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ABSTRACT: Bacterial abundance and assimilation of 3H-leucine were examined using a combination
of microautoradiography and fluorescent in situ hybridization (Micro-FISH) to determine the
bacterioplankton community structure and estimate the contribution of major bacterial groups to total
bacterial biomass production (leucine incorporation) from the Pearl River mouth to the open water
area in the South China Sea. Alpha-, beta-, gamma-proteobacteria and the Cytophaga-Flavobacterium cluster differed substantially in their relative abundance and contribution to leucine assimilation along the salinity gradient. The contribution of major bacterial groups to leucine assimilation
was closely associated with their relative abundance in the communities. Alpha-proteobacteria were
the dominant group in the high-salinity water in terms of abundance and 3H-leucine assimilation,
whereas beta-proteobacteria were more important in fresh water. At all stations, gamma-proteobacteria were a minor component, but the Cytophaga-Flavobacterium cluster was always a significant
component in both marine and freshwater systems. The relative abundance of bacterial groups
explained the variation in 3H-leucine assimilation by the major bacterial groups to a great extent. At
the singlebacterial group level, a statistically significant correlation between abundance and leucineuptake activity was observed for beta-proteobacteria, suggesting that the relative abundance of betaproteobacteria in bacterioplankton communities was controlled by growth-related processes. In
general, the numerical dominance of the major phylogenetic groups and their contribution to total
bacterial biomass production varied consistently along the salinity gradient in the South China Sea.
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Bacterial biomass and production are central factors
in inferring the role of bacterioplankton in the microbial loop and carbon cycling in the ocean. Bacterial
production is usually estimated from incorporation of
3
H-thymidine or 3H-leucine by the whole bacterial
community (Fuhrman & Azam 1982, Kirchman et al.
1985, Simon & Azam 1989). However, bulk measurements of bacterial production by the 3H-thymidine and
3
H-leucine methods provide no information on the con-

tribution of the bacterial community subcomponents.
These have been examined with molecular techniques
and much has been learned about bacterial biodiversity in aquatic ecosystems (Fuhrman 2002). In addition
to diversity studies, techniques quantifying specific
groups of bacteria are also available, such as the fluorescence in situ hybridization (FISH) approach (Delong
et al. 1989, Amann et al. 1990a).
These techniques have shown that even broad phylogenetic groups vary greatly among aquatic environments. For example, alpha-proteobacteria are abun-
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dant in marine waters, whereas beta-proteobacteria
and Actinobacteria are abundant in fresh waters of the
salinity gradient in estuaries (Crump et al. 1999,
Glöckner et al. 1999, Bouvier & del Giorgio 2002, del
Giorgio & Bouvier 2002, Kirchman et al. 2005). The
combination of FISH with microautoradiography
(Micro-FISH) (Lee et al. 1999, Ouverney & Fuhrman
1999, Cottrell & Kirchman 2000) can be used to examine the uptake of dissolved compounds by specific bacterial groups. The contribution of major phylogenetic
groups to total bacterial biomass production has been
studied using Micro-FISH in only one aquatic ecosystem, the Delaware estuary (Cottrell & Kirchman 2003,
2004).
Studies examining the bacterial abundance and
assimilation of 3H-leucine with Micro-FISH revealed
the preponderant contribution of beta-proteobacteria
in fresh water and alpha-proteobacteria in salt water to
thymidine and leucine assimilation of total communities (Cottrell & Kirchman 2003). Cottrell & Kirchman
(2004) found a positive correlation between the
relative abundance of beta-proteobacteria and 3Hthymidine-active fraction of this group in the Delaware
estuary (Cottrell & Kirchman 2004). The study of
Yokokawa et al. (2004) supports these results by the
dilution culture approach combined with FISH.
However, it is unclear if the patterns observed in the
Delaware estuary are reproducible and are present in

