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Abstract Bacterial abundances determined in Drake
Passage and Bransfield and Gerlache Straits (Antarctica)
in the Austral summer ranged from 0.78 to 9.4·105 cells
ml�1, and were positively correlated with standing
stocks of Chl a. Two bacterial subpopulations were
discriminated based in their different levels of green
fluorescence and wide angle light scatter (SSC) per cell
after SYTO-13 staining for the first time in Antarctic
waters. High nucleic acid (HNA) and low nucleic acid
(LNA) subpopulations differed considerably in their
response to changes in environmental variables. The
apparent content of nucleic acids per cell for the HNA
subpopulation (FL1-HNA) showed vertical profiles
similar to those of Chl a, including the presence of a
maximum at the subsurface chlorophyll maximum. FL1-
HNA was positively correlated with Chl a. No similar
trends were observed for the LNA fraction. HNA and
LNA subpopulations differed in the response of the wide
angle light scatter signal to environmental factors as
well. SSC-HNA decreased strongly with depth and was
positively correlated with Chl a. Again, no similar trends
were observed for the LNA subpopulation. The
percentage of HNA cells (%HNA) ranged between 35.0
and 76.7% and showed a general tendency to increase
with depth. This increase seemed to be larger when the
stratification of the water column was higher.

Differences in grazing pressure could be responsible of
the unexpected vertical distribution of HNA cells. Our
results shows that in situ LNA and HNA bacterio-
plankton subpopulations are under different ecological
controls and likely to play different trophodynamic roles
in Antarctic waters.

Introduction

Flow cytometry has been used to detect and characterise
heterotrophic planktonic bacteria after staining them
with fluorescent dyes at least since 1985 (Tyndall et al.
1985; Gasol and del Giorgio 2000). Either using UV-
excitable or blue light-excitable stains, it is usually pos-
sible to find at least two bacterial subpopulations that
differ considerably in the degree of staining and, there-
fore, in the nucleic acid content per cell (Robertson and
Button 1989; Monger and Landry 1993; Li et al. 1995).
These bacterial subpopulations have been found in both
marine (Monger and Landry 1993; Li et al. 1995; Marie
et al. 1997; Gasol et al. 1999) and fresh water environ-
ments (Button et al. 1996). They have been named in
different ways (Li et al. 1995; Jacquet et al. 1998; Gasol
et al. 1999). We call then high nucleic acid (HNA) and
low nucleic acid (LNA) subpopulations according to
Lebaron et al. (2001). Available evidence suggests that
total cell fluorescence in SYTO-13 stained bacteria
depends on both DNA and RNA cell content, being the
contribution of each of them different with culture
growth stage (Troussellier et al. 1999; Guindulain and
Vives-Rego 2002).

The experimental evidence suggests that the HNA
and LNA subpopulations differ considerably in growth
rate, activity and in their relationship with others eco-
logical variables. However, recent work suggests that
both subpopulations were composed of the same dom-
inant species (Servais et al. 2003; Longnecker et al.
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2005). HNA cells from natural marine communities and
from mesocosm experiments grew faster and presented
higher rates of radioactive leucine and thymidine uptake
than LNA cells (Li et al. 1995; Servais et al. 1999; Gasol
and del Giorgio 2000; Servais et al. 2003). Abundances
of HNA cells were positively correlated with total bac-
terial production (Lebaron et al. 2001). On individual
cell basis leucine uptake was increased with both light
scatter and fluorescence per cell (Lebaron et al. 2002).
Few field studies deal with changes of both subpopula-
tion in response to ecological factors. However, these
have shown that the fluorescence level of HNA (the
apparent content of nucleic acid), the difference respect
to LNA and the HNA percentage respect to total bac-
terial population (%HNA) were positively correlated
with chlorophyll concentration (Li et al. 1995), and the
apparent nucleic acid content per cell and %HNA
decreased with depth in Bedford Basin (Jellet et al.
1996). Both papers supported the notion that %HNA
could be used as an index of bacterial growth (index of
active cells). For ecological studies, the capacity of flow
cytometry to quantify separately the active and
less-active subpopulations is very promising because
clearly both kinds of cells do not play the same role in
the trophodymamics of the aquatic media. For instance,
bacterial grazers seem to crop selectively the more active
and larger cells of the bacterial community (Sherr et al.
1992; Jürgens and Güde 1994; Gasol et al. 1995).

Field data on the pattern of temporal and spatial
variation of HNA and LNA fractions of the total het-
erotrophic bacterial community are very scarce. Simi-
larly, little is known about the way in which the
abundance of both subpopulations, their physiological
characteristics, and level of activity are related to other
key ecological variables in aquatic ecosystems. The main
objectives of the present work were: (1) to test the
presence of the HNA and LNA heterotrophic bacterial
subpopulations in the Southern Ocean, where they have
not been previously described; (2) to characterise the
‘‘flow cytometric signature’’ of the HNA and LNA
subpopulations, regarding side scatter and fluorescence
signals, in Antarctic waters; and (3) to analyse the dif-
ferences in the response of both subpopulations to sev-
eral ecological variables like chlorophyll concentration,
depth and water column stratification. These objectives
were addressed during the oceanographic cruise CIE-
MAR (1999–2000), in Drake Passage, and Bransfield
and Gerlache Straits, where we analysed total bacterial
numbers and the HNA and LNA subpopulations by
flow cytometry after staining with SYTO-13.

