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Abstract Growth rates and grazing losses of bacterioplankton were assessed by serial dilution experiments in
surface waters in the Mississippi River plume, the
northern Gulf of Mexico, a Texas coastal lagoon (Laguna Madre), southeast Gulf of Mexico surface water,
and the chlorophyll subsurface maximum layer in the
southeast Gulf of Mexico. Bacteria were quantiﬁed by
ﬂow cytometry after DNA staining with SYBR Green,
which allowed for discrimination of growth and grazing
rates of four bacteria subpopulations distinguished by
their apparent DNA content and cell size (light scatter
signal). Total bacteria growth rates (0.2–0.9 day 1) were
mostly balanced by grazing losses, resulting in net
growth rates of 0.18 to 0.45 day 1. Growth rates of
DNA subpopulations varied within experiments, sometimes substantially. In most, but not all, experiments, the
largest bacteria with highest DNA content exhibited the
highest growth rates, but a relationship between DNA
content and growth rates or grazing losses was absent.
Small bacteria with the lowest DNA content showed
positive growth rates in most experiments, sometimes
higher than growth rates of bacteria containing more
DNA, and were grazed upon actively. Low-DNA bacteria were not inactive and were an integral part of the
microbial food web.
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Introduction
Bacteria play a key role in planktonic marine microbial
food webs. They constitute an important share of
plankton biomass, and their activity impacts ecosystem
metabolism and function. Bacteria are a major component in aquatic carbon cycling and other biogeochemical
processes (Ducklow 2000). A contemporary challenge in
microbial ecology is to understand the functional role of
phylogenetically or otherwise deﬁned bacterial populations in natural ecosystems.
Marine bacterioplankton studies have improved with
the development of new techniques. Culture-independent molecular tools now allow assessment of bacterial
diversity of heterogeneous, natural populations, a task
previously hindered by the minor number of cultivable
marine bacteria (Giovannoni and Rappé 2000). The
introduction of ﬂow cytometry into the analysis of
planktonic bacteria (Li et al. 1995; Marie et al. 1997)
made bacteria counts faster, easier, and more precise (by
higher number of counted cells; Venrick 1978) and
provided feasibility for experiments involving a high
number of counting samples to be processed. Good
correlation between cytometric and microscopic bacteria
counts has been shown (e.g. Marie et al. 1997; Yanada
et al. 2000; Jochem 2001; Vaqué et al. 2001).
With the introduction of cytometric bacteria counts,
which rely on DNA staining, it became obvious that
bacterioplankton communities are composed of groups
with diﬀerent apparent DNA content (Li et al. 1995;
Marie et al. 1997). Depending on the system under
study, two to four bacteria groups distinguished by their
combination of DNA content and cell size (light scatter
signal) could be diﬀerentiated (Gasol and del Giorgio
2000 and references therein). Whereas coastal and
eutrophic samples tend to have two groups, up to nine
DNA clusters have been distinguished in coastal Mediterranean waters (Troussellier et al. 1999).
The ecological signiﬁcance of bacteria groups with
diﬀerent DNA content has been set into the context of

1214

bacterial cellular activity in the oceans. Although the
actual value may depend on the technique applied, only
a variable but small fraction of planktonic bacteria
(from as low as 2% to >90%, but usually <50%) appears to be metabolically active (Smith and del Giorgio
2003). Based on micro- and mesocosm studies that
exhibited high growth rates of bacteria with high DNA
content, particularly under grazer removal and substrate
addition (Gasol et al. 1995; Yanada et al. 2000; Vaqué
et al. 2001; Jacquet et al. 2002), it was concluded that
high-DNA bacteria represent the metabolically active
fraction of bacterioplankton, whereas low-DNA bacteria were considered inactive or dead (Gasol and del
Giorgio 2000). This interpretation is supported by lower
cell-speciﬁc substrate uptake rates in low-DNA bacteria
(Jellett et al. 1996; Lebaron et al. 2002) and a closer
correlation of total bacterial production to high-DNA
bacteria abundance than to total bacteria (Vaqué et al.
2001). The ratio of high- to low-DNA bacteria was
suggested as an ‘‘active cell index’’ of bacterioplankton
(Jellett et al. 1996). However, recent studies have revealed that low-DNA bacteria are not inactive (Grégori
et al. 2001; Zubkov et al. 2001) and may exhibit metabolic activities and growth rates similar to high-DNA
bacteria (Zubkov et al. 2001).
In the northern Gulf of Mexico and the Mississippi
River plume (Louisiana shelf), four bacteria DNA
groups corresponding to previously described groups
were found (Jochem 2001). The aim of this study was to
assess bacterial growth rates and grazing losses in the
Mississippi River plume, the northern Gulf of Mexico, a
Texas coastal lagoon, and the southeast Gulf of Mexico.
Growth rates and grazing losses of the four DNA
groups were established to reveal the heterogeneity of
bacterial growth rates within bacterioplankton communities, assess if low-DNA bacteria can be considered

Fig. 1 Sampling stations in the
Gulf of Mexico. GoM northern
Gulf of Mexico, LLM lower
Laguna Madre, MRP
Mississippi River plume, 1–5
southeast Gulf of Mexico
stations 1–5, A–D southeast
Gulf of Mexico stations A–D

inactive cells, and evaluate the role of DNA groups in
the microbial food web.

