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The function of bacteria is significantly implicated in
the energy flow of the carbon cycle or the trophic dy-
namics in seawater (Kirchman et al. 1993). Bacterial
abundances in seawater have been traditionally dealt
with as a homogenous bacterial assemblage using epi-
fluorescence microscopy (Porter & Feig 1980, Cho &
Azam 1990, Kirchman et al. 1993). However, in recent
years bacterial abundances in marine environments
have been measured using a flow cytometer, which can
obtain more information about particle size and fluo-
rescence intensity of selected fluorochromes (Li et al.
1995, Marie et al. 1996, Zubkov et al. 1998). The objec-
tive of this paper is to describe the seasonal variation of
the 2 bacterial groups obtained by flow cytometry us-
ing samples stained with the fluorochrome Picogreen®,
and to suggest that the seasonal variation of total bac-
terial abundance was caused almost exclusively by ac-
tively growing cells with high DNA content.

Seawater samples were collected at 10 m intervals
from Stn FB30 (42° 16.2’ N, 143° 36.0’ E, depth is 92 m),
located in Funka Bay, Japan, from August 1998 to July
1999. The hydrographical environment in Funka Bay is
typical of subarctic coastal seawater, with pycnocline
from May to November and vertical mixing from Dec-
ember to March. However, the intrusion of a different
water mass with low salinity was found in the water
column above 40 m depth in April. 

Seawater samples were immediately preserved with
1% (final conc.) of paraformaldehyde solution. The
preserved samples were frozen immediately in liquid
nitrogen and stored at –80°C. Analysis was carried out
within 2 wk after sampling. Subsamples (2 to 3 ml)
were stained with the fluorochrome Picogreen®. The
green fluorescence (indicative of DNA content), the
side scatter (indicative of size) and red fluorescence
(indicative of chlorophyll a content) in stained samples
were measured with a flow cytometer (EPICS ELITE;
Beckman Coulter Inc., Fullerton, CA, USA. Data analy-
sis was performed with Win MDI 2.8 (Joseph Trotter)
software. According to Li et al. (1995) and Zubkov et
al. (1998), the numbers of heterotrophic bacteria were
obtained by counting particles with green fluores-
cence and not those with red fluorescence (cyanobac-
teria and pico-phytoplankton). The size of the green
fluorescence particles observed was less than 1 µm
(relative to 1 µm standard beads), and Prochlorococcus
was not detected in all the samples measured. Con-
current epifluorescence microscopy using the DAPI
method (Porter & Feig 1980) was also carried out.

Counts from the flow cytometry were highly corre-
lated with those estimated by epifluorescence micro-
scopy of DAPI-stained cells (r2 = 0.64, p < 0.01, n = 53).
Linear regression analysis yielded a slope (±95% con-
findence limit) of 0.76 ± 0.08 and a y intercept (±95%
confidence limit) of 0.8 ± 0.5 × 105 cells ml–1 (Fig. 1).
The flow cytometry method essentially detected the
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same bacterial population measured with the DAPI
method. Mean coefficient of variation (CV) for the flow
cytometry method was 2.5%, whereas for the DAPI
method the mean CV was 8.6%. 

In this study, flow cytometry analysis detected 2 dif-
ferent heterotrophic bacterial assemblages of the same
size, as in Li et al. (1995): cells with relatively weak
green fluorescence, suggesting low apparent DNA
content (Group I), and cells with relatively intense
green fluorescence, suggesting high apparent DNA
content (Group II) (Fig. 2).

From August to November, the total bacterial abun-
dance (Group I + Group II) was relatively high in the
upper 40 m when compared to that below 40 m depth
(Fig. 3). In February total bacterial abundances were low
and vertically uniform, whereas in March the total bac-
terial abundance increased 2-fold. Although total bac-
terial abundance decreased in the upper 40 m in April,
probably due to the exchange of water masses, it re-
mained high below 50 m depth. In May, the total bacte-
rial abundances increased dramatically throughout the
water column, and remained relatively high until July. 

From August to February, the abundances of both
Group I and Group II bacteria were similar throughout
the water column. However from March to May, the
increase in total bacterial abundance was reflected
only by an increase in Group II bacteria. The contribu-
tion of Group II bacteria to the total bacterial abun-
dance increased from 46% in February to 85% in May,
and remained above 60% throughout the summer. In

contrast, the abundance of Group I bacteria was low,
and remained relatively constant throughout the sam-
pling period. Therefore the seasonal variation of the
total bacterial abundance was caused almost exclu-
sively by Group II bacteria. 

An incubation experiment was carried out to deter-
mine the growth rates of both Group I and Group II
bacteria (Fig. 4). Seawater samples were diluted 10-fold
in 0.2 µm filtered seawater enriched with glucose
(10 µM added). The incubation was carried out at
16°C, and subsamples were taken every hour. Total
bacterial abundance increased with incubation time,
and the total bacterial growth rate measured was
0.8 d–1. However only Group II bacteria increased with
incubation time, at a growth rate of 1.2 d–1, whereas no
significant increase in abundance was detected for
Group I bacteria (p > 0.05).

From the seasonal variation of both Group I and
Group II bacteria, we found that Group I bacteria were
significantly correlated with in situ seawater tempera-
ture (p < 0.01) (Fig. 5). For Group II bacteria, only the
data from August to February showed a significant
positive correlation with temperature (p < 0.01). From
March until July, when the spring bloom and bloom
decay period occurred, the abundance of Group II bac-
teria was high, even at low seawater temperatures (2 to
16°C). When the regression equations from both
Group I and Group II bacteria (data from August to
February) were compared, there was no significant
difference (Student’s t-test, p > 0.7). 
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Fig. 1. Relationship between the abundances of heterotrophic
bacteria obtained by DAPI epifluorescence microscopic
observation and the abundances of heterotrophic bacteria
obtained by Picogreen® flow cytometric observation (y =
0.76x + 7.8 × 104, r2 = 0.64, p < 0.01, n = 53). The broken line 

shows a 1:1 relationship

Fig. 2. Flow cytometric analysis of green fluorescence versus
side scatter showing heterotrophic bacteria (sample was from
90 m depth in April 1999). Dots indicate cells. At the bottom
right of the graph, the histogram shows the cell number at 

different green fluorescence intensities
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Fig. 3. Vertical profiles of bacterial abundances in both Group I and Group II, and total bacterial abundances (Group I + Group II)
in Funka Bay, Japan, from August 1998 to July 1999

Fig. 4. Time-course incubation experiment on the growth rates
of heterotrophic bacterial assemblages (sample was from 10 m
depth in July 1999) diluted 1:10 and enriched with glucose

Fig. 5. Relationship between heterotrophic bacterial abun-
dances and seawater temperature observed throughout the 

study
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These results showed that the abundances of both
Group I and Group II bacteria were similarly affected
by an increase in seawater temperature. However,
Group II bacteria comprised cells with high growth
capacity and which grew actively, whereas Group I
bacteria consisted of inactive cells that did not respond
to an enriched environment. 

In conclusion, the heterotrophic bacteria in seawater
could be presented as 2 different groups: low apparent
DNA content (Group I) and high apparent DNA con-
tent (Group II). The seasonal variation of the total bac-
terial abundance observed in Funka Bay was caused
almost exclusively by Group II bacteria. 
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