Material and methods

Study area and sample collection

Sea water samples were collected during the oceano-
graphic cruise CIEMAR 99/00 (BIO-Hespérides) car-
ried out from 13 December 1999 to 3 January 2000.

The study area was located in the Passage of Drake,
Strait of Bransfield and Strait of Gerlache (Fig. 1).
Samples were taken from 5, 10, 25, 50, 75, 100 m and
the fluorescence maximum depth by means of a rosette
system of 24 oceanographic 12 l Niskin bottles, oper-
ated through a General Oceanics MKIIIC CTD that
also provided continuous vertical hydrographic infor-
mation in real-time (temperature, salinity and fluores-
cence).

Flow cytometry

Bacterioplankton fresh samples from each depth were
stained with SYTO-13 and analysed by flow cytometry
on board, immediately after collection. The method of
del Giorgio et al. (1996a) was followed. Briefly, 2.5 ll of
a solution of SYTO-13 (Molecular Probes) dissolved in
dimethyl sulfoxide was added to 500 ll of water samples
to obtain a final concentration of 2.5 lM SYTO-13.
After vigorous shaking, the samples were incubated
during 10 min at room temperature in the dark, fol-
lowed by the addition of 10 ll of a yellow-green auto-
fluorescent microspheres solution FluoSpheres
carboxylated-modified microspheres, 1.0 lm) of known
concentration to stained samples as internal standard for
instrument performance. After shaking, the samples
were immediately analysed in a FACScalibur flow
cytometer (Becton Dickinson). Since their concentration
was known, the volume of sample processed could be
calculated and therefore the abundance of bacteria per
unit of volume. The flow cytometer settings for the
analysis of these samples were established as follows:
Photodetectors gains in logarithmic amplification
were FSC=E-02, SSC=470, FL1=450, FL2=475,
FL3=590. Threshold was set at FL1=72, therefore,
only particles with green fluorescence (apparent nucleic
acid content) larger than that level were recorded. Mil-
liQ water was used as sheath fluid. Flow rate of sample
through the flow chamber was set at low rate
(12±3 ll min�1) and calibrated several times during the
cruise. This flow rate and the mean concentration of
bacteria found in this study determined a conveniently
low particle passage rate generally lower than 300 events
s�1 . Data were acquired with the software CellQuest as
Flow Cytometry Standard files and later analysed with
CellQuest and Attractor software (Becton Dickinson).
Stained bacteria were discriminated and counted in a
bivariate plot of right angle light scatter (SSC) and green
fluorescence (FL1) measured at 530±30 nm. The FL1
and SSC signals from bacteria were normalised by
dividing the corresponding microspheres signals in each
sample. HNA and LNA cells were easily discriminated,
gated and counted in the same plot.

The presence of autotrophic picoplankton in a size
range close to bacteria may complicate the quantifica-
tion of heterotrophic bacteria. However, photosynthetic
prokaryotic picoplankton were essentially absent during
the CIEMAR cruise (Rodrı́guez et al., in prep.).
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Likewise, very low abundances of photosynthetic pro-
karyotic picoplankton were observed in Gerlache Strait
(Rodrı́guez et al. 2002).

Chlorophyll and inorganic nutrients

Chlorophyll a (Chl a) was determined fluorimetrically
following the method of Yentsch and Menzel (1963)
modified by Holm-Hansen et al. (1965). Samples (1 l)
were filtered through Whatman GF/F filters and
extracted overnight in 5 ml 90% acetone at 4 �C in dark.
Fluorescence was measured before and after acidificat-
ion with a fluorometer (Turner Designs 10) calibrated
with pure Chl a (Sigma) following UNESCO (1994).
Samples for inorganic nutrients (nitrate, nitrite, phos-
phate and silicate) were stored frozen (�20 �C) until
analysis by means of a Traacs 800 Bran Luebbe auto-
analyser following standard protocols (Grasshoff et al.
1983).

Results

Hydrography

Based on previous studies and on our own hydrographic
data we have differentiated four areas (Figs. 1, 2). In
Bransfield Strait, it is generally accepted the distinction
between the Transitional Zonal Water with Bellingshau-
sen Sea influence (TBW) localised in the northern part of
the strait and the Transitional Zonal Water with Weddell
Sea influence (TWW) localised in the southern part. TBW
is a relatively warm and low-salinity water mass, which
flows into the Bransfield basin from the west, while TWW
is a cooler and salty inflow from the Weddell Sea. Both
water masses also differed in the degree of stratification as
suggested by their potential density profiles (Fig. 2). The
contact between both water masses creates the Bransfield
Front following aSoutheast–Northwest direction (Garcı́a
et al. 2002). During the CIEMAR cruise in 1999,

Fig. 1 Map of the study region.
Due to the large horizontal
heterogeneity of the studied
area we have distinguished
4 zones. Drake Passage,
Transitional Zonal Water with
Bellingshausen Sea influence
(TBW) localised in the northern
part of the Bransfield Strait,
Transitional Zonal Water with
Weddell Sea influence (TWW)
localised in the southern and
Gerlache Strait. Numbered
stations were sampled for
physical and biological
variables, the rest were sampled
only for physical variables and
in situ fluorescence