Materials and methods
Growth rates and grazing losses of bacteria were estimated from serial dilution experiments (Landry and
Hassett 1982) performed with surface samples in the
Mississippi River plume (stations MRP; 20–29 May
2000), northern Gulf of Mexico (GoM; 18 June 2001),
lower Laguna Madre (LLM; 28 June 2001), southeast
Gulf of Mexico (stations 1–5; 2–7 May 2002), and
chlorophyll subsurface maximum layer in the southeast
Gulf of Mexico (stations A–D; 2–5 August 2002; Fig. 1).
Water samples were taken by CTD-mounted, metalfree Niskin water bottles and diluted (1.0, 0.8, 0.6, 0.3,
0.15 fractions) with sample water previously ﬁltered
through
0.2-lm
47-mm
polycarbonate
ﬁlters
(<250 mbar). In the Mississippi River plume, dilutions
were incubated in 100-ml polystyrene culture ﬂasks
(Corning Costar Corp., Cambridge, Mass., USA) submerged in a seawater-containing deck incubator with
blue-shaded Plexiglas walls to simulate the sunlight
spectrum and cooled to ambient water temperature by a
microprocessor-controlled Neslab RTE bath/circulator
cooler (Neslab Instruments, Newington, N.H., USA).
For GoM and LLM experiments, 500-ml polycarbonate
bottles were used. Experiments in the southeast Gulf of
Mexico were incubated in 100-ml polycarbonate bottles
placed in a seawater-cooled deck incubator with ambient
light intensity simulated by black mosquito net. Experiments in the southeast Gulf were amended with f/20
nutrients, those in the northeast Gulf and Laguna
Madre with 4 lmol l 1 NH4Cl. All dilutions were performed in triplicate. Ten-milliliter subsamples were ta-
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ken prior to incubation and after 24 h, ﬁxed with 1%
(ﬁnal concentration) formaldehyde, and either stored at
4C in the dark for up to 2 weeks (MRP, GoM, LLM)
or frozen in liquid nitrogen and stored at –20C
(southeast Gulf of Mexico) until analysis.
Bacteria were quantiﬁed by ﬂow cytometry after
DNA staining (Marie et al. 1997; Jochem 2001). One
milliliter of sample was incubated for 30 min at 37C
with 0.1 g l 1 RNAse (1:1 mix of RNAse A and B)
before staining with SYBR Green I (10 5 dilution of
commercial stock; Molecular Probes, Eugene, Ore.,
USA) in the presence of 30 m M potassium citrate. After
30 min of staining, samples were analyzed on a Becton
Dickinson (San José, Calif., USA) FACSort ﬂow cytometer at a sample ﬂow rate of 0.2 ll s 1. Measured
sample volume was estimated from measurement time
(50–300 s) based on repeated weight calibration of ﬂow
rates.
SYBR DNA ﬂuorescence was detected in both the
green FL1 (535±15 nm) and the red FL3 (>650 nm)
ﬂuorescence channels. Autoﬂuorescence from cyanobacteria never inferred with SYBR Green ﬂuorescence
signals in the FL3 channel because chlorophyll ﬂuorescence signals were always substantially higher than
SYBR Green signals in this channel, and cyanobacteria
were clearly separated from bacterial clusters. Side-angle
light scatter (SSC) served as a proxy for bacterial cell
size (Servais et al. 1999; Troussellier et al. 1999). All
signals were recorded on a 4-decade log scale. Data were
analyzed by WinMDI version 2.7 (Joseph Trotter,
Scripps Research Institute, La Jolla, Calif.; freeware).
DNA clusters of heterotrophic bacteria were counted by
logical gating from both FL1 versus FL3 and SSC versus
FL1 histograms, with gate borders set at the minima in
frequency distributions of DNA ﬂuorescence and light
scatter and kept constant throughout experiment analysis (Fig. 2). Growth and grazing rates of bacteria were
estimated from linear regressions of apparent growth
rates (ln [Nt/N0]·1/t with N0 and Nt as the initial and
ﬁnal abundance, respectively, and t=1 day) versus
sample dilution.

Results
Table 1 summarizes locations, hydrographic conditions,
phytoplankton chlorophyll concentrations, and bacteria
abundances at the sampled stations. Both bacteria and
phytoplankton abundance were highest (1.2–1.5·106
bacteria ml 1; ca. 30 lg Chl. a l 1) at low and midsalinity stations in the Mississippi River plume. Dissolved
inorganic
nitrogen
concentrations
(NH4++NO3 +NO2 ) decreased from 53 lM at station MRP2 (8.5&) to 18 lM at station MRP7 (23.5&)
and were 0.27 lM at the two full-salinity stations (Jochem 2001). High bacteria biomass and production in
the Mississippi River plume has been related to riverine
import of labile dissolved organic matter (Chin-Leo and
Benner 1992). High bacterial abundance also occurred in

Fig. 2 Flow-cytometric signature of bacterioplankton in the
northeast Gulf of Mexico. FL1 and FL3 (green and red
ﬂuorescence) both represent SYBR Green DNA ﬂuorescence;
side-angle light scatter is used as a proxy of cell size. Prochlorococcus are clearly separated from bacteria

the lower Laguna Madre (LLM), a shallow, coastal lagoon where NH4+ dominates inorganic nitrogen and
phytoplankton often is restricted to the Texas Brown
Tide pelagophyte Aureoumbra lagunensis and the coccoid cyanobacterium Synechococcus spp. All other stations exhibited low bacteria abundance (2–4·105 ml 1)
and phytoplankton biomass (<0.5 lg Chl. a l 1) typical
for oligotrophic Gulf of Mexico waters. Except for
LLM, bacteria abundance was correlated with phytoplankton abundance (r2=0.95, P<0.0001) as described
in other marine systems (Gasol and Duarte 2000).
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Table 1 Station locations and key environmental parameters
Station

Date

Latitude

Longitude

Mississippi River plume, May 2000
MRP2
20 May
2853.89¢N
8926.04¢W
MRP3
22 May
2828.50¢N
8951.20¢W
MRP7
27 May
2852.79¢N
8923.62¢W
MRP9
29 May
2804.04¢N
8911.80¢W
Coastal Texas samples, June 2001
LLM
28 June
2623.20¢N
9720.20¢W
GoM
18 June
2648.00¢N
9650.00¢W
SE Gulf of Mexico, Florida Strait, May 2002
1
2 May
2450.92¢N
8321.14¢W
2
3 May
2440.90¢N
8534.06¢W
3
5 May
2448.39¢N
8331.42¢W
4
6 May
2407.81¢N
8405.87¢W
5
7 May
2416.85¢N
8206.89¢W
SE Gulf of Mexico, Florida Strait, August 2002a
A
2 August
2405.15¢N
8106.64¢W
B
3 August
2355.76¢N
8323.96¢W
C
4 August
2423.29¢N
8220.76¢W
D
5 August
2407.67¢N
8113.01¢W
a

