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ABSTRACT: Three staining methods were used to identify metabolically active bacteria in Lake Kin-
neret, northern Israel: CTC, DAPI staining followed by a propanol wash, and the Molecular Probes
Live/Dead stain. Positive results from these methods purport to show, respectively, actively respiring
bacteria (CTC+), cells with intact nucleoids (NuCC), and cells with intact membranes (MEM+). Con-
comitantly, bacterial metabolic activity was measured as electron transport system (ETS) flux, O,
uptake, activities of peptidase, B-glucosidase and lipase, and rate of leucine incorporation in monthly
samples taken for 2.5 yr at a pelagic lake station. Laboratory experiments followed changes during 22
or 40 h in the percentages of 'active’ bacteria in GF/C-filtered lake water with or without substrate
enrichment or antibiotic inhibitors of cell division, or with bacterivorous protists. In lake samples,
each of the staining methods detected different aspects of cellular state or metabolic activity but all 3
indicated low percentages of ‘active’ bacteria relative to total bacterial abundance. CTC+ ranged
from 1.0 to 27.3 % (average 5.1 %), NuCC from 1.4 to 42.9% (average 8.3 %) and MEM+ from 1.0 to
29.9% (average 8.8 %), with no clear seasonal or spatial patterns. No significant correlations were
found between the proportions of ‘active’ bacteria in lake water as determined by these methods,
although such correlations were observed in the laboratory experiments. Significant correlations
were obtained between ETS and O, uptake, peptidase and (-glucosidase, and between leucine
incorporation and peptidase. ETS was significantly correlated with CTC+ and NuCC cell abundance,
but not with total bacteria (DAPI counts). In contrast, peptidase activity correlated with total bacter-
ial counts. Results of time course experiments indicated that some bacteria which initially appear to
be inactive can become active when stimulated by substrate addition, even though cell division is
inhibited. Grazing by protists increased the percentage of active bacteria, at least during the active
predator-prey phase. Our data support the hypothesis that in natural waters usually only a small frac-
tion (probably <20 %) of the entire bacterial assemblage is strongly active metabolically at any given
time. This proportion may increase dramatically with localized substrate inputs. The concept of bac-
terial assemblages, heterogeneous not only in terms of phylotype, but also in terms of levels of meta-
bolic activity will need to be considered in future aquatic ecosystem models.
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INTRODUCTION

Recently there has been a burgeoning of interest in
the topic of metabolically active as opposed to inactive
bacteria in aquatic environments. This is partly due to
the increased awareness of the centrality of bacterial
activity in the cycling of materials and energy within
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almost all aquatic ecosystems and the realization that
simply counting bacterial cells gives only very limited
information concerning the role of bacteria in these
systems. As a result, a variety of methodological
approaches have been developed in an effort to iden-
tify the metabolically active bacteria against the back-
ground of total cell counts as usually obtained with
DAPI (Porter & Feig 1980) or Acridine Orange (Hobbie
et al. 1977) staining.
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A frequently used method of appraising the fraction
of metabolically active bacteria in recent years has
been based on the utilization of the fluorogenic tetra-
zolium dye CTC. This method of identifying actively
respiring bacterial cells in natural water samples was
first used by Rodriguez et al. (1992). However, the abil-
ity of CTC to discriminate live, active cells from dead
or inactive cells has been the subject of some debate
(Ullrich et al. 1996, 1999, Choi et al. 1999, Sherr et al.
1999a). Generally, the percentages of CTC+ cells
observed in marine samples have been low, usually <5
to 10 % of total counts. Ullrich et al. (1996, 1999) have
argued that little validity can be given to CTC results
because the dye poisons bacterial metabolism. In con-
trast, Sherr et al. (1999a, b), inferred that CTC+ cells
represent the ‘very active' fraction of the total, and
concluded that CTC provides a useful tool to follow
metabolically active populations. For example, Smith
(1998) found that the cell abundance of CTC+ was
highly correlated to microplankton respiration in
Chesapeake Bay. Moreover, Choi et al. (1999) showed
that even the initially CTC-negative cells present in
coastal seawater could become positive (CTC+) with
incubation and substrate addition. Recently Sieracki et
al. (1999) have shown that, for marine bacteria, CTC-
stained cells could be enumerated with flow cytometry
with much higher sensitivity than by microscopic
observation.

At least 2 other staining techniques have been pro-
posed to identify metabolically active bacteria. Zweifel
& Hagstrom (1995) introduced a method based on
n-propanol washing of DAPI-stained bacteria. This
procedure permits visualization of nucleoid-intact
as opposed to nucleoid-missing or damaged cells. An-
other approach has been to use a combination of 2 dyes
(Syto 9 and propidium iodide, Live/Dead stain, Molec-
ular Probes, Eugene, Oregon, USA) to distinguish
between membrane intact (live) and membrane dam-
aged (dead) cells (Choi et al. 1996, Williams et al. 1998,
Gasol et al. 1999).