Fig. 1. Location of the 6 sampling stations (m) from the Pearl
River estuary to the open water in the South China Sea.
The background remote-sensing ocean image is SeaWiFSretrieved chlorophyll averaged on the corresponding investigation period and scopes downloaded from the website
(http://daac.gsfc.nasa.gov/)

other systems. Furthermore, little is known about bacterial community structure in subtropical systems. We
need more FISH and Micro-FISH measurements in a
wider range of environmental variables to better
understand the dynamics of the major groups of bacteria and their roles in element cycling and bacterial biomass production.
The South China Sea is a marginal sea of the Northwest Pacific. With large amounts of fresh water and
nutrient input from the Pearl River, and with oceanic
water intruding into the continental shelf, the South
China Sea is characterized by sharp physical and
chemical gradients over a small spatial scale (Ning et
al. 2004) and is thus an ideal environment for examining questions about the control of bacterioplankton
communities. Here, we present data showing the
change in the abundance of and the contribution to
total bacterial biomass production by major bacterial
groups (alpha-, beta-, gamma-protobacteria and the
Cytophaga-Flavobacterium cluster) along a salinity
gradient from the Pearl River estuary to the open water
in the South China Sea.

MATERIALS AND METHODS
Sample collection and incubation. A 410 km transaction from the Pearl River estuary to the open water in
the South China Sea was sampled during a winter
cruise (February 2004) when phytoplankton biomass
was high (Ning et al. 2004) (Fig. 1). Field experiments
were conducted at 6 stations along a salinity gradient.
Samples of 10 ml taken at 1 m depth were immediately
fixed with fresh paraformaldehyde (2% final concentration) and stored at 4°C for 24 h before filtration onto
0.2 µm pore size polycarbonate filters (Whatman). Filtered samples were stored at –20°C for later analysis
by FISH. Samples of 30 ml for microautoradiography
were incubated with 3H-leucine (40 nM final concentration; 30 to 60 Ci mmol–1, Beijing Atom Hightech) at
the in situ temperatures for 1 h. Killed controls were
fixed prior to 3H-leucine addition with 2%
paraformaldehyde. Incubations were terminated by
fixation with 2% formaldehyde. Samples were fixed at
4°C overnight. After fixation, samples were filtered
onto 0.2 µm pore size white polycarbonate membrane
filters, supported with 0.45 µm nitrocellulose membranes (Whatman), washed with deionized water and
stored at –20°C until analysis.
Microautoradiography and fluorescent in situ hybridization (Micro-FISH). Samples for in situ hybridization were prepared using a modified procedure
(Cottrell & Kirchman 2000, 2004). Polycarbonate filters
were cut into 12 pieces and placed with the celladherent
side in contact with a 30 µl drop of hybridization solution
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containing 2.5 ng probe µl–1 on parafilm covering a glass
slide. The relative abundance of major phylogenetic
groups was determined using CY3-labled (Operon
Technologies) probe Eub338 for eubacteria (Amann et
al. 1990b), Alf968 for alpha-proteobacteria (Glöckner et
al. 1999), Bet42a for beta-proteobacteria (Manz et al.
1992), Gam42a for gamma-proteobacteria, and CF319a
for the Cytophaga-Flavobacterium cluster (Manz et al.
1996). A negative control probe was used to test for nonspecific binding (Karner & Fuhrman 1997). Samples
were hybridized for 18 to 20 h at 42°C (Cottrell & Kirchman 2003, 2004). The hybridization solution contained
0.9 M NaCl, 20 mM Tris-HCl (pH 7.2), 0.01% sodium dodecyl sulfate, and the concentration of formamide determined to achieve specificity for the bacterial groups targeted by the different probes (Zarda et al. 1997, Eilers et
al. 2000). After hybridization, the samples were transferred to a wash solution containing 20 mM Tris-HCl (pH
7.2), 10 mM EDTA, 0.01% sodium dodecyl sulfate, and a