Sample
depth
(m)

Water
depth
(m)

Temp.
C

Salinity
&

Chlorophyll a
lg l 1

Total
bacteria
103 ml 1

2
0
2
0

13
168
8
1140

24.1
24.1
26.5
27.7

8.5
33.6
23.5
33.4

31.00
3.65
29.20
1.84

1561
608
1261
339

33.0
29.0

28.2
33.0

0.40
0.20

1202
299

2
8
0
0
0
0
0

65
3780
65
2200
244

26.8
27.6
27.4
27.8
27.2

36.2
36.3
36.2
36.0
36.4

0.07
0.10
0.08
0.05
0.11

419
415
383
232
415

90
66
26
59

1025
1043
65
980

26.5
22.7
22.1
26.5

36.5
36.5
36.5
36.4

0.22
0.24
0.52
0.23

199
385
298
312

All samples taken from depth of chlorophyll maximum

In all samples, four clusters of bacteria were distinguished by their apparent DNA content and cell size
(light scatter; Fig. 2) as previously described for the
Mississippi River plume and the northern Gulf of
Mexico (Jochem 2001). Group 1 is assigned to bacteria
with low light scatter (cell size) and lowest DNA content. Group 2 bacteria exhibited similar light scatter to
group 1 but a higher DNA content. While group 3
bacteria, clearly distinguished from group 2 by their
DNA ﬂuorescence, exhibited similar light scatter signals to groups 1 and 2 bacteria in the Mississippi River
plume, northwest Gulf of Mexico, and Laguna Madre,
light scatter of group 3 was higher than for groups 1
and 2 in southeast Gulf samples. Group 4 bacteria
represent cells with the highest light scatter and DNA
signals. In the southeast Gulf samples, light scatter of
group 4 cells was even higher, reaching light scatter
signals similar to (the clearly distinguished) Prochlorococcus spp.
Small, low-DNA bacteria (group 1) were the most
abundant bacteria in all Gulf of Mexico samples
(39.8±11.5%; mean±SD). Their share was higher in
the northern Gulf (GoM and MRP stations;
51.4±8.2%; Table 2, Fig. 3) than in the southeast Gulf
(33.4±7.8%). In the southeast Gulf, no signiﬁcant

diﬀerence in group 1 shares was evident between surface
(stations 1–5) and subsurface (stations A–D; Table 2,
Fig. 3) samples. In all Gulf samples, groups 2 and 3
exhibited similar shares to each other and among most
stations (25.4±3.0% and 27.2±7.0%, respectively).
Group 4 bacteria shares also were similar among all
Gulf stations but only half to two-thirds of group 2 and
3 shares (14.0±2.3%; Table 2). Lower Laguna Madre
(LLM) exhibited a diﬀerent composition of bacterioplankton, which may reﬂect diﬀerent environmental
conditions. Group 3 bacteria dominated the community
(67.7%), and groups 1, 2, and 4 contributed 15.8, 11.8,
and 4.6%, respectively (Table 2, Fig. 3).
Total bacterioplankton exhibited highest growth
rates in the chlorophyll subsurface maximum in the
southeast Gulf of Mexico (0.75±0.11 day 1). Growth
rates in surface waters of the southeast Gulf (stations 1–
5) were 0.51±0.18 day 1, 0.42 day 1 in the northern
Gulf (GoM), 0.55 day 1 in Laguna Madre, and 0.2–0.7
day 1 in the Mississippi River plume (Fig. 4). Growth
rates of individual DNA groups fell both above and
below the growth rate for total bacterioplankton in each
experiment. Although all four DNA groups were present
in all samples, not all groups computed signiﬁcant serial
dilution regressions in some experiments.

Table 2 Bacterioplankton composition by DNA subpopulations in diﬀerent regions of the Gulf of Mexico (percent contribution to total
bacteria abundance ± SD)
Region

Group 1

Group 2

Group 3

Group 4

Number

Mississippi River plume
Northern Gulf (GoM)
Laguna Madre (LLM)
SE Gulf of Mexico, surface
SE Gulf of Mexico, subsurface

51.4±8.2
51.0
15.8
34.9±9.7
31.5±4.9

15.2±1.5
20.8
11.8
25.5±2.1
25.3±4.3

25.0±4.2
16.7
67.7
25.3±9.2
29.6±1.9

8.5±3.3
11.5
4.6
14.3±3.0
13.6±1.4

4
1
1
5
4
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Fig. 3 Composition of
bacterioplankton by DNA
groups

Fig. 4 Gross growth rates (per
day) of total bacterioplankton
(bars) and DNA groups
(symbols). Some groups did not
compute valid serial dilution
results in some experiments

In most experiments in the Mississippi River plume,
GoM, Laguna Madre and the subsurface chlorophyll
maximum in the southeast Gulf of Mexico, group 4
bacteria with the highest DNA content exhibited the
highest growth rates, mostly but not always followed by
group 3 bacteria (Fig. 4) In surface waters of the
southeast Gulf of Mexico, this trend was less obvious,
and sometimes group 3 bacteria had higher growth rates
than group 4 bacteria. Some experiments revealed
group 2 bacteria having a higher growth rate than the
more DNA containing group 3 bacteria (stations 2, C,
MRP3, MRP9) or even group 4 bacteria (stations 3, 4).
Group 1 bacteria exhibited the lowest growth rates
among all subpopulations in 7 of 11 experiments where
this subpopulation computed valid serial dilution results. In 3 experiments, group 1 bacteria had higher
growth rates than group 2 or 3 bacteria. In the fourth
experiment (station 5), only two of the four DNA