29



however, we found a different hydrographic situation
(Corzo et al. 2005; Sangrá et al. in prep). At the time of
sampling the surface waters in most of the strait presented
physicochemical properties considered typical ofTBW. In
fact, the Bransfield Front was only detectable in the
eastern transect between stations T11 and T13 and it was
not detected in the western transect in surface (Fig. 1).
Since we will deal only with the upper 100 m of the water
column, all biologically sampled Bransfield stations have
been considered dominated by TBW. The only exceptions
were stations T13 and A1, which clearly presented phys-
icochemical characteristics more typical of TWW, with
higher and uniform potential density (Fig. 2). The third
and fourth areas included a transect inDrake Passage and
two transects in the Gerlache Strait, respectively. The
higher degree of stratification was found in the Gerlache
Strait as shown by the mean vertical profile of potential
density (Fig. 2). A more detailed hydrographic descrip-
tion will be reported elsewhere (Sangrá et al. in prep.).

Autotrophic biomass and total bacterial abundance

Integrated chlorophyll concentration for the upper water
column (0–100 m) ranged between 32.0 and 189.8 mg

Chl a m�2. The highest integrated concentration of
autotrophic biomass as estimated by Chl a was found in
Southeastern Bransfield Strait, in coastal waters close to
the Antarctic Peninsula (station A1). The lowest value
was found close to the Bransfield front in Western
Bransfield Strait (station X3). The horizontal distribu-
tion of Chl a was very heterogeneous as estimated by the
coefficient of variation (CV) between stations (40%)
(Table 1). Horizontal heterogeneity in each of the fourth
zones discriminated in our study was also high (20.8–
66.4%). Gerlache Strait and Drake Passage were found
to be more homogeneous. The mean vertical profile of
Chl a for the whole area showed a subsurface maximum
at 10 m (2.00±0.99lg l�1). The subsurface chlorophyll
maximum was very clear in Gerlache Strait and TBW,
where the water column was more stratified according to
the potential density profiles, but it was absent or less
pronounced in the more homogeneous water columns of
Drake Passage and the TWW zone (Fig. 2).

Total bacteria ranged between 7.8·104 and 9.4·105
cell ml�1 . Mean total bacterial abundances for the four
zones decreased with depth, although a subsurface
maximum was observed at 25 m in Gerlache Strait and
TWW zone in the average profiles (Fig. 2). Integrated
abundance of total heterotrophic bacteria per unit of
area showed less horizontal heterogeneity than Chl a as
estimated by the CV among all stations (23%). Inte-
grated total bacterial abundances in TBW, TWW and
Drake Passage were not significantly different but were
significantly higher than those found in the Strait of

Fig. 2 Mean potential density, mean chlorophyll a (lg l�1) and
mean total bacterial abundance (Bacteria ml�1) profiles for
Gerlache Strait, Drake Passage, TBW and TWW zones. SD
represented as a single arm bar for clarity sake
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Gerlache (t-student, a=0.05), where integrated Chl a
was also lower (Table 1). Abundance of heterotrophic
bacteria was significantly and positively correlated with
Chl a in Gerlache, Drake and TBW, but a negative
correlation was found in TWW (Table 2). This rela-
tionship was different for every area as shown the sta-
tistical comparison of intercepts and slopes of regression
equations (t-student, a=0.05). Chl a concentration
accounted for 29% of the variance in the abundance of
heterotrophic bacteria for the whole area of study
(Table 2).

Bacterial subpopulations: HNA and LNA

The Antarctic heterotrophic bacterial community from 0
to 100 m showed at least two bacterial subpopulations
in all samples analysed that were similar to the HNA
and LNA subpopulations found in different aquatic
environments (Fig. 3). These subpopulations were
clearly distinguishable in a bivariate plot of green fluo-
rescence against wide angle light scatter. A third sub-
population, apparently derived from HNA, was
observed in some samples (results not shown), however,
we did not analyse this third subpopulation indepen-
dently because it appeared only occasionally. Although
HNA and LNA subpopulations showed differences in
SSC, the main difference between them were found in
the mean level of FL1, that is, the apparent content of
nucleic acids per cell (Fig. 3). HNA and LNA subpop-
ulations differed considerably in their response to several
environmental variables: (1) The mean intensity of green
fluorescence for the HNA fraction (FL1-HNA), that is,

the mean apparent content of nucleic acid per cell for the
HNA subpopulation, decreased with depth while the
mean fluorescence signal of the LNA subpopulation
(FL1-LNA) remained constant (Fig. 3). (2) The mean
apparent content of nucleic acids per cell in the HNA
subpopulation increased significantly with Chl a con-
centration, while the mean apparent content of nucleic
acids per cell for LNA remained constant for a wide
range of Chl a concentrations (Fig. 4a, Table 3). The
relative contribution of both fractions to the total bac-
terial population changed considerably among samples.
The percentage of HNA cells (%HNA) ranged between
35.0 and 76.7 (62.2±8.1%). FL1-HNA was significantly
correlated with Chl a, but we did not find a significant
correlation between %HNA and Chl a (Fig. 4b).