The principal aim of this study was to use the above
approaches to estimate the proportion of the total bac-
terial population, as determined by direct microscope
counting of DAPI-stained samples, that was live and
metabolically active in Lake Kinneret, northern Israel,
at different seasons and water depths. Some parame-
ters related to microbial activity in bulk water (bacter-
ial production and respiration, hydrolytic enzyme
activities) were determined in parallel water samples.
We also examined the effect of incubating Lake Kin-
neret water with nutrient additions on the numbers
and proportions of active bacteria. In addition we
experimentally evaluated the impact of protistan graz-
ing on the relative abundance of metabolically active
bacteria.

MATERIALS AND METHODS

Lake sampling program. Lake Kinneret in northern
Israel is a monmictic, meso-eutrophic, relatively large
lake (170 km? area, ~40 m maximum depth) with an
annual, net primary productivity of 610 g C m™2 yr!
(Berman et al. 1995). Water samples were taken at
almost monthly intervals from May 1997 until January
2000 at a central lake station (Stn A) from 3 depths: 1 m
(near surface), 19 m (or at thermocline depth during
stratification) and 38 m (deep hypolimnion). Samples
were assayed for numbers of total and ‘active’ bacteria
(see below) and bacterial productivity, determined by
incorporation rate of radio-labeled leucine (Kirchman
et al. 1985, Simon & Azam 1989). Parallel samples were
filtered through GF/C Whatman filters to remove
essentially all of the phytoplankton. The filtrates were
assayed for respiration rate, measured by O, uptake
in dark bottles with a high precision Winkler method
and by the ‘electron transport system activity' (ETS)
method of Packard (1971), as modified by Kenner &
Ahmed (1975). Peptidase, B-glucosidase and lipase
enzyme activities were also determined in these sam-
ples using respectively the fluorogenic substrate
analogs MCA-leucine, MUF-glucose and MUF-oleate
(Hoppe 1993). Chlorophyll concentrations were deter-
mined in all lake water samples by fluorometric analy-
sis of acetone extracts (Holm-Hansen et al. 1965).

We used 3 staining procedures that purport to detect
‘active’ as opposed to ‘total’' (DAPI-stained) cells by dif-
ferent criteria:

(1) Staining with the waler soluble fluorogenic
ester, 5 cyano-2,3 ditolyl tetrazolium chloride, CTC:
When reduced as a result of respiratory electron trans-
fer, this compound yields a strongly fluorescent precip-
itate within microbial cells which can be detected by
direct observation with epifluorescent microscopy or
by flow cytometry (Sieracki et al. 1999). In this method,
a 50 mM stock solution of CTC was prepared, pre-
treated in a sonication bath for 1 h and filtered through
a 0.2 pm Acrodisc filter. Samples of lake water (1 ml)
were incubated with a final concentration of 5 mM
CTC (Choi et al. 1999) for 2 h in the dark, at ambient
lake temperatures. Subsequently, the samples were
fixed with a final concentration of 4 % formalin and
vortexed. The samples were then diluted (1:5 or 1:10),
counter stained with DAPI (5 pg ml™') and filtered
through black 0.2 pm Nuclepore filters. The filters
were mounted on microcope slides which were stored
at —10°C, and subsequently thawed and examined
within 24 h. Total bacterial cells were counted at
1250 x magnification by DAPI blue fluorescence (Zeiss
#4877-02) and then with green excitation (Zeiss #4877-
15) for red fluorescing (i.e., highly ETS-active) CTC+
cells (Choi et al. 1999).
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(2) DAPI staining followed by propanol wash: This
method, which was introduced by Zweifel & Hagstrom
(1995), may distinguish between bacterial cells with
intact nucleoids, NuCC (which presumably retain their
metabolic integrity), and non-NuCC cells (which are
presumed to be inactive).

We slightly modified the procedure of Zweifel &
Hagstrom (1995) and Choi et al. (1996). Lake water
samples were fixed with 4% (final concentration)
borate buffered formalin and diluted 1:10 or 1:5 before
staining. A 5 ml portion of diluted sample was incu-
bated with 0.5 ml of DAPI (final concentration 10 pg
ml!) in the dark for 5 min and then filtered onto a
0.2 pm black Nuclepore filter. The organisms on the fil-
ter were washed 5 times with 1 ml warm (70 to 80°C)
iso-propanol. The filter was then mounted on a micro-
scope slide and the bacteria were observed immedi-
ately by DAPI fluorescence. Cells with yellow staining
interiors were counted as NuCC positive or ‘active’
cells.

(3) Live/Dead staining: The Syto 9/propidium iodide
Live/Dead stain (Molecular Probes) differentiates
between bacterial cells with or without intact cell
membranes. In this method, all cells are stained with
the green-fluorescing Syto 9 stain, but only cells with
compromised, or damaged, membranes permit the
passage of the red fluorescing stain, propidium iodide,
into the cell.

The Live/Dead stain was prepared by mixing equal
volumes of Stain A and Stain B. Suitably diluted (1:5 or
1:10) samples of lake water were fixed with 4 % glu-
taraldehyde and 5 ml of 0.1 M carbonate buffer, pH 9.
A 3 pl portion of the mixed stains A+B was added, and
after 10 min incubation in the dark the sample was
drawn through the filter. The filter was mounted on a
small drop of water on a microscope slide, and a drop
of Molecular Probes Mounting Oil was placed on top of
the filter, which was then sealed with a cover slip. The
cells were viewed immediately under epifluorescence
(Zeiss #487714 and #487702 ). Red cells were counted
as membrane compromised, or '‘dead’, cells (MEM-),
while green fluorescing cells were counted as 'live’ or
‘active’, i.e., membrane intact ((MEM+).