groups computed signiﬁcant serial dilution regressions;
however, since the growth rates of both populations,
including group 1 bacteria, were higher than the total
population growth rate, the missing (not-computed)
groups must have had a growth rate lower than the total
and, thus, a lower than group 1 growth rate. In 7 of the
11 experiments, group 1 bacteria exhibited a positive
growth rate.
Grazing losses of the total bacterioplankton amounted to 0.36±0.06 day 1 in the Mississippi River plume,
0.37 day 1 in Laguna Madre, 0.45 day 1 at GoM, and
0.47±0.06 day 1 in the subsurface layer of the southeast
Gulf of Mexico. Total bacteria grazing losses in the
surface layer of the southeast Gulf of Mexico varied,
ranging from 0.16 to 0.69 day 1 (Fig. 5). Concomitant
with highest growth rates, grazing rates were highest in
the subsurface chlorophyll maximum in the southeast
Gulf of Mexico. Total bacterioplankton grazing losses
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Fig. 5 Grazing rates (per day)
of total bacterioplankton (bars)
and DNA groups (symbols).
Some groups did not compute
valid serial dilution results in
some experiments

were related to total population growth rates (r2=0.30,
P=0.03, n=15).
Grazing losses of DNA groups varied from undetectable to 1.66 day 1. In most experiments in the
southeast Gulf of Mexico (surface and chlorophyll
subsurface maximum waters), group 4 bacteria experienced the lowest grazing loss (<0.2 day 1) among DNA
groups (Fig. 5). In contrast, group 4 bacteria experienced high grazing losses of 0.3–1.27 day 1 in the
northern Gulf of Mexico (GoM, MRP) and Laguna
Madre. In half of the experiments in which group 1
bacteria computed valid serial dilution results, this
group experienced the highest loss rates among DNA
groups, and in all but one experiment, group 1 bacteria
experienced a signiﬁcant grazing loss. Loss rates of
DNA groups were not related to either growth rates or
initial abundance of DNA groups (regression analysis,
P>0.05; data not shown).
Fig. 6 Net growth rates
(growth rate – grazing rate; per
day) of total bacterioplankton
(bars) and DNA groups
(symbols). Some groups did not
compute valid serial dilution
results in some experiments

For most experiments, total bacterioplankton growth
was balanced by loss rates, resulting in net growth rates
of –0.18 to 0.45 day 1 (Fig. 6). Net growth rates of
DNA groups diﬀered substantially and tended to be
highest for group 4 bacteria in most experiments. The
chlorophyll subsurface maximum layer experiments in
the southeast Gulf of Mexico exhibited the clearest
trend: group 1 bacteria showed negative net growth
rates (–0.6 to –1.3 day 1), which were related to low
growth rates rather than high grazing losses. In contrast,
highest net growth rates of group 4 bacteria (1.2–1.5
day 1) were related to low mortality rates. Groups 2 and
3 had net growth rates similar to each other that reﬂected close balance between growth and mortality
rates. Negative net growth rates for group 1 bacteria
also were found at three of four Mississippi River plume
stations, GoM, and one of the southeast Gulf surface
stations. These low net growth rates also were related to
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low growth and signiﬁcant mortality rates, particularly
at MRP3 and MRP7 where group 1 bacteria experienced the highest grazing pressure among all DNA
groups. Groups 2 and 3 bacteria exhibited net growth
rates between groups 1 and 4, but net growth rates of
group 3 bacteria were not generally higher than those of
group 2 bacteria.

Discussion
Cytometric analysis of bacterioplankton revealed the
occurrence of bacteria groups distinguished by apparent
DNA content and cell size. Although the number of
clearly separated clusters seems to depend on the system
under study, three to four subpopulations were usually
recorded in oﬀshore waters (Li et al. 1995; Marie et al.
1997; Jochem 2001; Zubkov et al. 2001; this study). It
might be disputed whether observed diﬀerences in DNA
ﬂuorescence reﬂect diﬀerent groups of bacteria or different stain penetration due to dye characteristics and
physiological state of the populations (Li et al. 1995).
Similar bacteria DNA types could, however, be distinguished by a variety of DNA dyes, including a suite of
new cyanine dyes as well as DAPI, and from a variety of
marine and freshwater systems ranging from oligotrophic high-mountain lakes to eutrophic reservoirs and
from estuaries to open oceans (Gasol and del Giorgio
2000). The presence of varying shares of bacteria characterized by their diﬀerent DNA content seems to be a
ubiquitous, natural phenomenon with ecological meaning rather than a preparation artifact (Marie et al. 1997).
Not all clusters may be present at all times or stations. For example, Marie et al. (1997) found two of the
three clusters described by Li et al. (1995), and a third
cluster not described by the latter authors. Jochem
(2001) did not ﬁnd a particular cluster described by Li
et al. (1995) and Marie et al. (1997) but did ﬁnd an
additional cluster not described by either. One cluster
described by Marie et al. (1997), but not Li et al. (1995),
was separated into two distinct clusters by Jochem
(2001). Based on the occurrence of at least two clusters
in all cytometric analyses of bacterioplankton, these
clusters were termed ‘‘low-DNA’’ and ‘‘high-DNA’’
bacteria (Gasol and del Giorgio 2000). Among the four
clusters presented in this study, groups 1 and 2 would
fall into the low-DNA and groups 3 and 4 into the highDNA categories.
The recurrent presence of four DNA groups at all
study sites might present a surprising peculiarity of the
Gulf of Mexico, and the number of discernible DNA
groups may vary with environment. Samples from the
Gulf Stream region oﬀ the Florida coast prepared by the
same protocol exhibited only three DNA groups but
samples from central Florida Bay exhibited seven groups
(F.J. Jochem, unpublished data). More importantly,
comparisons with other studies must be performed with
caution since protocols with and without RNAse treatment prior to DNA staining were applied. DNA dyes