concentration of NaCl appropriate for the probe (Zarda
et al. 1997, Eilers et al. 2000) at 48°C for 15 min. The sample was then rinsed with 80% EtOH and air-dried.
Before Micro-FISH, a series of exposure times, typically 1, 3 and 5 d, was tested to determine exposure
times that would yield approximately 30% of the total
community with silver grains and < 3% for negative
control samples. The exposure time was then used in
autoradiography (Cottrell & Kirchman 2003, 2004).
After the FISH procedure, polycarbonate filters were
prepared for microautoradiography (Tabor & Neihof
1984, Carman 1993, Cottrell & Kirchman 2003, 2004).
A glass slide was dipped into a molten (43°C) solution
of NTB-2 emulsion (Kodak) diluted to 1 part emulsion
and 2 parts deionized water. The filters were placed
with the cell adherent sides in contact with the molten
emulsion. The glass slides were then placed on an icecold aluminum block for 15 min to solidify the emulsion before being transferred to light tight boxes for
autoradiographic exposure that ranged from 1 to 6 d at
4°C. Emulsion was developed using Dektol developer
(Kodak), a deionized-water stop bath and fixer (Kodak)
following the manufacturer’s instructions. The slides
were then rinsed in water for 10 min, dipped into 1%
glycerol for 2 min, dried overnight in a vacuum chamber with desiccant and the polycarbonate filter was
peeled away from the emulsion. The samples were
mounted with cover slips using a 4:1 mixture of the
antifade mountants Citifluor (Ted Pella) and Vectashield (Vector Labs) with 2 µg ml–1 solution of 4’, 6diamidino-2-phenylindole (DAPI) (Cottrell & Kirchman
2003, 2004).
Semi-automated microscopy and image analysis.
Samples were assayed using semi-automated microscopy and image analysis of fluorescence and transmitted light images acquired with a SPOT-RT mono-
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chrome charge coupled device (CCD) camera (Diagnostics Instruments) mounted on an Olympus Provis
AX70 microscope with a 100 W mercury lamp and a
tungsten lamp (Cottrell & Kirchman 2003). Cells in 10
microscopic fields were examined. Three images were
acquired for each field of view using a 100 × UPlanApo
oil immersion objective. DAPI images were acquired
using 150 ms exposure with a gain limit of 4 using the
band-pass emission filter set 31000 (Chroma), whereas
CY3 images were collected using manual exposure
with filter set 41007 (Chroma). Exposure time was optimized manually to restrict background CY3 counts
obtained by the negative control probe to be less than
3% of DAPI counts (Cottrell & Kirchman 2003). Images
of silver grains were collected using transmitted light
illumination with automatic exposure adjusted to overexpose the image, thus eliminating objects with low
optical density and capturing only objects with high
optical density against a uniform white background
(Cottrell & Kirchman 2003). The image analysis was
conducted with Image Pro (Media Cybernetics) to
identify DAPI-stained cells, probe-positive cells and
cells with silver grain as described (Cottrell & Kirchman 2003). A program (www.ocean.udel.edu/cms/
mcottrell/#microfish) was edited to calculate automatically the probe-positive fraction of DAPI-stained cells,
the probe-positive fraction of cells with silver and the
silver grains-positive fraction of probe-positive. Silver
grain area was also measured with Image Pro (Media
Cybernetics) to estimate the contribution of bacterial
groups to leucine assimilation.
Total chlorophyll a determination. Chlorophyll was
measured by the acetone extraction fluorescence
method (Holm-Hansen et al. 1965) using 250 ml of seawater samples. Since the fluorometric procedure for
chlorophyll a determination can suffer interference
from chlorophyll b or divinyl chlorophyll b -containing
Prochlorococcus (Goericke & Repeta 1993), which is
usually abundant in oligotrophic tropical waters, spectrophotometry was often used to calibrate the results
obtained by using fluorometry.