All microscope observations were made at 1250x
magnification with a Zeiss Axiomat microscope
equipped with a 100 W mercury bulb and a Zeiss
Attoarc controller. At least 10 random fields were
counted for all samples. In order to examine possible
inter-relationships between measured parameters
(bacterial numbers, proportions of active bacteria,
metabolic determinants), discrete, single pair simple
regression analysis was made using GBstat 6.5 soft-
ware (Dynamic Microsystems Inc.).

Laboratory experiments. In order to assess the
potential impact of nutrient additions on the propor-

tions of active bacteria we ran a series of 9 laboratory
experiments using lake water amended with phospho-
rus (as KH,PO,), nitrogen (as NaNO; and NH,CI) or an
organic supplement (Difco tryptose, a hydrolyzed pro-
tein digest). In some runs, we also checked the effect of
adding a mixture of trace metal ions.

Nutrient addition experiments: Water samples taken
from 1 m depth at a pelagic lake station were passed
through GF/C filters to remove most of the larger
organisms and particulates leaving essentially bacteria
and viruses in the filtrate. Portions (600 ml) of the fil-
trate were distributed into duplicate 11 flasks and incu-
bated in the dark at near ambient lake temperatures
ranging from 20 to 28°C. Additions were made to sep-
arate flasks as follows: (1) nitrogen, 100 pM (as 50 pM
NH,CI and 50 pM NaNOs;); (2) phosphorus, 10 pM
(as KH,POy); (3) nitrogen + phosphorus (1 plus 2);
(4) Difco tryptose protein hydrolysate, 0.02 %; (5) glu-
cose, 0.02 %; (6) trace metals (0.2 pM Zn, 0.4 pM Fe, 0.2
pM Mo, 0.05 pM Mn, 0.04 pM Co); (7) phosphorus +
trace metals (2 plus 6); (8) nitrogen + trace metals (3
plus 6). These concentrations of supplements were
made to ensure nutrient sufficiency for bacterial out-
growth and are between 5- and 10-fold the maximum
concentrations found in the lake. Control flasks re-
ceived no additions.

Time course experiments: Another series of 8 exper-
iments was run with GF/C-filtered lake water to follow
the changes in the percentage of active bacteria over
time after sampling with or without addition of tryptose
as a growth factor. In the time course experiments
made after June 1998 we also added a parallel series of
flasks supplemented with an antibiotic mixture (nal-
adixic acid, promidic acid and piperidic acid; Kogure et
al. 1987) in order to stop cell replication but not overall
metabolism (Choi et al. 1999). Samples were with-
drawn from the flasks immediately at the start of the
incubations and at various times subsequently (for time
course experiments) or after 24 h (for nutrient addition
experiments). These samples were then analyzed for
live and metabolically active bacteria (CTC, NuCC
and Live/Dead staining methods). In most of the nutri-
ent addition and time course experiments, ETS, O, res-
piration and radioactive leucine incorporation were
also measured in parallel.

Impact of flagellate or ciliate grazing on proportion
of active bacteria: A mixture of small heterotrophic
flagellates (mainly Bodo sp.) or, in one case, a mono-
culture of ciliates (Colpoda) previously grown on a
mineral medium with added bacteria, was washed on a
1 pm screen with 5 portions of 0.2 pm filtered lake
water and then resuspended in 0.2 nm GF/C-filtered
lake water. In 3 out of 4 experiments, parallel treat-
ments with 0.02% tryptose addition were also pre-
pared. The treatments were incubated in the labora-
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tory at ambient lake temperatures in the dark for 3 or 4
d and the proportions of CTC+, NuCC or MEM+ in the
total (DAPI) bacterial population were monitored daily.

RESULTS
Lake sampling program

In Fig. 1 we show the concentrations of chlorophyll
and the total bacterial counts determined with DAPI
staining in the near surface waters (1 m depth) from May
1997 through January 2000. Near surface chlorophyll
concentrations ranged from 148 pg I"! (during a Peri-
dinium bloom) to 5.4 pg I'!, bacterial abundance varied
from 1.3 x 107 to 2.2 x 10° cells ml~!. Although in some
cases the total bacterial counts appeared to increase and
decrease in tandem, or after a slight lag, with the chloro-
phyll concentrations (e.g., March—May 1998; May 1999),
there was no significant correlation between these pa-
rameters. Total bacterial abundance at other depths was
essentially similar to that at 1 m and followed the same
general seasonal pattern (data not shown).

In samples from the lake profiles, all 3 staining meth-
ods used to determine metabolically active bacteria
gave low apparent levels of 'live and active' compared
to ‘inactive’ cells (Table 1). Generally, the lowest per-
centage of ‘active’ cells was recorded with the CTC
assay. No clear seasonal pattern of elevated or de-
pressed percentages of CTC+, NuCC or MEM+ cells
was observed from mid-1997 through January 2000,
although there was some tendency toward higher pro-
portions of CTC+ during late autumn and winter

months in samples from 38 m (Fig. 2). Contrary to
expectation, direct comparison of the proportions of
‘active’ bacteria, determined in the same lake water
samples, did not show any significant correlations
between the 3 different methods. This was found both
for the entire data set from lake profiles and for data
from each of the 3 sampled depths (0, 19 and 38 m)
taken separately.