used to assess the role of low- and high-DNA bacteria
(SYBR Green I and II, PicoGreen, SYTO-13, To-Pro;
Molecular Probes, Eugene, Ore.) stain both DNA and
RNA (Haugland 2001). Studies reporting only two distinct bacterial cluster did not report use of RNAse (e.g.
Gasol et al. 1999; Servais et al. 1999; Yanada et al. 2000;
Vaqué et al. 2001; Lebaron et al. 2002). Studies reporting more than two DNA groups, however, applied
RNAse prior to staining (Li et al. 1995; Marie et al.
1997; Troussellier et al. 1999; Jochem 2001; Zubkov
et al. 2001; this study). The –RNAse/+RNAse ﬂuorescence ratio in cultured bacteria of 1.89 to 5.48, with the
highest ratios during exponential growth and the lowest
ratio during stationary phase (calculated from Table 1
of Troussellier et al. 1999) corresponds to higher cellular
RNA concentrations and RNA/DNA ratios in fastergrowing bacteria (Kemp et al. 1993; Kerkhof and Ward
1993) and the RNA/DNA ratio of 1.8 reported in slowgrowing bacteria (Kato 1994). In studies without
RNAse treatment, ﬂuorescence from RNA-dye complexes might obstruct diﬀerences in the true cellular
DNA content. Therefore, these studies should refer to
low- and high-nucleic-acid cells rather than low- and
high-DNA cells (Lebaron et al. 2002), and the physiological and ecological signiﬁcance of low-/high-nucleicacid cells might diﬀer from low-/high-DNA cells.
In all but the Laguna Madre experiments, low-DNA
group 1 bacteria were the most abundant cluster, followed by group 2 and 3 bacteria with similar shares (25–
30%) and the highest DNA group 4 bacteria with
<15% of total bacteria abundance. Laguna Madre
diﬀered by group 3 bacteria contributing 68% of total
bacteria. Group 1 bacteria are better adapted to oligotrophic conditions and exhibit decreasing shares toward
the coast and riverine nutrient input (Li et al. 1995;
Casotti et al. 2000). Although their dominance in the
oligotrophic Gulf of Mexico waters complies with these
reports, decreasing trends toward the river mouth in the
Mississippi River plume were absent (Jochem 2001).
Group 3 bacteria, in contrast, become dominant in
coastal waters with riverine input (Casotti et al. 2000)
and were the dominant fraction in the English Channel
(Marie et al. 1997). Laguna Madre experiences
low water exchange with the Gulf of Mexico (residence
time >1 year; Shormann 1992). While high evaporation
and low precipitation often cause hypersaline conditions
(Armstrong 1987), strong rain events can lower salinity.
Salinity at LLM during this study was 28.2&, a
relatively low value for the lagoon pointing toward recent freshwater runoﬀs, conﬁrmed by cumulative rainfall data for adjacent Baﬃn Bay (Conrad Blucher
Institute, Texas A&M University, Corpus Christi,
Texas; http://dco.cbi.tamucc.edu).
Although serial dilution experiments have inherent
problems related to whether the underlying assumptions
(Landry and Hassett 1982) are met, a question not always straightforward to assess (Vaqué et al. 1994), they
represent the most feasible technique to address microbial in situ growth and grazing rates. One primary
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concern applying the serial dilution approach to bacterioplankton is whether bacterial growth in the dilutions
is, in fact, grazer controlled, as demanded by the technique’s assumptions, or substrate controlled, since natural substrate concentrations usually remain unknown
in these experiments. Dilutions might alter the natural
supply of organic substrates from phytoplankton exudation and grazer activity in the high dilutions, yielding
underestimates of bacterial growth rates (Landry 1993).
On the other hand, carbon enrichment from lytic release
during the preparation of ﬁltered seawater for the dilutions was suggested to cause overestimation of bacterial
growth in the higher dilutions (Ferguson et al. 1984).
While bottom-up control is prevented in phytoplankton experiments by nutrient additions (Landry
1993), bottom-up control of bacterioplankton cannot be
remedied easily by addition of organic substrates. Excess
substrates might alter bacterial size and cell-speciﬁc
activity (Ammerman et al. 1984) and through known
size- and activity-selective protistan grazing preferences
(Jürgens and Güde 1994; Gasol et al. 1995) might bias
measured rates. Addition of organic substrates can also
change the bacterioplankton community composition
(Cottrell and Kirchman 2000). Whereas substrate limitation appears unlikely in the Laguna Madre and Mississippi River plume experiments due to high dissolved
organic carbon (DOC) concentrations and DOC supply
by seagrass beds (Ziegler and Benner 1999) and riverine
inﬂow (Hernes and Benner 2003), respectively, its eﬀect
in the oligotrophic southeast Gulf of Mexico remains
unknown. However, previous studies have shown a
negligible eﬀect of carbon enrichment on bacterial
growth rates in serial dilution experiments (Tremaine
and Mills 1987). Several studies have also conﬁrmed that
serial dilution results for bacterioplankton, including
from oligotrophic oceanic waters, correlated well with
widely accepted direct estimates of bacterial production
(3H-leucine, 3H-thymidine uptake; Christian et al. 1982;
Kirchman et al. 1982; Ducklow and Hill 1985; Brown
et al. 2002). More important than the actual accuracy of
the serial dilution experiments is, in the context of the
present study, the direct comparison of bacterial growth
and grazing loss rates of the distinguished DNA groups
under identical experimental conditions.
Total bacteria growth rates of 0.2–0.9 day 1 are not
unusual for marine systems, and, in most experiments,
bacterial growth was balanced by microbial grazing, as
reported commonly from other oceanic systems (Ducklow 2000). The experiments revealed, however, that
growth rates of diﬀerent DNA groups within any
experiment vary, sometimes substantially. Although
most techniques (e.g. thymidine, leucine, glucose incorporation) treat bacterioplankton as a homogeneous
population, it is known that not all bacteria are equally
active. The share of active bacteria may range from 2 to
>90% but is usually <50%. Although the actual
fraction of ‘‘active bacteria’’ may depend on the technique used, bacterioplankton communities represent a
continuum of cellular activity, from dead/inactive to