Apparent content of nucleic acids

The apparent content of nucleic acids per cell for the
HNA subpopulation, estimated by the relative intensity
of green fluorescence changed with depth (Fig. 3). FL1-
HNA tended to decrease with depth for the whole area
of study and when data from each hydrographic zone
were analysed separately (Fig. 5). The mean vertical
pattern of FL1-HNA presented a subsurface maximum
at 10 m that was very clear in Gerlache and Bransfield
Straits and less evident in Drake Passage. For all sta-
tions, the mean values of FL1-HNA in surface (5 m) and
at 100 m were 96 and 79%, respectively, of that found at
the maximum. Mean vertical profiles of the apparent
nucleic acid content for each zone were similar to the
mean Chl a profiles. This explains the significant corre-

Table 2 Linear regression between the abundance of heterotrophic bacteria (y) and chlorophyll a (x) for different zones. Both variables
were log-transformed. In the equations, the standard error of the intercept and slope are represented in brackets. Determination coefficient
(r2), number of samples (n), and p-value (p) are shown as well

Zone Equation r2 n p

Drake y= 5.539(0.014)+0.196(0.046)x 0.406 28 <0.01
Bransfield-TBW y=5.574(0.012)+0.152(0.021)x 0.313 115 <0.01
Bransfield-TWW y=5.554(0.013)�0.123(0.021)x 0.315 13 <0.05
Gerlache y=5.461(0.017)+0.198(0.030)x 0.406 66 <0.01
All y=5.533(0.009)+0.163(0.017)x 0.290 222 <0.01

Table 1 Average values and coefficient of variation (CV, %) of chlorophyll standing stocks (Chl a), total heterotrophic bacteria (Bacteria)
and %HNA integrated for the upper 100 m in the four zones

Chl a (CV) mg m�2 Bacteria (CV)·1013 m2 %HNA (CV) Number of stations

TBW 80.8 (41.3) 3.47 (24.7) 57.96 (12.9) 19
TWW 129.1 (66.4) 3.53 (13.5) 64.08 (3.6) 2
Gerlache 76.8 (20.8) 2.66 (13.8) 69.93 (6.8) 9
Drake 98.4 (25.4) 3.35 (9.1) 60.94 (9.0) 5
All zones 84.55 (40.0) 3.31 (28) 62.20 (13.1) 35

TBW Transitional Zonal Water with Bellingshausen Sea influence, TWW Transitional Zonal Water with Weddell Sea influence, Gerlache
Strait and Drake Passage
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lation found between FL1-HNA and Chl a for all
stations (Fig. 4), and suggests a close relationship be-
tween apparent nucleic acid content for the active frac-
tion of the bacterial population and standing stock of
autotrophic biomass. On the contrary, FL1-LNA did
not change either with depth or with Chl a concentration
(Figs. 3, 4).

Wide angle light scatter

We found marked differences among HNA and LNA
subpopulations regarding the way in which their wide
angle light scatter signals changed with depth. These
differences were apparent either when a single station was
analysed or when the whole data set were considered.
The SSC signal of the HNA subpopulation (SSC-HNA)
decreased with depth. However, SSC of the LNA sub-
population (SSC-LNA) remained almost constant with
depth (Fig. 6). These vertical patterns in the changes of
SSC for HNA and LNA subpopulations did not change
when data for all stations were pooled together despite
horizontal heterogeneity in both autotrophic and het-
erotrophic microbial biomass (Fig. 7). Changes in depth
accounted for 46% in the variability of the mean SSC-
HNA, but only 7.8% of SSC-LNA (Fig. 7a, Table 3).
Mean SSC signals from HNA and LNA subpopulations
differed in their response to increasing levels of Chl a.

Fig. 3 Representative bivariate plot of SYTO 13-induced green
fluorescence intensity per cell (apparent content of nucleic acids)
against 90�-side scatter (SSC) for three different depths at station
G1 in Gerlache Strait. Note the variation in the position of the
peaks

Chlorophyll a (µg1-1)

Chlorophyll a (µg1-1)

A

B

Fig. 4 a Relationship between SYTO 13-induced green fluores-
cence intensity per cell (arbitrary units), for HNA (FL1-HNA) and
LNA (FL1-LNA), and chlorophyll a concentration for the whole
study area. Regression equations were Log FL1-
HNA=�1.955+0.088 Log Chl a (r2 =0.363) and Log FL1-
LNA=�2.355+ 0.003 Log Chl a (r2 =0.001), respectively (see
Table 3 for details). b Relationship between the percentage of the
HNA subpopulation of total heterotrophic bacteria (%HNA) and
Chl a
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Mean SSC-HNA showed a strong positively correlation
with Chl a concentration, which accounted for about
47% of variability in mean SSC-HNA (Fig. 7b, Table 3).
However, Chl a only accounted for about 5% of vari-
ability in mean SSC-LNA (Table 3).