Six other independent parameters related to poten-
tial microbial activity were determined in lake water
samples: rate of leucine incorporation (a measure of
bacterial productivity), ETS and O, uptake (indicators
of respiratory activity) and the enzymatic activities
of peptidase, B-glucosidase and lipase. Single pair re-
gression analysis showed that the rates of leucine in-
corporation were significantly positively related to
both the ambient concentrations of chlorophyll and
photosynthetic carbon fixation rates (Table 2). Signifi-
cant correlations were also found between leucine
uptake and peptidase (but not B-glucosidase or lipase)
activity, between ETS and O, uptake, between ETS
and peptidase and between ETS and B-glucosidase
(Table 2). No correlations were observed between ETS
and leucine incorporation.

Of the 3 measured enzyme activities, B-glucosidase
activity was consistently higher than peptidase activ-
ity; while lipase activity was always the lowest, based
on molar rates of substrate hydrolysis (Table 3). Gener-
ally hydrolytic enzyme activity decreased with depth,
although occasionally maximum activities were found
in thermocline samples when the lake was strongly
stratified (data not shown). No significant correlations
were found between these 3 enzyme activities.

We regressed the levels of meta-
bolic activities (ETS activity, radio-

160 140 active leucine incorporation and pep-
. tidase activity) to the numbers of total

140 B o 1m chior 1 120 (DAPI) counts or ‘active’ (CTC+,
--#-- 1m bact NuCC or MEM+) cells. ETS activity

120 ¢ 1 100 was significantly directly correlated
100 | to the numbers of CTC+ and NuCC
| go & cells (albeit with low correlation coef-

80 L X ficients) but not to total bacterial
’ 1 60 % counts (Table 4). Leucine incorpo-

60 © ration rates showed no correlation to
*| 40 either total or ‘active’ bacterial num-

40 bers. Surprisingly, we found that pep-
tidase activity from 1 and 19 m depths
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Fig. 1. Total bacteria (DAPI counts, cells ml™!) and chlorophyll (ung chlorophyll I't)
at 1 m depth at a pelagic station (Stn A) in Lake Kinneret, northern Israel

but not to the numbers of CTC+,
NuCC or MEM+ cells. No relation-
ships were observed between any of
the activity parameters and numbers
of MEM+ bacteria.
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Table 1. Lake Kinneret. Percentages of ‘active’ bacteria (CTC+, NuCC, MEM+)

Laboratory experiments

relative to total bacterial cells (DAPI counts). Summary of data for lake samples

from May 1997 (CTC+), October 1997 (NuCC) and May 1998 (MEM+) until
January 2000. Standard deviations in parentheses

Similarly to the determinations in
the lake water samples, the initial

Depth CTC+ NuCC

(m) Avg. Max. Min Avg.

MEM+
Max. Min Avg.

percentages of ‘active’ bacteria as
detected by all 3 methods in the labo-

Max. Min. .
ratory experiments were low, gener-

1 4.1(x33) 128 1.0
19 4.7 (+3.3) 133 1.0
38 6.5 (£6.3) 27.3 1.0

7.2 (x7.3) 41.1 1.8
8.0 (+7.7) 42.9 1.4
9.7 (£6.5) 29.8 1.4

7.6 (4.6) 20.5 1.6
9.9 (+6.1) 21.9 1.9
8.8 (£3.1) 14.5 1.0

ally <10%. However, in contrast to our
observations in lake samples, we
found a very significant correlation
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between the percentage of CTC+ and
NuCC cells in both the time course
and the nutrient addition experiments (Table 5). Some-
what weaker, but still significant, correlations were
also found between the percentages of NuCC and
MEM+ cells and between CTC+ and MEM+ (Table 5).
We note, however, that the Live/Dead staining method
often gave highly variable results in many of the time
course and nutrient addition experiments.

Table 2. Lake Kinneret samples. Relationships between para-
meters of bacterial activity: ETS, oxygen consumption,
leucine incorporation rate, peptidase and pB-glucosidase activ-
ity. Also shown are the relationships between leucine incor-
poration rate, chlorophyll and primary production

y X T p n
ETS Leucine - No correlation

ETS® Peptidase 0.54 <0.0001 42
ETSP Peptidase 0.38 <0.0001 63
ETS? AO, 0.15 0.01 45
ETS? B-glucosidase 0.23 0.0044 32
ETSP B-glucosidase 0.11 0.015 48
Leucine®  Peptidase 0.19 <0.007 36
Leucine®  Peptidase 0.25 <0.0001 54
Leucine® Chlorophyll 0.61 <0.0001 22
Leucine® Primary prod. 0.33 0.0044 22