highly active and proliferating cells (Smith and del
Giorgio 2003).
Soon after their discovery, the contribution of lowand high-DNA bacteria was put into the context of active/inactive cells. Numerous incubation experiments,
with and without substrate amendments, showed that
abundance and contribution of high-DNA bacteria increased whereas low-DNA bacteria remained at low
abundance or decreased (Li et al. 1995; Jellett et al. 1996;
Gasol et al. 1999; Yanada et al. 2000; Vaqué et al. 2001).
Using ﬂuorescent dyes that diﬀerentiate between live
and dead cells (based on membrane permeability differences), the number of high-DNA bacteria correlated
with the number of cells labeled as ‘‘live’’ cells (Gasol
et al. 1999). The share of high-DNA bacteria decreased
in the presence of predators, which seems consistent with
the known size- and activity-related grazing behavior of
protists (Jürgens and Güde 1994; Gasol et al. 1995).
Based on these results, it was hypothesized that highDNA bacteria represent the active fraction of bacterioplankton, while low-DNA bacteria are dead and/or
inactive cells (Gasol and del Giorgio 2000).
The interpretation of low- and high-DNA bacteria as
inactive/active is, however, not that straightforward.
Although the abundance of high-DNA bacteria correlated with the abundance of cells labeled as ‘‘live’’ cells
(Gasol et al. 1999; see above), the abundance of lowDNA bacteria did not correlate with the abundance of
cells labeled as ‘‘dead’’ in the same study. A combination
of DNA and membrane potential staining of freshwater
and Mediterranean bacterioplankton conﬁrmed that
high-DNA bacteria were active but rejected that lowDNA bacteria were inactive or dead (Grégori et al.
2001). Low-DNA bacteria also were active in the Celtic
Sea, where they exhibited 4 times higher growth rates
(0.4 day 1) than high-DNA bacteria in surface waters,
while growth rates of low- and high-DNA bacteria were
similar (0.12 day 1) in subsurface layers (Zubkov et al.
2001). In the northern Gulf of Mexico, low-DNA bacteria dominated bacterioplankton (average 46%, range
26–60% of total bacteria) in the euphotic zone; their
abundance and contribution decreased below the subsurface chlorophyll maximum, where larger, high-DNA
bacteria (average. 32%, range 22–55%) dominated the
community (Jochem 2001). It appears surprising that
presumably inactive low-DNA bacteria dominated the
euphotic layer where substrate concentrations from
phytoplankton production and riverine import of organic matter is highest (Lohrenz et al. 1999), while
presumably highly active high-DNA bacteria dominated
in deeper, substrate-poor layers.
The present study reveals that low-DNA bacteria
were not inactive in various regions of the Gulf of
Mexico. Group 2 bacteria exhibited positive growth
rates in all experiments, and group 1 showed positive
growth rates in most experiments, sometimes higher
than growth rates of bacteria with higher DNA content.
Low-DNA bacteria also were integral components of
the microbial food web, experiencing loss rates balanc-
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ing population growth. Loss rates of group 1 were
sometimes higher than those of high-DNA bacteria,
indicating that protistan grazers did not discriminate
against low-DNA bacteria.
Protistan grazing is, however, not the only microbial
process aﬀecting bacterial populations. Viral attack has
been discussed recently as another major impact on
bacterioplankton communities. While some studies revealed that viral attack had a minor eﬀect compared to
protistan grazing activity (e.g. Bettarel et al. 2003; Choi
et al. 2003), other studies revealed a major population
control by viral lysis (e.g. Furhman and Noble 1995;
Steward et al. 1996; Fisher and Velimirov 2002). Eﬀects
of viral attack appear to be more signiﬁcant in eutrophic
waters (Weinbauer and Peduzzi 1995). Originally designed to assess prey (bacterial, algal) loss rates related
to protistan grazing activity, serial dilution experiments
cannot distinguish prey population losses from viral
infection and protistan grazing activity. Thus, the ultimate role of virus attack must remain unknown for the
present study, as for most similar studies. Some caution
must, therefore, be applied in interpreting presented loss
rates as pure protistan grazing, but in any case, protistan
grazing or viral lysis, results demonstrate that low-DNA
bacteria are subjected to biological loss processes as
much as bacteria with higher DNA content. Taking viral
attack into account would further sustain the notion
that low-DNA bacteria are not inactive or dead cells
since viruses preferably attack metabolically active
bacteria, as reﬂected by the correlation of viral to bacterial abundances and production (e.g. Weinbauer and
Peduzzi 1995; Steward et al. 1996).
Whereas total bacterioplankton loss rates were related to total bacterioplankton growth rates, those of
DNA groups were not. Grazing impact on DNA groups
might be aﬀected by grazer population composition. In
the northern Gulf (MRP, GoM, LLM), group 4 bacteria
were grazed more strongly (0.58±0.40 day 1) relative to
growth rates and abundance than in the southeast Gulf
(0.15±0.04 day 1), although they did not represent a
large proportion of total bacteria abundance (they may
have with respect to total biomass, though). Both GoM
and LLM exhibited low concentrations of heterotrophic
nanoﬂagellates (HNF), and micro-grazers were dominated by oligotrich ciliates (P.J. Lavrentyev, unpublished data). These ciliates may be better equipped to
graze on large cells than HNF, or they may graze less on
small cells because of physiological constraints.
The reasons for the negative growth rates of group 1
bacteria in the chlorophyll subsurface layer of the
southeast Gulf of Mexico remain unknown. Negative
growth rates may indicate that these small, low-DNA
bacteria were indeed inactive, senescent, or subject to
viral attack. They also may have been outcompeted by
other bacteria groups in the subsurface layers. The
predominance of group 1 bacteria in the surface layer
corresponds to their higher surface area to volume ratio,
which makes small bacteria better competitors for limited resources in oligotrophic surface layers (Button

