AB266011 Total � Alphaproteobacteria
43 SIS03-21 AB266012 Total � Alphaproteobacteria
44 SIS03-23 AB266013 Total � Alphaproteobacteria, Rhodobacterales
45 SIS03-24 AB266014 Total � Gammaproteobacteria
46 SIS03-25 AB266015 Total � Unclassified
47 SIS03-26 AB266016 Total � Gammaproteobacteria
48 SIS03-27 AB266017 Total � Cyanobacteria
49 SIS03-18 AB266018 Total � CFB
50 SIS03-34 AB266019 Total � Alphaproteobacteria, Rhodobacterales
51 HB03-36 AB266020 Total � CFB
52 HB03-62b AB266021 BrdU � CFB
53 HB03-102b AB266022 BrdU � Betaproteobacteria
54 SIS03-64b AB266023 BrdU � CFB
55 SIS03-108b AB266024 BrdU � CFB
56 SIS03-55b AB266025 BrdU � CFB
57 SIS03-65b AB266026 BrdU � CFB

a The number in parentheses indicates a band that had the same sequence.
b Accession numbers for sequences obtained in this study.
c Origin of the excised and sequenced bands. Total, total community DNA fraction; BrdU, BrdU-incorporating community DNA fraction.
d Presence (�) or absence (�) of the band in samples representing BrdU-incorporating fractions.
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also guide the development of enrichment or pure cultures of
bacteria and archaea that have not been cultured yet.

In laboratory-based studies workers have found that not all
bacteria incorporate TdR (27), so the bacteria that are not
responsive to TdR may also not incorporate BrdU because of
the lack of a transporter or thymidine kinase (43). In previous
studies researchers found that 34/36 isolates were responsive to

BrdU (23, 42, 58). We tested 29 additional isolates, and only 2
were not responsive to BrdU (Table 1). Cumulatively then,
61/65 isolates belonging to diverse phylogenetic groups (i.e.,
Alphaproteobacteria, Gammaproteobacteria, Betaproteobacteria,
CFB group, low-G�C-content gram-positive bacteria, and Ac-
tinobacteria) incorporated BrdU. Thus, the BUMP-DGGE ap-
proach is potentially broadly applicable to phylogenetically

FIG. 4. Distribution of phylotypes found in the Inland Sea of Japan: phylogenetic tree showing the similarities of sequences from bands (bold
type) to sequences from members of the Alpha- and Gammaproteobacteria. The tree was inferred by the neighbor-joining method using CLUSTAL
W. The bands found in lanes representing the BrdU-incorporating community are indicated by asterisks. The scale bar indicates the number of
base pair substitutions per nucleotide position.
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diverse assemblages in pelagic marine environments; however,
three of the four negative bacterial isolates were affiliated with
the CFB group, which reportedly can dominate bacterial as-
semblages in seawater environments and especially associate
with organic particles. The possible significance of bacteria that
are not responsive to BrdU must not be dismissed, and this
phenomenon needs to be examined further. Also, there is a
lower limit for retrieving and detecting BrdU-labeled DNA,
mainly because of a loss of labeled DNA during immunocap-
ture. Hence, some bacteria may be overlooked due to their
very low densities in a community even if they are actively
growing and incorporating BrdU.

The bacterial community structure at low-salinity stations
was quite different from that at other stations. ST1 was located
near an area where there was river runoff, which presumably
supported a community with a high concentration of chloro-
phyll a (see Table S1 in the supplemental material). Changes in
physicochemical properties of estuarine waters, including sa-
linity, have been found to be associated with community shifts

(7, 10). Micro-FISH previously showed that [3H]TdR assimi-
lation due to major bacterial phylogenetic groups changed
along a salinity gradient from 0.1 to 29 practical salinity units
(7). In our study, the DGGE patterns at low-salinity stations
ST1, ST2, and ST3 were generally different from those at ST4
and ST5. One might expect the presence of freshwater phylo-
types in BUMP-DGGE profiles at low-salinity stations. While
the salinity was not very low (31.5 practical salinity units),
freshwater influence was reflected in communities that incor-
porated BrdU, and one band obtained in 2003 (ST1b) was
closely related to Delftia acidovorans belonging to the Betap-
roteobacteria, the dominant group in freshwater environments.

Two incubation times (1 and 5 h) were employed for BrdU
labeling in this study. Although a shorter incubation time is
preferable to avoid bias due to protistan grazing or viral lysis,
5 h was chosen to achieve enough labeling for immunocapture
in 2002; however, a shorter incubation (1 h) was found to be
enough in 2003. DGGE banding patterns for 1- and 5-h incu-
bations were compared in 2003, and no significant differences

FIG. 5. Distribution of phylotypes found in the Inland Sea of Japan: phylogenetic tree showing the similarities of sequences from bands (bold
type) to sequences from members of the CFB group bacteria, cyanobacteria, and Betaproteobacteria. The tree was inferred by the neighbor-joining
method using CLUSTAL W. The bands found in lanes representing the BrdU-incorporating community are indicated by asterisks. The scale bar
indicates the number of base pair substitutions per nucleotide position.
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were observed (not shown). When the method is used for
coastal seawater samples, 1 h of incubation is recommended
for BrdU labeling.