aData from 1 and 19 m (or thermocline); *data from all
depths; ‘data from 1 m

25 Table 3. Hydrolytic enzyme activities in Lake Kinneret. Activ-
C ities given as pumol I"! h! of substrate hydrolyzed
20 (u] ﬂ L 4
/\ \ 1998 —+1m 1999 \ Depth (m) Mean SD n
+ 15 -o-19m A
= / \ / \ ~-38m Peptidase
= /\ /\ 1 0.44 0.40 24
xR 10 \A 19 0.24 0.08 24
NG ar e R T T R
5 A ¥ $ U Lipase
7 ﬁ\‘/ w ; E/ 1p 0.11 0.17 9
0 ‘ L 19 0.10 0.16 9
38 0.06 0.09 9
\“6\ » %“”e & « ﬁ‘& S & B-glucosidase
1 2.17 5.3 21
Fig. 2. Lake Kinneret. Percentages of (A) CTC+; (B) NuCC; 19 1.60 4.6 21
and (C) MEM+ bacteria; samples taken at Stn A from 3 depths 38 0.49 0.38 21
(1 m, 19 m or thermocline, and 38 m)
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Table 4. Lake Kinneret. Correlations between metabolic

activity parameters and numbers of total (DAPI) or ‘active’

(CTC+ or NuCC) bacteria. No correlations were found

between activity parameters and numbers of MEM+ cells.
Data refer to direct regressions

Parameter Bacteria r? p n
ETS CTC+ 0.15 0.0003 88
ETS NuCC 0.16 0.0007 68
Peptidase DAPI 0.23 <0.0001 66

Table 5. Laboratory experiments. Relationships between per-
centages of CTC+, NuCC and MEM+ cells

Parameters r? P No. of samples
CTC+ and NuCC 0.53 <0.0001 181
CTC+ and MEM+ 0.12 <0.0001 165
NuCC and MEM+ 0.16 <0.0001 156

Time course experiments

In preliminary experiments (not shown) we found
that there were no significant changes in the propor-
tions of CTC+, NuCC or MEM+ cells to total bacterial
numbers, even with the addition of tryptose or other
nutrients with incubation times of less than 10 to 12 h,
at temperatures ranging from 20 to 25°C. Unsupple-
mented, GF/C-filtered lake water samples showed a
trend to higher DAPI bacterial counts and relative pro-
portions of active bacteria (ranging from 1.5- to 5-fold,
in 5 out of 7 time course experiments) after 20 to 24 h.
Not surprisingly, when tryptose was added, much
greater increases were observed in both the total and
‘active’ cell counts as measured by all 3 staining meth-
ods. The incorporation rate of radioactive leucine was
similarly stimulated by tryptose. In the presence of the
antibiotic cocktail, the increase in bacterial abundance
(DAPI) and rates of leucine incorporation were consid-
erably inhibited even with tryptose addition after 22 h
(Fig. 3). However, for 2 experiments in which incuba-
tions were continued until 40 h, we found greatly
increased percentages of CTC+ and NuCC, but only a
moderate increase in DAPI counts in the tryptose plus
antibiotics treatments by the end of the incubation. In
Table 6 we detail the increases relative to time zero in
total bacterial cell counts, leucine uptake and the per-
centages of CTC+ and NuCC after 22 and 40 h incu-
bation with or without added tryptose and/or the
antibiotic mixture (experiment of 6 December 1999).
Addition of tryptose alone gave large increases in all
parameters tested except DAPI (only 3.7-fold increase)
within 22 h (Table 6). By 40 h, the ‘'antibiotic only’
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Fig. 3. Time course experiment (6 December 1999). Change in
total bacterial abundance (DAPI, cells ml™!), rate of leucine
incorporation (ug C I"! h™!) and the percentage of CTC+ and
NuCC cells with time of incubation of GF/C-filtered Lake
Kinneret water. (Note logarithmic scale on y-axis). Treat-
ments: na = no addition, T = tryptose (0.02 %), A = antibiotic
cocktail (see ‘Materials and methods’), T + A = tryptose +
antibiotics. (Average of duplicate samples, error bars indicate
standard deviation of all counts made in both samples)

treatment also showed 3- to 6-fold rises in all parame-
ters, the relative increases in CTC+, NuCC and leucine
uptake being about twice that for DAPI counts. Com-
bined addition of antibiotics and tryptose led to much
greater increases in the percentages of CTC+ and
NuCC, but not in DAPI counts or leucine uptake.
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Table 6. Time course experiments, December 1988. Relative
increase in total bacterial cell counts and activity parameters
with or without added tryptose and/or antibiotic mix. NA =no
addition; T = 0.02% tryptose; A = antibiotics (see '‘Materials
and methods'); DAPI = total bacterial cell counts; Leucine =
leucine uptake. Parameter increases are shown normalized to
their initial (time 0) levels in each treatment taken as 1

Hour NA T A T+A
DAPI

22 1.7 3.7 1.9 1.0

40 4.4 52.3 3.1 3.6
Leucine

22 5.6 19.1 1.8 2.5

40 5.9 24.3 6.3 6.3
CTC+

22 3.5 24.3 1.1 4.3

40 2.4 46.3 6.5 22.2
NuCC

22 2.2 7.9 3.8 2.8

40 5.6 31.4 6.0 25.7

Nutrient addition experiments

This set of experiments was intended to examine
whether various nutrient supplements to GE/C-filtered
lake water, followed by 24 h incubation, would affect
the proportion of CTC+, NuCC or MEM+ bacteria or
ETS activity. A summary of the results of 9 experiments
is shown in Table 7.