Vertical pattern of %HNA

The percentage of heterotrophic bacteria with high
apparent nucleic acid content per cell changed with

depth. Maximum increase in %HNA was observed
between 5 and 10 m. Mean %HNA for all stations
increased significantly from 58 ±8.2% at surface to
65±6.2% at 100 m (n=35, P<0.01). This general pat-
tern was also found when each hydrographic zone was
analysed separately, although the vertical profiles of
%HNA in Drake Passage and TWW were more
homogeneous (Fig. 8). Mean %HNA (Table 1) for
every oceanographic area were statistically different
(t-student, a=0.05). The vertical profiles of %HNA
were inverse to those of Chl a concentration, total bac-
terial abundances and apparent nucleic acid content
(Figs. 2, 5). No significant correlation was found be-
tween Chl a concentration and %HNA (Fig. 4b).
%HNA tended to covariate with potential density
(Fig. 9) and variables directly influenced by the water
column stratification like the concentrations of nitrate

Table 3 Linear regressions between several variables for the whole available data set (35 stations). Standard errors (SE) of the intercepts
and slopes are shown in brackets. Determination coefficient (r2), number of samples (n), and p-value (p) are shown as well

Dependent variable Intercept (SE) Slope (SE) Independent variable r2 n p

Log THB 5.533(0.009) 0.163(0.017) Log Chl a 0.290 222 <0.01
Log FL1-HNA �.925(0.004) 0.088(0.008) Log Chl a 0.363 216 <0.01
Log FL1-LNA �.355(0.003) 0.003(0.006) Log Chl a 0.001 216 0.230
%HNA 63.684(0.839) �.393(0.598) Chl a 0.024 217 0.024
Log SSC-HNA �.762(0.005) 0.142(0.010) Log Chl a 0.473 216 <0.01
Log SSC-LNA �.570(0.002) 0.016(0.005) Log Chl a 0.049 216 < 0.01
Log SSC-HNA �.702(0.008) �.002(0.0001) Depth (m) 0.460 216 <0.01
Log SSC-LNA �.570(0.03) �.0003(0.00007) Depth (m) 0.078 216 <0.01
%HNA 17.955(6.197) 1.603(0.222) Nitrate 0.207 200 <0.01
%HNA 24.791(7.711) 17.129(3.502) Phosphate 0.109 200 <0.01

THB total heterotrophic bacteria, FL1-HNA apparent nucleic acid content of the HNA subpopulation, FL1-LNA apparent nucleic acid
content of the LNA subpopulation, SSC-HNA side scatter level of HNA and LNA SSC-LNA, %HNA percentage of HNA bacteria

Fig. 5 Vertical profiles of Chl a and green fluorescence intensity per
cell, in arbitrary units, for the HNA (FL1-HNA) in the four zones.
Represented data are the average and the SD values have been
plotted as a single arm bar for clarity sake. Transitional Zonal
Water with Bellingshausen Sea influence (TBW), Transitional
Zonal Water with Weddell Sea influence (TWW)
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and phosphate in the water column (Table 3). The
apparent relationship between %HNA and potential
density was specific of each area or water mass because
the statistical comparison of intercepts and slopes of the
regression equations showed that they were significantly
different (t-student, a=0.05).

Discussion

Autotrophic biomass and total bacterial abundance

Both chlorophyll concentration and abundance of het-
erotrophic bacteria were in the same range as those
reported by Holm-Hansen and Mitchell (1991) and Karl
et al. (1991) during the RACER cruise and those of
Varela et al. (2002) and Pedrós-Alió et al. (2002) for the
FRUELA cruises in basically the same area. This con-
cordance in the abundance of heterotrophic bacteria
encompasses studies done during the last 13 years and
using two different methodologies: epifluorescence
microscopy (Karl et al. 1991; Pedrós-Alió et al. 2002)
and flow cytometry (this study). This area is hydrog-
raphically complex, supporting horizontal and vertical

distributions of Chl a largely heterogeneous (Lipski
1985; Schloss and Estrada 1994; Figueiras et al. 1998;
Basterretxea and Arı́stegui 1999; Corzo et al. 2005). The
variability in abundance of total bacteria was lower
(Table 1). Total bacterial biomass tends to be less vari-
able than the autotrophic component of the planktonic
community (Cole and Caraco 1993; del Giorgio and
Gasol 1995).

Abundance of total heterotrophic bacteria was sig-
nificantly correlated with Chl a level when the whole
data set was analysed or when it was divided by zones.
In all cases the correlation between Bacteria and Chl a
was positive, except in the two stations showing char-
acteristics of TWW (Table 2). The different regression
equations were significantly different and this is a further
confirmation of the high heterogeneity of this region.
The slope of the regression between heterotrophic bac-

Fig. 6 Representative histograms of SSC for the HNA and the
LNA bacterial subpopulations at three depths (10, 50 and 100 m)
for station G1. Data are expressed as number of cells (counts) in
each of the 1024 channel in which the intensity of the SSC signal is
classified by the flow cytometer data-processing software

Fig. 7 Relationship between mean SSC signal for the HNA (SSC-
HNA) and for the LNA subpopulations (SSC-LNA) with depth
A and with Chl a concentration B for the whole study area
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teria and Chl a found for different pelagic environments
and in across-systems comparisons can be interpreted in
a trophodynamic sense (Bird and Kalff 1984; Cole et al.