Micro-FISH studies have shown that the correlation be-
tween abundance and growth (assimilation of TdR) was not
significant for alphaproteobacteria, gammaproteobacteria, and
CFB group bacteria in the Delaware estuary (9). The results
implied that the impact of mortality was greater than the im-
pact of growth in structuring the bacterial community. We
found that BrdU-incorporating (growing) communities were
largely different than the “total” communities. The percent-
ages of overlapping bands for the total and BrdU-labeled com-
munities were �40% (Table 2). Indeed, many bands (86/134)
for growing phylotypes were not detectable in the gels for the
“total” community. The difference could not be explained by a
shift in the total community since the 1-h incubation time was
too short to significantly change the “total” community band-
ing (Fig. 3). It is tempting to propose that BUMP-DGGE was
able to detect a number of rapidly growing but low-abundance
(hence undetected in “total” community gels) phylotypes.
However, the minimum BrdU incorporation intensity for pos-
itive immunocapture is not known, and further work is needed
to test this hypothesis. One motivation for a future test of this
hypothesis is that phylotypes that are present at low levels but
have high growth rates can make large contributions to com-
munity bacterial production and organic matter fluxes. Rapidly
growing bacteria might be subject to intense grazing by protists
or viral lysis and thus prevented from becoming abundant
enough to be detected in PCR-DGGE.

The Roseobacter and SAR11 clusters are two major sub-
groups of Alphaproteobacteria found in marine environments
(19). In our study, these two clusters exhibited contrasting
characteristics with respect to BrdU incorporation. We found
11 phylotypes related to Roseobacter but no phylotypes related
to the SAR11 cluster in BrdU-incorporating fractions. We
thought that since Roseobacter-related phylotypes were report-
edly rapid growers, they might dominate actively growing al-
phaproteobacterial populations in our samples. Gonzalez et al.
(20) reported that Roseobacter and SAR11 were numerically
important in the heterotrophic bacterial community (average,
	20% of the 16S rRNA genes sampled) and important in
cycling of organic sulfur compounds during a North Atlantic
algal bloom. The importance of these clusters was also shown
by bacterial production and dimethylsulfoniopropionate con-
sumption during an algal bloom in the North Sea (61). Mem-
bers of the Roseobacter cluster are commonly found in associ-
ation with algal cells and have relatively high growth rates in
nutrient-rich conditions (21, 47). As suggested previously (20,
31, 32, 35, 61), Roseobacter-related bacteria are well adapted to
nutrient-rich conditions, such as coastal waters, algal blooms,
and microscale “hot spots” in oceanic waters.

In contrast, SAR11 bacteria might be relatively slow growers
in coastal waters, because they did not respond well to BrdU
even though at least three representatives were present. This
hypothesis is consistent with the results of culture studies of
Pelagibacter ubique, the cultured representative of the SAR11
group, which grows in a pristine seawater medium at very low
rates (46). However, it is inconsistent with the conclusion
reached by Malmstrom et al. (30). These workers examined in
situ assimilation of leucine by SAR11 bacteria in the Northwest

Atlantic Ocean and suggested that the specific growth rates of
SAR11 bacteria either equaled or exceeded the growth rates of
the total prokaryotic community. One possible explanation for
these findings is that there are metabolically different subpopu-
lations of SAR11 cluster bacteria, because this cluster is a
phylogenetically, and probably metabolically, diverse group of
bacteria (19). Alternatively, members of the SAR11 cluster
may not be able to incorporate BrdU and thus may have
escaped detection as growing bacteria in this study. Method-
ology needs to be developed to test for the possible presence of
uncultured bacteria that are growing but are not responsive
to BrdU.

A phylotype similar to V. splendidus was found in BrdU-
incorporating fractions at all sampling locations from ST1 to
ST5. Quantification of the V. splendidus population by quan-
titative PCR in a previous study (56) indicated that it was
consistently present as a member of the coastal bacterioplank-
ton community. Vibrio species, including many pathogenic
strains, are widely distributed in marine environments. This
group can comprise 
10% of the readily culturable bacteria,
whereas culture-independent molecular analyses suggested
that it accounts for �1% of total bacterial populations (15).
However, the molecularly based estimates to date do not ac-
count for the difference between active and inactive popula-
tions. Our previous work examining BrdU incorporation at the
single-cell level in 1-h incubations suggested that 
20% of the
total bacteria in coastal waters are robustly growing (23).
Hence, Vibrio spp. that are active growers in coastal waters
may contribute disproportionately more to bacterial produc-
tion than the amount expected from calculations based on
their biomass.

In conclusion, this study revealed the consistent cooccur-
rence of diverse actively growing bacterial taxa in rather small
seawater samples in all natural assemblages examined over
biogeochemically varied areas in coastal waters. While cooc-
currence of diverse taxa is commonly reported, there is only a
limited amount of culture-independent data on contempora-
neous growth of diverse bacterial taxa. Microscale patchiness
of organic matter distribution might be invoked as a mecha-
nism creating microniches in the pelagic realm (29). Experi-
mental perturbation experiments involving BUMP-DGGE
might be used to determine the environmental mechanisms for
maintenance and regulation of the diversity and the phyloge-
netic identity of the growing taxa. Further application of the
approach to various marine environments can help determine
key players in bacterium-mediated biogeochemical processes,
as well as bacterial productivity. There may be some universal
active growers, considering the wide distribution of particular
types of bacteria, such as SAR11, RCA, and Silicibacter-like
bacteria (35, 36, 49). Once the key players in a particular
environment are determined, specific probes can be designed
and used to obtain quantitative estimates of their dynamics by
FISH and/or quantitative PCR of immunocaptured DNA.
Such analyses should lead to linkages of microbial community
dynamics and microbial metabolic activity in ocean biogeo-
chemical modeling.
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