The Syto-9 Live/Dead method gave poor results in
this series, and in 6 out of 9 experiments showed no
consistent pattern in any of the treatments. In contrast,
CTC and NuCC methods showed similar responses, at

Table 7. Response of Lake Kinneret bacteria to nutrient additions as measured

by relative increase of active cells in the total population or ETS activity after

24 h incubations. Added nutrient code: T = tryptose (0.02%); G = glucose

(0.02%); N = nitrogen (100 pM as KNO3; + NH,Cl); P = phosphorus (10 ptM as

KH,PO,); M = trace metals (see 'Materials and methods'). NA = no addition; nr =

no response. Bold letters indicate an increase of >10-fold and normal font indi-
cates an increase of >3-fold from time zero respectively

least qualitatively, in most experiments. Tryptose addi-
tions in all experiments (with the exception of CTC in
September 1999) caused an increase both in total bac-
terial counts and in the proportion of CTC+ and NuCC
cells. In about half of the experiments, relative in-
creases in the proportions of ‘active’ cells were ob-
served with additions of either nitrogen or phosphorus
or both. Supplements of trace metals alone also occa-
sionally increased the percentages of CTC+ and NuCC
cells. Glucose, generally considered a very effective
carbon and energy source for bacteria, only rarely
stimulated the appearance of active cells. ETS activity
usually increased with tryptose addition, and occasion-
ally with added glucose or P (Table 7).

Impact of flagellate or ciliate grazing on
proportion of active bacteria

Four experiments were made to examine the effect
on percentages of active bacteria of adding an inocu-
lum of heterotrophic flagellates (mostly Bodo sp.) or,
in one experiment, ciliates (Colpoda sp.) to samples of
GF/C-filtered lake water. In tests with unsupplemented
lake water, we consistently observed higher levels of
CTC+, NuCC or MEM+ cells within the total bacterial
populations in the samples with added protists after
the first day's incubation (Fig. 4). This higher propor-
tion of active cells was generally, but not always,
maintained during the rest of the incubation. Similarly
to previous experiments (see above) higher propor-
tions of active bacteria were always found in samples
with added tryptose in comparison with unsupple-
mented samples (Fig. 4B to D). When both tryptose
and flagellates were added, higher
levels of active bacteria than in tryp-
tose-only treatments were observed
after 24 h, with some subsequent de-
cline (Fig. 4B,D). In the single experi-
ment with Colpoda sp., the % of CTC+
cells with tryptose and ciliate addition
only became greater than the tryp-

tose-only sample by Day 3 (Fig. 4C).
Date Detection criterion
CTC+ NuCC MEM+ ETS
Mar 1998 T, N, P, N+P, M T, N, P, N+P, M nr T DISCUSSION
Apr 1998 T, G T nr T
Aug 1998 T, N, P, N+P, M T, N, P, N+P, M nr T Proportion of ‘active’ to ‘non-active’
Nov 1998 T T T, G, nr bacteria
Jan 1999° T T, N+P N nr
Mar 1999¢ T, P, N+P T nr T.G
Jun 1999 T, N, P, NA T nr T Many previous studies in both
Sep 1999 nr T nr TP marine and freshwater environments,
Dec1999 T,G, P N+P M,NA T G N, P N+P TG P N+P M TG using a variety of staining approaches
2No addition of metals in these experiments have reported low percentages of
‘metabolically active' compared to to-
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Fig. 4. Changes with incubation time of GF/C-filtered Lake
Kinneret water, with or without added protists, on the per-
centages of CTC+, NuCC or MEM+ cells in total (DAPI) bac-
terial populations. Treatments: FKW = GF/C-filtered Lake
Kinneret water, T = Lake Kinneret water +0.02% tryptose,
Prot = Lake Kinneret water + protists (flagellates or Colpoda
sp. as indicated), Prot + T = Lake Kinneret water + protists +
0.02% tryptose. (Average of duplicate samples, error bars
indicate standard deviation of all counts made in both
samples). Dates of experiments as follows: (A) 5 April 1998,
(B) 12 March 2000, (C, D) 26 June 2000