RESULTS
Samples from 6 stations were examined by FISH and
Micro-FISH, along a 410 km transect from the Pearl
River estuary to the open water in the South China Sea
(Fig. 2A). The 6 stations spanned a range of salinities
from 1 to 34.5 PSU (Fig. 2A). The concentration of
chlorophyll decreased rapidly with increasing salinity,
and there was a small peak at the station where fresh
water and sea water mixed sufficiently (Fig. 2A). Total
prokaryote abundance (DAPI-stained cells) varied
4-fold over the salinity range (Fig. 2B), and trans-
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Fig. 2. Distribution of (A) salinity and chlorophyll, and (B) bacterial abundance in the South China Sea. Arrows indicate the
location of stations where the assimilation of 3H-leucine by
bacterial groups was measured using autoradiography and
FISH. Error bars = ± SD

parency increased with increasing salinity (data not
shown). The concentration of chlorophyll and total
prokaryote abundance varied from 102.9 to 0.15 µg l–1
and from 4 to 1 × 106 cells ml–1 (Fig. 2B), respectively,
at the 6 stations sampled for Micro-FISH.

Bacterial community composition
Bacterial community structure was examined by
FISH independent of the Micro-FISH analysis. On
average, 67 ± 16% of total prokaryotes (DAPI-stained
cells) were detected by FISH with probes for alpha-,
beta-, and gamma-proteobacteria and the CytophagaFlavobacterium cluster, whereas 58 ± 12% of cells
were detected with the general probes for bacteria
(Eub338). There were remarkable differences in the
spatial distribution of the different bacterial groups
along the salinity gradient from the Pearl River estuary
to the open water of the South China Sea. The relative
abundance of alpha-proteobacteria increased with
increasing salinity, whereas the reverse was observed
for beta-proteobacteria (Fig. 3A). The beta-proteobacterial abundance was high in fresh water (30 ± 3% at
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1 PSU), second only to the Cytophaga-Flavobacterium
cluster, but they accounted for the smallest fraction in
open water (5 ± 1.5% at 34.5 PSU) (Fig. 3A). In contrast, the alpha-proteobacteria dominated the communities in high salinity water (26 ± 7% at 24 PSU, 29 ±
7% at 30 PSU and 31 ± 7% at 34.5 PSU) and were rare
in fresh water (< 10% at 1 PSU station) (Fig. 3A).
Bacterial communities at the 3 stations with the
lowest salinity were dominated by the CytophagaFlavobacterium cluster, which respectively comprised
45 ± 4, 21 ± 3 and 24 ± 4% of the communities at the 1,
7 and 16 PSU stations, whereas the Cytophaga-
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Fig. 3. Relative abundance of bacterial groups in (A) the total
bacterial communities and (B) the 3H-leucine-assimilating
populations, and (C) percentage of 3H-leucine silver grain
cluster area associated with different bacterial groups at 6
stations. Alpha-, beta-, and gamma-proteobacterial subclasses and the Cytophaga-Flavobacterium (CF) cluster were
detected with oligonucleotide probes Alf968, Bet42a,
Gam42a, and CF319a, respectively. Error bars = ± SD of 10
fields of view
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Flavobacterium cluster and alpha-proteobacterial
group co-dominated the community at 30 PSU stations,
with each group comprising about 28%. In the open
water (34.5 PSU), the Cytophaga-Flavobacterium cluster was still prevalent, second only to alpha-proteobacteria (Fig. 3A). Gamma-proteobacteria were present at
all stations and were always the minor member of the
groups we examined, making up typically less than
14% of the prokaryotes (Fig. 3A).