1988; Pedrós-Alió et al. 2000). The slope calculated by
us was lower than those of available general relation-
ships including data for different systems (Cole et al.
1988; Pedrós-Alió et al. 2000). This apparent inefficient
transfer of C between primary producers and hetero-
trophic bacteria seems to be a characteristic feature of
this area since it was also observed during RACER and
FRUELA (Karl et al. 1991; Pedrós-Alió et al. 2002).
Both bottom-up and top-down causes, including viral
lysis, have been suggested to control the abundance of
heterotrophic prokaryotes in the Southern Ocean (Boyd
et al. 2000; Moran and Estrada 2002; Pedrós-Alió et al.
2002; Vaqué et al. 2002). Little information exists on
how these factors might affect the proportion of active
bacteria and their activity level in situ.

Apparent nucleic acid content: HNA and LNA
subpopulations

The analysis of heterotrophic bacterioplankton by flow
cytometry in the Antarctic waters revealed the presence
of several subpopulations that differed in the degree of
SYTO 13 staining and, therefore, in their apparent cell
content of nucleic acids (Fig. 3). In most samples we
found only two well-discriminated subpopulations
(LNA and HNA), although in some cases we detected a
third subpopulation apparently derived from HNA.
Occasionally, three bacterial subpopulations have been
found in marine samples (Li et al. 1995; Marie et al.
1997) and in lakes where the third subpopulation was
interpreted as large cells growing at a rate fast enough
to contain replicated DNA (Button et al. 1996). The
presence of several subpopulations differing in their
apparent content of nucleic acid is a characteristic of
free pelagic bacterial communities. They have been
found, using different dyes, in all aquatic media so far
investigated (Gasol and del Giorgio 2000) including
Antarctic waters (this study). However, the ecological
significance of these subpopulations is unknown, al-
though there is strong evidence that they represent
bacterial assemblages differing in the level of metabolic
activity (Li et al. 1995; Servais et al. 1999; Gasol and
del Giorgio 2000; Lebaron et al. 2001; Servais et al.
2003). Bacteria with very low metabolic activity, resting
cells, dead cells, fragments of cells, large viruses and
even large free DNA fragments have been suggested to
integrate the LNA population (Zweifel and Hagström
1995; Jellett et al. 1996; Choi et al. 1996; Heissenberger
et al. 1996; Gasol et al. 1999), but also small active cells
(Zubkov et al 2001). However recently, cell sorting and
molecular biology techniques suggest that LNA and
HNA cells are not phylogenetically different bacteria
(Servais et al. 2003; Longnecker et al. 2005). They are
more likely the cells with different apparent content of
nucleic acid and with different cell-specific activity
(Servais et al. 2003). LNA subpopulation appeared in
the culture of marine bacteria only in the stationary
growth phase (Lebaron et al. 2002). However, it seems

Fig. 8 Average vertical profiles of the percentage of HNA
subpopulation to total bacteria population (%HNA) for Drake
Passage, Gerlache and Bransfield Straits. Standard deviations for
all profiles ranged between 0.72 and 8.99, they are shown as a single
arm bar only for Gerlache and Drake for clarity. TBW and TWW
average data showed similar SD, Transitional Zonal Water with
Bellingshausen Sea influence (TBW), Transitional Zonal Water
with Weddell Sea influence (TWW)

Fig. 9 Relationship between %HNA and potential density for
Drake Passage, Gerlache and Bransfield Straits. Transitional Zonal
Water with Bellingshausen Sea influence (TBW), Transitional
Zonal Water with Weddell Sea influence (TWW). Regression
equations of lines shown are: y=�90,80+9.56x, r2=0.676 (Gerl-
ache), y=�93.12+20.24x, r2=0.592 (Drake), y=�111.40
+59.87x, r2=0.936 (TBW)
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that LNA cells are not fully inactive (Longnecker et al.
2005).

The HNA and LNA fractions of bacterial community
differed largely in the apparent content of nucleic acid
per cell. Likely, most of the difference in fluorescence
intensity detected after SYTO 13 staining among indi-
vidual bacteria is related to changes in RNA content,
particularly ribosomal RNA (rRNA). Two lines of evi-
dence support our interpretation: (1) SYTO 13 stained
both DNA and RNA and their contribution to the total
fluorescence per cell changed with growth rate (Guin-
dulain et al. 1997; Troussellier et al. 1999; Guindulain
and Vives-Rego 2002). (2) The cell content of RNA is
much higher than DNA, specially rRNA changes con-
siderably during cell cycle and with growth rate (Maaløe
and Kjeldgaard 1966; Kemp et al. 1993; Kramer and
Singleton 1993; Karner and Fuhrman 1997).

The heterotrophic bacterial community in any natu-
ral sample is formed by many different species with
different genome sizes. In Antarctic waters, in addition
to Bacteria, Archaea are known to comprise a significant
fraction of the picoplankton community (DeLong et al.
1994; Massana et al. 1998; Murray et al. 1998). Staining
of cells with SYTO 13 and their analysis by flow
cytometry cannot discriminate within this taxonomic
diversity because only two or, some time, three different
subpopulations appeared. It is possible that changes in
rRNA content, closely related to growth stage, overrides
changes in DNA content due to taxonomic differences.