tal bacteria. For example, Porter et al. (1995) found that
93 % of cells in oligotrophic lake water did not appear
to be viable as indicated by the integrity of their mem-
branes. With CTC, the proportion of bacteria in most
natural environments showing respiratory activity has
usually been <10 % (del Giorgio & Scarborough 1995,
Choi et al. 1996, Karner & Fuhrman 1997, Choi et al.
1999). Bernard et al. (2000) in an elegant study com-
paring the diversity of an entire bacterial assemblage
with that of the actively respiring fraction and of
culturable bacteria in Mediterranean coastal waters
also reported that only 3% of the total bacteria were
CTC+. Choi et al. (1996), using the Molecular Probes
Live/Dead kit, found that 78 to 93 % of cells in samples
collected in Oregon coastal seawater in late summer
were membrane-damaged. With their DAPI n-pro-
panol wash method, Zweifel & Hagstrom (1995) ob-
served that from 68 to 98 % of coastal bacterioplankton
did not appear to have DNA organized in a nucleoid
region. Heissenberger et al. (1996) found that in a
marine, free-living bacterial community, 34 % of cells
appeared to be intact, 42% exhibited damaged cell
wall and membranes, and 24 % of cells appeared to
lack any internal structure. There are, however, also
reports of higher proportions of active bacteria. Del
Giorgio et al. (1997), using Molecular Probes stains
Syto-13 and Topro-1 for flow cytometric detection of
total bacteria and membrane-damaged bacteria re-
spectively, reported that only 10 to 15% of cells ap-
peared to be damaged in the epilimnetic waters of a
number of lakes. Nevertheless, in most aquatic envi-
ronments, usually a small fraction of the total bacterial
population appears to be active by the above criteria at
any given time. The present study corroborates these
previous findings, in that there were low proportions of
active relative to non-active bacteria in samples from
Lake Kinneret taken at all seasons and at 3 depths in
the pelagic water column (Table 1, Fig. 2). This was ob-
served with 3 independent staining methods that mea-
sure different aspects of cellular activity or integrity.
We note, however, that much higher levels of ‘active’
bacteria have been observed with other techniques.
For example, Grossart & Azam (pers. comm.) have
noted higher percentages of motile bacteria than
CTC+ cells in the same samples. Using autoradiogra-
phy, Ouverney & Fuhrman (1999) found that a high
proportion of the total bacterial population at 2 coastal
sites in southern California incorporated radioactive
substrates and Karner & Fuhrman (1997) observed
much higher percentages of cells which took up
radioactive amino acids than CTC+. Motilty and sub-
strate uptake are undoubtedly attributes of metaboli-
cally active cells but may actually require only low lev-
els of energy expenditure. The relative proportions of
bacteria showing various characteristics of activity to
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the total bacterial assemblage (e.g., as determined by
DAPI) will certainly be different depending on envi-
ronmental conditions (temperature, substrate avail-
ability, etc.) and sample source. Since bacteria in
aquatic environments show a wide range of metabolic
activity states, from highly to very weakly active, to
dormant (i.e., capable of reactivation under suitable
conditions) or dead (i.e., with no hope of resurrection),
there is unlikely to be any single criterion that can be
used to characterize unequivocally live or metaboli-
cally active bacteria.

Although all 3 of the methods that we used to assess
‘active’ bacteria in samples taken directly from the
lake gave consistently low values, no significant corre-
lations were found between these techniques. How-
ever, this was not the case when comparisons were
made between the results of the 3 methods obtained
with laboratory experiments, which entailed relatively
long incubations (20 to 40 h). In these experiments,
much higher percentages of ‘active’ bacteria were
observed with all 3 methods, evidently due to bacterial
outgrowth during the incubations after a lag of some
10 to 12 h. This wider spread of percentages of active
bacteria led to significant linear relationships between
the methods (Table 5).

The results of this study support the suggestion by
Sherr et al. (1999b) that CTC staining based on a pro-
tocol of short (2 to 3 h) incubations with 5 pM CTC
detects only the most highly active of the 'metaboli-
cally active’' or living cells (in this case, active in terms
of their electron transfer system). Nevertheless, as
these authors have pointed out, the CTC method can
be useful to gain some idea of the levels of highly
active bacteria within natural populations and to follow
changes in the active cell fraction subsequent to envi-
ronmental perturbation (e.g., by nutrient inputs or
grazing).

The greatest variability in results in this study was
observed with the Live/Dead assay, especially in the
nutrient addition experimental series. Although this
method works well with bacteria in cultures and has
been used in marine environments (Choi et al. 1996,
Gasol et al. 1999), it appears to be somewhat less suc-
cessful when applied to heterogeneous freshwater
bacterial populations. The NuCC method tended to
give results similar to CTC and has the advantage of
not requiring any incubation step before fixing the
samples. It thus avoids problems associated with the
potential toxicity of CTC (Ullrich et al. 1996, 1999). The
CTC method, however, has the advantage that posi-
tively stained bacterial cells can be detected with
greater sensitivity and counted with flow cytometry.
Indeed, Sieracki et al. (1999) have shown that flow
cytometric analysis consistently gives higher percent-
ages of CTC+ cells compared to microscopic analysis.

It seems reasonable to assume, therefore, that the CTC
results in this study are probably underestimates of the
fraction of highly active bacteria in the lake waters.

The apparently low percentage of actively metabo-
lizing bacteria observed in Lake Kinneret throughout
the year and at all water column depths was consistent
with the results generated by a recent carbon flux
model for Lake Kinneret (Hart et al. 2000). In the pub-
lished data for this model unrealistically high values
for the ratios of bacterial biomass to production (B/P)
were given, averaging 6.7, 3.4, 8.3 and 11.8 for spring,
summer, fall and winter seasons respectively. How-
ever, these B/P values were probably based on erro-
neously high values for bacterial cell carbon, and, even
more significantly, on the assumption that all bacterial
cells counted with DAPI were active. If we assume that
no more than ~20 % of total bacterial cells were in fact
metabolizing, and correct the cell biomass values
based on a carbon content of ~30 fg C cell™! (Lee &
Fuhrman 1987, Fukada et al. 1998), then the B/P ratios
become much more reasonable for actively metaboliz-
ing cells (B/P between 0.3 and ~1.0).