Bacterial groups assimilating leucine
The contribution of the bacterial groups to total 3Hleucine assimilation was examined by Micro-FISH.
Nearly all (94 ± 2%) of the 3H-leucine-assimilating
bacteria were detected with probes for the phylogenetic bacterial groups we examined. The largest component was alpha-proteobacteria, assimilating 3Hleucine at the 3 higher salinity stations, respectively
accounting for 44 ± 9, 54 ± 8 and 45 ± 16% of prokaryotes assimilating 3H-leucine at 24, 30 and 34.5 PSU stations, while they made up only 8 ± 6, 21 ± 6 and 27 ±
6% of the total assemblages assimilating 3H-leucine at
the 1, 7 and 16 PSU stations (Fig. 3B). In contrast, betaproteobacteria were the largest component in the total
3
H-leucine-assimilating bacteria at 3 freshwater
stations, respectively accounting for 40 ± 8, 45 ± 8 and
40 ± 6%, while they made up only 22 ± 4, 24 ± 5 and 3 ±
2% of the 3H-leucine-assimilating bacteria at the 3
higher salinity stations (Fig. 3B). The CytophagaFlavobacterium cluster also was an important member
assimilating 3H-leucine, and even co-dominated the
assimilation of 3H-leucine with beta-proteobacteria at
the lowest salinity station (Fig. 3B). At all 6 stations,
gamma-proteobacteria were responsible for <13% of
the 3H-leucine-assimilating bacteria (Fig. 3B).

nant (Fig. 3C). In contrast, beta-proteobacteria had
large silver grain areas at the 3 freshwater stations,
whereas the areas were small at the 3 higher salinity
stations (Fig. 3C). The Cytophaga-Flavobacterium
cluster accounted for the largest fraction of the 3Hleucine silver grain area (47 ± 9%) at the 1 PSU station,
where this bacterial group co-dominated the 3Hleucine-assimilating bacteria with beta-proteobacteria
(~40%). At all 6 stations, gamma-proteobacteria
appeared to be minor contributors to 3H-leucine assimilation, responsible for <17% of the silver grain area
(Fig. 3C).

Relationship between relative abundance of major
bacterial groups and their contribution to total
3
H-leucine assimilation
We observed significant positive correlations between the abundance of the various groups and their
contribution to total leucine assimilation in terms of the
percentage of total cells with silver grains (r = 0.90, p <
0.01) (Fig. 4A) and percentage of total silver grains (r =
0.87, p < 0.05) (Fig. 4B). These correlations suggested
that abundant bacterial groups contributed more to
Table 1. Size of silver grain clusters associated with alpha-,
beta-, and gamma-proteobacteria and the CytophagaFlavobacterium (CF) cluster assimilating 3H-leucine at 6
stations. N: number of bacteria examined for each group
Salinity
(PSU)
1

7

Leucine assimilation at the single-cell level
16

We also measured the size of silver grain clusters to
examine the assimilation of leucine by different bacterial groups. The size of silver grain clusters varied considerably with coefficients of variation of 38 to 85% in
a phylogenetic group (Table 1). Although there was
substantial variation, the silver grain area data showed
similar percent contribution as the data on the percent
of leucine-active cells (Fig. 3C). There was a significant positive correlation between the percentage of
the 3H-leucine-assimilating cells and the silver grain
area associated with the 4 bacterial groups (r = 0.98,
n = 24, p < 0.01). Alpha-proteobacteria accounted for
the largest fraction of the 3H-leucine silver grain area
at the 3 higher salinity stations where they were domi-

24

30

34.5

Statistics

Mean (µm2)
Median (µm2)
SD
N
Mean (µm2)
Median (µm2)
SD
N
Mean (µm2)
Median (µm2)
SD
N
Mean (µm2)
Median (µm2)
SD
N
Mean (µm2)
Median (µm2)
SD
N
Mean (µm2)
Median (µm2)
SD
N