Differences in the response of HNA and LNA
subpopulations to environmental factors in situ

LNA and HNA subpopulations differed in the way in
which their apparent content of nucleic acid changed
with environmental factors. HNA bacteria were a more
dynamic component of the total bacterial community,
their fluorescence intensity per cell decreased with depth
and showed a vertical pattern similar to that of auto-
trophic biomass (Figs. 3, 5). This covariation between
FL1-HNA and Chl a and the difference regarding FL1-
LNA versus Chl a were also observed pooling all data
(Fig. 4a). These observations for Antarctic bacterio-
plankton are similar to those reported in the only two
previous studies, as far as we know, dealing with chan-
ges in the abundances and flow cytometer signatures of
HNA and LNA subpopulations in marine ecosystems
(Li et al. 1995; Jellet et al. 1996). Both studies were done
at lower latitudes. In both cases the apparent content of
nucleic acid per cell for the HNA subpopulation was
positively correlated with the standing stock of Chl a
and decreased with depth. No similar trends were
observed for the LNA subpopulation (Li et al. 1995;
Jellet et al. 1996). However, a major difference between
the Antarctic and lower latitudes was that in both
studies the %HNA was also correlated with standing
stocks of Chl a. An additional difference is that %HNA
decreased with depth in Bedford Basin (Jellet et al.

1996). On the contrary, %HNA increased with depth in
Antarctic waters, although there were differences among
zones (Fig. 8), and we did not find a significant corre-
lation between %HNA and Chl a (Fig 4b). It is not clear
what causes these differences. In principle, %HNA
should covariate with mean metabolic activity and
growth rate for the whole bacterial population because
more bacteria would be metabolically active and there-
fore dividing, this being the rationale of the so-called
active cell index (Li et al. 1995; Jellet et al. 1996).
However, differences in the standing stocks of the HNA
cells could neither reflect differences in their growth rate
nor metabolic activity if we compare populations under
distinct turnover rates. A low %HNA could be com-
patible with a high turnover rate of the HNA population
if this fraction is under a high grazing pressure or a high
viral lysis rate.

The empirical evidence from laboratory and micro-
cosms experiments (Gasol et al. 1999; Servais et al.
1999; Lebaron et al. 2001) and field studies (Li et al.
1995; Jellet et al. 1996; Servais et al. 2003) suggests that
HNA cells are more active and dynamic than LNA cells
and they were responsible of most of total bacterial
production. Even in the same sample, the HNA sub-
population was not integrated by identical cells and
showed a higher degree of heterogeneity than the LNA
subpopulation both in the intensity of green fluorescence
and in SSC (Figs. 3, 6). Cell-specific rates of leucine
incorporation and growth rate were positively correlated
with both the nucleic acid content of cells and their SSC
signal (Lebaron et al. 2002). Particularly interesting for
the analysis of the ecological significance of both sub-
populations is that LNA cells were not detected in the
log growth phase, but they were present in the stationary
phase (Lebaron et al. 2002). Therefore, the vertical
profiles of FL1-HNA and their horizontal variation
might be interpreted as a proxy of changes in metabolic
activity and growth rate of the active fraction of Ant-
arctic bacterioplankton.

Wide angle light scatter of the HNA and LNA
subpopulations

Changes in bacterial size can be estimated from changes
in the SSC signal (Servais et al 1999; Bernard et al. 2000;
Lebaron et al. 2002; Servais et al. 2003). SSC provides a
better measure of the relative cell size for organisms in
the picoplanktonic range because of its higher sensitivity
to small changes as compared to forward light scatter
(Dubelaar and Jonker 2000; Jochem 2000).

The SSC signals (apparent cell sizes) of HNA and
LNA cells seem to be under different environmental
control. Observed variability in apparent cell size was
larger in HNA than in LNA bacteria as revealed by a
simple comparison of their coefficients of variation (24
and 9%, respectively). The apparent cell size of the
HNA population increased with Chl a concentration
and decreased with depth. Both trends are likely to be
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related due to the inverse relationship between Chl a and
depth. Both environmental factors explained about 46%
of the observed variability in apparent cell size of the
HNA bacteria (Table 3). On the contrary, the apparent
cell size of the LNA fraction did not change significantly
neither with Chl a nor with depth (Figs. 6, 7).

Cell size of heterotrophic bacteria is linearly corre-
lated with growth rate (Maaløe and Kjeldgaard 1966;
Davey and Kell 1996). The little information available
for marine bacterial communities suggests that a similar
relationship exists between biovolume, estimated from
the SSC signal, and growth rate at least for the low
range of sizes (Servais et al. 1999; Bernard et al. 2000).
In addition, cell size was also positively related to bac-
terial production and the apparent content of nucleic
acid for the HNA subpopulation (Lebaron et al. 2002).

The simplest interpretation for the observed patterns
of changes in apparent cell size of the HNA and LNA
bacteria is the following. Active heterotrophic bacteria,
the HNA fraction, were bigger and likely grew faster
close to the surface where primary production supplied
more organic carbon for growth. They were smaller and
likely growing at a lower rate as depth increased. A
variable fraction of the total bacterial community
remained in a less active or inactive state showing little
or no change at all with Chl a or depth.