1998). This competitive advantage may be lost in the
subsurface chlorophyll maximum layer, which exhibits
higher resource concentrations, both nutrients and perhaps DOC from phytoplankton production. Since
group 1 bacteria contributed about a third of total
bacteria abundance and were exposed to active grazing
(loss rates of 0.03–0.73 day 1), it is likely that they had
positive growth rates prior to the study period to have
sustained their share of the bacterioplankton community.
The interpretation of DNA clusters as active and
inactive cells has been supported by substrate uptake
experiments. Bacterial production, measured by thymidine or leucine uptake, correlated closer to high-DNA
bacteria abundance than to total bacteria, and highDNA bacteria accounted for the majority of substrate
uptake (Jellett et al. 1996; Servais et al. 1999; Vaqué
et al. 2001). Incubation with 3H-thymidine or leucine
and subsequent cell sorting by ﬂow cytometry revealed
5–10 times higher cell-speciﬁc substrate uptake rates in
high-DNA bacteria compared to low-DNA bacteria
(Jellett et al. 1996; Servais et al. 1999; Lebaron et al.
2001). It was concluded that high-DNA bacteria represent the metabolically and biogeochemically active
fraction of bacterioplankton, and the percent of highDNA bacteria was suggested as an ‘‘active cell index’’ to
which, rather than total bacteria abundance, biogeochemical process measurements should be related (Jellett
et al. 1996; Gasol et al. 1999; Lebaron et al. 2001; Vaqué
et al. 2001).
Since larger, high-DNA bacteria contain about 5
times more DNA (Jellett et al. 1996) and protein (Zubkov et al. 2001) compared to smaller, low-DNA bacteria, high-DNA bacteria also need to double 5 times more
DNA and protein for a single cell division. Thus, to
attain similar growth rates (doubling rates), cell-speciﬁc
activity of high-DNA bacteria must be substantially
higher than that of low-DNA bacteria. Higher cell-speciﬁc activity does not, therefore, imply that low-DNA
bacteria are less active or inactive, and in this context
activities should be related to DNA groups’ biomass
rather than abundance. In fact, high-DNA bacteria in
subsurface layers of the Celtic Sea exhibited higher cellspeciﬁc methionine uptake rates, but biomass-speciﬁc
uptake rates were not higher in high-DNA cells. In
surface layers, both cell- and biomass-speciﬁc uptake
rates of high-DNA bacteria were lower than those of
low-DNA bacteria, disproving low-DNA bacteria to be
inactive (Zubkov et al. 2001).
Relating biogeochemical process measurements to
high-DNA bacteria rather than to total bacteria may be
a misleading conclusion. While high-DNA bacteria may
contribute more to total bacterial production/activity,
smaller and/or slower-growing bacteria still can mediate
signiﬁcant biogeochemical processes. Certain bacteria
groups, such as Planctomycetales (DeLong et al. 1993)
or nitrifying bacteria (Ward 1986; Fenchel et al. 1998),
are known for slow growth rates. Nevertheless, nitrifying bacteria are biogeochemically important in the
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Mississippi River plume and can contribute substantially
to total bacterial production (Pakulski et al. 2000). The
better correlation of high-DNA bacteria to total bacterial production is not surprising and is an eﬀect of cell
size, not growth rate or activity. Since larger bacteria
need to exhibit higher cell-speciﬁc activities to attain
similar growth rates to smaller bacteria, larger cells must
have a greater proportional contribution to total community activity.
This concept is demonstrated by an example using
data from station 4. Group 1 bacteria were about 3
times as abundant as group 4 bacteria (95.8 vs 33.8·103
cells ml 1) and exhibited a similar growth rate (0.57
day 1) compared to group 4 (0.54 day 1) and total
bacteria (0.54 day 1). Bacteria cells were not sized in the
southeast Gulf of Mexico, but assuming bacteria sizes
comparable to the northern Gulf of Mexico, cell volumes of group 1, group 4, and average volume of bacteria would amount to 0.014, 0.26, and 0.04 lm3,
respectively (Jochem 2001). The average bacterial cell
volume of 0.04 lm3 corresponds to average bacteria cell
volumes reported from various oceanic systems (Ducklow 2000 and references therein). Converting bacteria
cell volume and abundance into bacterial carbon biomass [picograms carbon per cell =0.12· volume0.7; derived by Norland (1993) from data of Simon and Azam
(1989)] results in 0.57, 1.58, and 2.93 lg C l 1 for
group 1, group 4, and total bacteria, respectively. The
resulting ratio of cellular carbon biomass of group 1 and
4 bacteria (6.0 and 46.7 fg C cell 1) of 7.8 corresponds
to the protein and biomass ratios between low- and
high-DNA bacteria reported previously (Zubkov et al.
2001; Lebaron et al. 2002). Average cellular biomass of
12.6 fg C cell 1 lies within the published range (Ducklow
2000).
Based on the model of exponential growth, gross
production can be derived from initial biomass and
growth rate by P=B0·el–B0 and amounts to 0.44, 1.13,
and 2.10 lg C l 1 day 1 for group 1, group 4, and total
bacteria, respectively. While these values are not intended to represent in situ bacterial production, they
allow comparison of the relative contribution of DNA
groups to total production. Although group 4 bacteria
accounted for only 15% of total bacteria in this experiment, they contributed 54% to both total bacterial
carbon biomass and production. In turn, group 1 bacteria, representing 41% of total cells, contributed only
21% of total bacterial production. The diﬀerence in cellspeciﬁc production (33.4 fg C cell 1 day 1 for highDNA bacteria and 4.6 fg C cell 1 day 1 for low-DNA
bacteria; ratio 7.3) corresponds to a diﬀerence of 7.6 in
cell-speciﬁc leucine uptake between small, low-DNA
bacteria and high-DNA bacteria as reported by Lebaron
et al. (2002). However, the biomass-speciﬁc production
(P/B=0.7) did not diﬀer among low-DNA, high-DNA
(groups 1, 4), and total bacteria.
The interpretation of the presented results assumes
that DNA groups are more or less discrete, and individual bacterial cells do not switch from one group to