Proteobacteria
CF
Alpha Beta Gamma cluster
1.93
1.76
0.81
26
2.24
1.81
1.22
81

2.49
2.17
1.41
40
2.57
2.03
1.70
112

2.49
2.03
1.61
26
1.86
1.54
1.05
73

2.79
2.45
1.28
36
2.93
2.47
1.73
71

2.53
2.20
1.52
118
3.08
2.47
2.08
105
4.14
3.32
3.51
100

3.21
2.53
2.24
119
2.44
2.06
1.47
106
3.04
2.80
1.40
80

1.89
1.59
1.06
61
2.59
2.09
1.64
43
2.87
2.58
1.71
29

1.78
1.62
0.73
58
2.62
2.36
1.47
85
2.34
2.20
1.16
53

1.79
1.48
0.95
126

2.62
2.03
1.91
117

2.41
1.98
1.58
65

1.89
1.48
1.06
94
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Fraction of bacterial groups assimilating leucine
We also calculated the 3H-leucine-active fraction of
bacterial groups to estimate variations in cell activity at
group level. This differs from the data reported above
on the fraction of leucine-assimilating bacteria belonging to a phylogenetic group. For example, gammaproteobacteria accounted for only 7% of the cells
assimilating leucine, but 31% of gamma-proteobacteria took up leucine. The 3H-leucine-active fraction of a
single phylogenetic group varied substantially for
alpha-, beta- and gamma-proteobacteria, and the
Cytophaga-Flavobacterium cluster (10 to 47%). There
was no consistent pattern along the salinity gradient
(Table 1).
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on relative number of 3H-leucine active cells and silver
grain area) was greater than that estimated from their
relative abundance (32 to 39%) at the high salinity
stations (Fig. 4). Beta-proteobacteria comprised a large
fraction of the total community (19 to 33%) and a
disproportionately large fraction of the 3H-leucine
assimilation (40 to 52%) at the low salinity stations
(Fig. 4).

r = 0.87
p < 0.05

0
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Fig. 4. Relationship between abundance of various groups
and their contribution to total leucine assimilation in terms of
the (A) percentage of total cells with silver grains and (B) percentage of total silver grains. Alpha-, beta-, and gammaproteobacterial subclasses and the Cytophaga-Flavobacterium (CF) cluster were detected with oligonucleotide
probes Alf968, Bet42a, Gam42a, and CF319a, respectively.
Error bars = ± SD of 10 fields of view. Diagonal line indicates
a 1:1 relationship

Relationship between relative abundance and
leucine-active fraction of major bacterial groups
The relationship between relative abundance and
the leucine-active fraction of the major bacterial
groups was examined to test whether bacterial
growth-related processes control the size of phylogenetic groups and, consequently, regulate community
structure. There was a significant positive correlation
between the leucine-active fraction of beta-proteobacteria and beta-proteobacterial relative abundance in
total communities (r = 0.88; p < 0.05) (Fig. 5B), suggest-

3

H-leucine assimilation than minor groups. For example, alpha-proteobacteria were the dominant component in both abundance and 3H-leucine-assimilation at
the 24, 30 and 34.5 PSU stations, but not at the 1, 7 and
16 PSU stations (Fig. 4). Likewise, beta-proteobacterial
fractions of both total bacteria and 3H-leucine assimilation were much higher at the freshwater stations than
at the high salinity stations (Fig. 4).
However, abundance was not an adequate predictor
of a bacterial group’s contribution to total bacterial
production. The slope of the linear regression was >1
(Fig. 4), indicating that the contribution of predominant bacterial groups to total 3H-leucine assimilation
was greater than what would be predicted solely from
their relative abundance. For example, 3H-leucine
assimilation by alpha-preteobacteria (44 to 66%, based

Table 2. Percentage of 3H-leucine active bacteria in alpha-,
beta-, gamma-proteobacteria and the Cytophaga-Flavobacterium (CF) cluster bacteria in the South China Sea. SD (in
parentheses) is based on 10 microscopic fields of view
Salinity
(PSU)