Top-down and bottom-up mechanisms
affecting HNA and LNA subpopulations

The percentage of active bacteria increased with depth in
Antarctic waters (Fig. 8). This increase cannot be
interpreted as an indication of higher relative metabolic
activity and growth rate as depth increases because
vertical distributions of phytoplankton and bacterial
production are related and decrease with depth. There-
fore, it seems that the active cell index (Jellet et al. 1996)
cannot be properly applied to Antarctic waters. It is
unclear what caused the observed vertical pattern in
%HNA, but the vertical distribution of grazing in the
water column might play a role. Grazing rate by het-
erotrophic nanoflagellates and other planktonic grazers
seems to be size dependent, cropping selectively the
biggest and more active fraction of bacterioplankton
(Andersson et al. 1986; Sherr and Sherr 1994; Gasol
et al. 1995; del Giorgio et al. 1996b). Grazers will crop
selectively the HNA population reducing its contribu-
tion to total bacteria because it is likely that the grazing
activity will be coincident in space with bacterial pro-
duction, mainly supported by the HNA fraction. This
could explain the observed increase in %HNA with
depth. Available information from Antarctica and other
marine areas supports our hypothesis. Both grazer
abundance and virus abundance in the area show ver-
tical profiles that could explain those of %HNA (Guixa-
Boixereu et al. 2002; Vaqué et al. 2002), but more
experimental work is needed to address specifically how
grazing could affect the vertical and horizontal distri-

bution of %HNA in different oceanographic conditions.
Similar patterns in the vertical distribution of %HNA
were observed in the Gulf of Mexico (Jochem 2001,
2004).

HNA cells are not identical regarding the intensity of
SYTO 13-induced fluorescence per cell, and although
%HNA was lower in surface our results show that the
mean apparent content of nucleic acids changed with
depth, following a pattern similar to that of Chl a con-
centration. Mean FL1-HNA was maximum at 10 m
where Chl a peaked as well. This means that HNA
bacteria, accounted for a lower fraction of the total
bacterial community, but were more active and bigger in
the surface, close to the Chl a maximum, than at higher
depth. The availability of fresh dissolved organic carbon
would determine the level of metabolic activity within
this fraction. This is likely why FL1-HNA presented a
vertical profile similar to that of standing stock of Chl a.

Obviously, the stability of the water column is
determinant for the vertical distribution of inorganic
nutrients, autotrophic biomass, and bacterioplankton
and its predators. Likely, the more homogeneous pro-
files of %HNA in Drake Passage and TWW are related
to higher degree of uniformity in the vertical profile of
potential density. On the contrary, stronger stratification
in Gerlache Strait and TBW seems to sustain more
heterogeneity in the vertical distribution of %HNA.
Other unresolved questions that should be addressed are
why the mean %HNA and its relationship with potential
density for distinct zones or water masses are different.
Differences in the abundance of phytoplankton could
explain part of the observed variability, but in Gerlache
Strait, maximum mean value of %HNA coincided with
the minimum mean value of integrated chlorophyll
(Table 1). Differences in grazing pressure between water
masses could also contribute to explain the observed
differences in mean %HNA.

Conclusions

The analysis by flow cytometry of Antarctic bacterio-
plankton shows the existence of two subpopulations of
cells, LNA and HNA, that differed markedly in their
response to changes in several ecological factors. Our
field results agree with the identification of the HNA
subpopulation with the active fraction of the hetero-
trophic bacterial community in Antarctic waters. We
have shown here that apparent content of nucleic acid is
a sensitive variable that responded to changes in depth,
water column stability and autotrophic biomass in a
consistent way. Several authors have shown that the
apparent content of nucleic acid is related to the activity
and growth rate of bacterial cell. Taking together both
lines of evidences we suggest that the analysis of changes
in space and time of this variable in the ocean could
provide a valuable tool to increase our knowledge on
bacterioplankton ecology. Changes in FL1-HNA and
SSC-HNA represent the response to environmental
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factors at an individual level, while variations in the
relative abundances of the HNA and LNA fractions and
total bacteria represent the response at a population
and/or community level. Surprisingly, %HNA tended to
increase with depth. At the moment, it is unclear what
causes this pattern in Antarctic waters and even what
happens elsewhere. It is important to notice that the
vertical distribution of %HNA was opposite to expected
distributions of primary producers and bacterial pro-
duction. The increase of %HNA with depth could result
from a higher grazing pressure close to the surface,
where the most active and largest cells occurred. As in
many other biological properties, the degree of stratifi-
cation plays a role in the shape of the vertical distribu-
tion of %HNA. Relatively, homogeneous profiles were
observed in areas with low vertical differences in
potential density, while larger increases of %HNA with
depth occurred when the stability of the water column
was higher due to vertical differences in potential den-
sity.
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Pedrós-Alió C, Vaqué D, Guixa-Boixereu N, Gasol JM (2002)
Prokaryotic plankton biomass and heterotrophic production in
western Antartic waters during 1995–1996 Austral Summer.
Deep-Sea Res II 49:805–825

Robertson BK, Button DK (1989) Characterizing aquatic bacteria
according to population, cell size and apparent DNA content
by flow cytometry. Cytometry 10:70–76
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