another by DNA replication or DNA reduction upon
cell division (e.g. from one chromosomal set, 1N, to two
chromosomal sets, 2N, or vice versa). Distances in DNA
ﬂuorescence peaks between DNA groups of about threefold appear too far to move individual cells from one
DNA group to the next by DNA replication (1N to 2N).
While some bacteria seem to remain in either 1N or 2N
states independent of growth conditions, other species
may produce multiple sets of chromosomes (up to 6N;
Lebaron and Joux 1994; Åkerlund et al. 1995) that
might move them among distinguished DNA groups.
However, polyploid status in bacteria seems to depend
on high-growth, high-substrate conditions (Åkerlund
et al. 1995). These conditions are unlikely to be
encountered in an oligotrophic natural environment
such as the Gulf of Mexico, as supported by moderate
overall and group-speciﬁc gross growth rates in this
study. Furthermore, under conditions of polyploidy, 1N
and 2N cells remain the majority of the populations
(Lebaron and Joux 1994; Åkerlund et al. 1995), and a
high degree of polyploidy among a natural, mixed
population of bacteria with inherently diﬀerent speciesspeciﬁc DNA content (e.g. Schut et al. 1993) would
produce a continuous spectrum of cellular DNA ﬂuorescence, which would prevent clear distinction of DNA
groups as documented for all experiments in the Gulf of
Mexico.
On the other hand, starvation has been suggested to
readjust bacterial DNA content to 1N, or lower than 1N
by DNA loss by leakage and/or degradation (Hood
et al. 1986; Hoﬀ 1989), which might move bacteria from
a higher- to a lower-DNA group and, thereby, produce
enhanced apparent growth rates in low-DNA groups.
More recent studies revealed, however, that polyploid
cells produced under high substrate conditions remained
in polyploid status under prolonged starvation (Thorsen
et al. 1992; Lebaron and Joux 1994), and starvationinduced reduction in DNA ﬂuorescence occurred only
after much longer incubation periods (several weeks)
than experienced in the here-presented growth experiments (Lebaron and Joux 1994). Since DNA degradation or leakage would present a continuous process, it
would, again, produce a continuous DNA ﬂuorescence
spectrum rather than distinct DNA group peaks. It appears unlikely, therefore, that positive growth rates of
group 1 bacteria resulted from starvation of group 2
bacteria. Isolation of oligotrophic bacteria by low substrate dilution techniques also revealed that these cells
possess a much lower (0.3–1 fg DNA cell 1) DNA
content than the average bacteria population (>4 fg
DNA cell 1; Schut et al. 1993). Low-DNA bacteria are
more likely to present a natural, living component of
marine bacterioplankton that may escape traditional
culture attempts and are, therefore, little characterized
physiologically and phylogenetically.
While cell cycles of individual species cannot be followed in natural, mixed populations due to lack of
appropriate methodology, and changes of individual
bacterial cells from one DNA group to another by
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changes in ploidy cannot be excluded deﬁnitely, the little
phylogenetic information available on bacteria DNA
clusters (Eilers et al. 2000; Fuchs et al. 2000; Zubkov
et al. 2001, 2002) is surprisingly consistent: large, highprotein and high-DNA bacteria were dominated by
Roseobacter and c-proteobacteria, whereas low-protein,
high-DNA bacteria were largely composed of members
of the Cytophaga/Flavobacter clade, and small, lowDNA bacteria by SAR86. Another group of small bacteria is the uncultivable SAR11 cluster of a-proteobacteria (Rappé et al. 2002), and members of the genus
Pseudoalteromonas of the c-proteobacteria are known
for their large genome size (Lanoil et al. 1996). Flow
sorting showed that high-DNA bacteria comprised a
variety of large, curved, and S-shaped cells typical for cproteobacteria such as Vibrio spp., whereas low-DNA
bacteria were small cocci (Jochem 2001; Jacquet et al.
2002). Although bacteria size and shape can change with
growth phase and nutritional conditions, the ﬂow-sorting results combined with phylogenetic studies suggest
that DNA groups might comprise diﬀerent consortia of
bacteria. The phylogenetic composition of DNA groups
might, however, change with time and location.
Experiments that lend the foundation for the active/
inactive interpretation of bacterial DNA clusters involved long-term incubations (micro-, mesocosm) running for several days (Gasol et al. 1999; Lebaron et al.
1999; Troussellier et al. 1999; Vaqué et al. 2001). Substantial changes in bacteria community composition
occur in incubations after as little as 20 h, favoring the
growth of Roseobacter relatives of the a-proteobacteria,
and c-proteobacteria, while other a-proteobacteria,
members of the Cytophaga/Flavobacter clade, and
uncultured SAR86 bacteria decrease in abundance
(Eilers et al. 2000; Fuchs et al. 2000; Massana et al.
2001). Long incubation experiments may be biased by
selectively favoring certain groups of bacteria such as
Roseobacter and c-proteobacteria, which are similar to
the few cultivable species of marine bacteria and have a
high DNA content.
In contrast to long-term micro- and mesocosm
experiments, this study addressed DNA-populationspeciﬁc growth rates in relatively short incubations.
Low-DNA bacteria in various regions of the Gulf of
Mexico were growing actively, sometimes at rates similar to or higher than those of high-DNA bacteria. LowDNA bacteria were an integral part of the microbial
food web, showing loss rates similar to high-DNA
bacteria. Conclusive clariﬁcation of whether cytometric
DNA clusters of bacterioplankton host diﬀerent bacterial consortia, if single species can shift between highand low-DNA status, and which environmental and
population dynamics regulate such switches remains in
need of studies with high speciﬁcity and sensitivity.
Combining cytometric ﬂow sorting with molecular tools
to assess bacterial diversity and identity may be a
promising venue (e.g. Carlson et al. 2002). Consideration also has to be given to the protocol assessing DNA
groups, that is, with or without RNAse treatment.

Protocols without RNAse treatment might reﬂect the
total nucleic acid content rather than the DNA content
of cells. With RNA being about 5 times more abundant
than DNA in fast-growing cells, a closer correspondence
between high-nucleic-acid cells and bacterial production
might be expected. As to the role of low-DNA bacteria
(protocols with RNAse), however, this and other studies
suggest that the interpretation of low-DNA versus highDNA bacteria clusters as inactive and active cells might
be oversimpliﬁed.
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