1
7
16
24
30
34.5

Alphaproteobacteria
18 (19)
20 (7)0
34 (12)
26 (15)
47 (6)0
25 (6)0

% assimilating 3H-leucine
BetaGammaCF
proteoproteocluster
bacteria
bacteria
32 (7)
24 (5)
29 (9)
13 (10)
29 (21)
10 (8)

31 (16)
12 (6)0
20 (11)
25 (18)
26 (36)
31 (15)

32 (13)
11 (3)0
14 (3)0
16 (11)
24 (9)0
30 (11)
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abundance, activity and contribution
to total bacterial production of the
r = 0.58
r = 0.88
major bacterial groups found in
p < 0.05
aquatic systems.
40
Alpha-proteobacteria appear to be
adapted to low concentrations of dissolved organic substrates (Eiler et al.
20
2003, Pinhassi & Berman 2003) and
are widely distributed in marine environments (Giovannoni & Rappé 2000).
The significant positive correlation
0
between the relative abundance of
60
alpha-proteobacteria and salinity that
C: Gamma-proteobacteria
D: CF cluster
we observed (r = 0.99, p < 0.01) implies
r = -0.07
r = 0.42
that alpha-proteobacterial abundance
could be explained by the factors
40
which co-vary with salinity. We hypothesized that oligotrophic marine
genera are responsible for a substan20
tial proportion of the alpha-proteobacteria in the study area, especially in
the pelagic open sea. Beta-proteobacteria are usually most abundant in
0
20
40
60 0
20
40
60
0
fresh waters of estuaries (Crump et al.
%3H-Leucine-assimilating cells in bacterial groups
1999, Bouvier & del Giorgio 2002, del
Giorgio & Bouvier 2002, Kirchman et
al. 2005), and this was duly observed
Fig. 5. Correlation between the relative abundance of (A) alpha-proteobacteria,
(B) beta-proteobacteria, (C) gamma-proteobacteria, and (D) Cytophagain the present study. Furthermore, the
Flavobacterium (CF) cluster, and the percentage of 3H-leucine active bacteria in
highly significant correlation between
the these groups in the South China Sea in February 2004. Relationship for
the relative abundance and the 3Hβ-proteobacteria showed the only significant correlation. Error bars = ± SD of
leucine-active fraction of beta-pro10 fields of view
teobacteria here (r = 0.88, p < 0.05)
(Fig. 5B) suggests a link between
ing that beta-proteobacteria along the salinity gradient
beta-proteobacterial abundance and its metabolic
were controlled by growth. The correlation between
activity. This observation is consistent with a previous
the relative abundance and leucine assimilation for
study showing that the abundance of beta-proteobacalpha-proteobacteria was not as high (r = 0.58) as for
teria is related to allochthonous input of organic carbon
beta-proteobacteria (Fig. 5A), and it was insignificant
in lakes (Langenheder et al. 2004). A third bacterial
for gamma-proteobacteria and the Cytophagagroup, the Cytophaga-Flavobacterium cluster, is usuFlavobacterium cluster (Fig. 5C,D).
ally abundant in both marine and freshwater environments (Kirchman 2002). They are often observed to be
attached to organic particles (Delong et al. 1993, Rath
DISCUSSION
et al. 1998) and are abundant in the turbid estuaries
(Crump et al. 1999). In this study, the CytophagaOne aim of this study was to examine the community
Flavobacterium cluster was the dominant group in the
composition and possible contribution of the major
entire estuary and the highest abundance was obgroups of aquatic bacteria to total bacterial biomass
served at the freshwater station.
production in a subtropical coastal system, the South
The results of this study indicate that the estimated
China Sea. The dominance of beta-proteobacteria in
contribution of bacterial groups to total bacterial biofresh water and alpha-proteobacteria in salt water has
mass production based on active bacterial abundance
been demonstrated previously in estuarine ecosystems
and silver grain area was closely associated with their
(Crump et al. 1999, Bouvier & del Giorgio 2002, Kirchrelative abundance in microbial communities (Figs. 3 &
man et al. 2005). The results from the present study
4). Alpha-proteobacteria dominated the total commuconfirmed some but not all of the basic patterns previnity and the 3H-leucine-active population in salt water,
ously reported. We also analyzed relationships among
where the beta-proteobacterial group was a minor

% of total bacteria

A: Alpha-proteobacteria

B: Beta-proteobacteria
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member. In contrast, beta-proteobacteria were much
more important in fresh water of the estuary in terms of
abundance and 3H-leucine assimilation than alphaproteobacteria. The positive relationships between the
relative abundance of bacterial groups and their contribution to leucine assimilation of total communities
verified that bacterial abundance can explain bacterial
production to a great extent (Cole et al. 1988), and also
suggested that bacterial abundance and production
were controlled by some of the same factors, such as
resource availability and bacterial activity (Ducklow
2000). Bacterial abundance could also be limited by
removal processes, such as bacteriovory and viral lysis
(Ducklow 2000). Analysis of silver grain area indicated
that cellular growth rate varied substantially within a
phylogenetic group, based on the assumption that a
larger silver grain cluster area indicates higher singlecell activity (Rogers 1979). The estimated contribution
of a group to bacterial production based on silver grain
area agreed with that based on abundance.
To examine whether the 3H-leucine incorporation by
the major bacterial group can explain the variation in
their abundance along the salinity gradient, we plotted
the leucine-active fraction for each group versus their
relative abundance. The significant positive correlation was observed only for beta-proteobacteria (r =
0.88; p < 0.05) (Fig. 5B), suggesting that the decline in
the relative abundance of beta-proteobacteria along
the salinity gradient was because of lower growth in
high salinity water. Consistent with our data, Cottrell &
Kirchman (2004) also found a positive correlation
between the thymidine-active fraction of cells and the
relative abundance for beta-proteobacteria in the
Delaware estuary, although not for the leucine-active
fraction. These significant correlations suggest that
growth-related processes exert a stronger effect than
removal processes on beta-proteobacteria, such as
competition for organic carbon (Kirchman et al. 2000)
and inorganic nutrients (Cotner et al. 1997), or inhibition of bacterial growth by factors such as salinity (del
Giorgio & Bouvier 2002). Even though the positive
correlation for alpha-proteobacteria seems substantial
in some instances (Fig. 5A), this association was not
statistically significant. Cottrell & Kirchman (2004) observed much smaller, insignificant correlation coefficients between relative abundance and thymidine and
leucine uptake by alpha-proteobacteria.
We observed that the relative abundance of gammaproteobacteria was always low regardless of leucine
assimilation (Fig. 5C), indicating that additional factors
beyond growth could be important in controlling their
abundance. These factors include bacterial mortality
due to viral lysis (Fuhrman & Suttle 1993, Wommack &
Colwell 2000) and protozoan grazing (Strom 2000).
Also, the high relative abundance of the Cytophaga-

Flavobacterium cluster did not match their low leucine
uptake at the 7 and 16 PSU stations (Fig. 5D), suggesting that the high abundance of the CytophagaFlavobacterium cluster may not be the result of high
in situ growth. Cottrell & Kirchman (2004) found
similar results during their study of the CytophagaFlavobacterium cluster in the Delaware estuary.
The data presented here indicated that proteobacteria and the Cytophaga-Flavobacterium cluster account
for the majority of the heterotrophic bacterial abundance and biomass production in the study area. The
Micro-FISH data provided important clues about the
abundance and bacterial production of major phylogenetic bacterial groups along the salinity gradient in this
subtropical coastal system. It is probably necessary to
examine finer phylogenetic levels since the proteobacterial groups and the Cytophaga-Flavobacterium cluster examined here are phylogenetically diverse. However, the large changes along the salinity gradient at
the broad phylogenetic levels we examined provided
invaluable information that will be essential for understanding the dynamics of the major groups of bacteria
and their roles in biogeochemical processes.
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