Metabolic activity parameters

We found reasonably close correlations of ETS activ-
ity with other frequently used determinants of micro-
bial activity; direct O, consumption, peptidase and -
glucosidase enzymatic activity (Table 2). Our results
suggest that ETS measurements can serve as a good
proxy for overall bacterial activity in bulk water but
of course they give no detailed information concerning
phylogenetic groups or the fraction of active bacteria
within the microbial assemblage. Note however that
in our case there was no relationship between ETS
and bacterial productivity as measured by leucine in-
corporation.

Leucine incorporation rates correlated well with both
chlorophyll concentrations and photosynthetic carbon
fixation rates (Table 2), but not with algal wet weight
biomass, similarly to previous observations in Lake
Kinneret (Berman unpubl.) and in many other aquatic
environments (Cole et al. 1988, Billin et al. 1990). It is
noteworthy that we found that leucine incorporation
rates correlated significantly with peptidase but not
with B-glucosidase enzyme activities.

The ETS activity measured in the GF/C-filtered lake
samples was directly related to the numbers of CTC+
and NuCC cells but not to the total (DAPI) bacteria.
This would support the premise that only the more
active fraction of the bacterial population was respon-
sible for most of the bacterial respiration. Neither
leucine incorporation rates nor peptidase activity cor-
related with the numbers of CTC+, NuCC or MEM+



222 Aquat Microb Ecol 23: 213-224, 2001

bacteria. Peptidase activity was significantly directly
correlated to the counts of total (DAPI) bacteria, but not
to CTC+ or NuCC cell numbers, suggesting that this
enzyme is expressed not only by strongly active cells
but also by weakly metabolizing bacteria (e.g., cells
in a state of starvation-survival, Morita 1997) or even
by moribund bacteria. No significant relationship was
found between any of the metabolic activity parame-
ters and MEM+ cells.

Our observation that B-glucosidase activities were
generally higher than those of peptidase (Table 3) con-
firms previous work of Simon et al. (2000). These
investigators showed that this pattern was characteris-
tic for Lake Kinneret, where a relatively high level of
polysaccharide input was expected. In contrast, they
found that proteinase activities tended to be higher
than B-glucosidase in Lake Constance, where pro-
teinaceous inputs may be more important.

Lipase activity was always detectable in the lake
water although at somewhat lower levels than the
other enzymes monitored (Table 3). We have no infor-
mation about the potential importance of these ‘free
dissolved' lipases in the recyling of lipid-containing
organic matter in lake water.

Time course and nutrient addition experiments

In the time course experiments (Fig. 3, Table 6) it
was not surprising that the addition of tryptose, after
an initial period of 10 to 15 h, always gave a dramatic
increase in bacterial numbers, rates of leucine uptake
and in the percentages of CTC+ and NuCC bacteria. In
this case, we suspect that the tryptose addition may
have caused selective growth of one or more species of
bacteria rather than of the entire initial assemblage
(see below). However, our results from samples to
which antibiotics were added would indicate that,
even when bacterial replication was strongly inhibited,
a sizable proportion of the bacteria that appeared to be
inactive initially were capable of ‘switching on’ and
being detected as ‘active’ cells.

This phenomenon was first reported by Choi et al.
(1999) for a coastal marine environment. Presumably
in most natural aquatic environments such situations
are quite transient, and the normal state is that only a
relatively low percentage of total bacteria are highly
metabolically active at any given time. In this experi-
ment (Table 6), after 40 h, leucine incorporation was
also stimulated in samples with added antibiotic,
despite the relatively low increase in cell multiplica-
tion that should normally accompany protein synthe-
sis. Possibly, in this case, protein synthesis may have
led to an increase of cell biovolume but not of abun-
dance.

The results from the nutrient addition experiments
consistently showed strong stimulation by tryptose of
the fraction of CTC+, NuCC or MEM+ bacteria and of
ETS activity after 24 hincubation (Table 7). Frequently
P or N or both nutrients increased the proportional
abundances of CTC+ or NuCC cells, without any
apparent seasonal pattern (Table 7). It is curious that
in these experiments, glucose elicited much lower
responses than the tryptose (protein hydrolysate)
despite the generally greater activities of p-glucosi-
dase than proteinase usually observed in the lake
water (see above and Simon et al. 2000).

It would probably be erroneous to infer any pattern of
in situ nutrient limitation of bacteria in Lake Kinneret
solely from this set of experiments. The addition of var-
ious nutrient supplements may have given a selective
advantage to specific groups within the initial bacterial
assemblage that responded by increasing their num-
bers during the incubation period. This possibility can
only be resolved if the phylogenetic composition of the
bacterial assemblage is determined initially and at the
end of the incubation. The application of molecular bio-
logical techniques to identify the changes in specific
groups of bacteria taking place in time course and nu-
trient addition experiments (Amann et al. 1995, Ouver-
ney & Fuhrman 1999, Cottrell & Kirchman 2000) will
undoubtedly provide more precise details of nutrient
limitation in natural microbial assemblages.

Impact of protists on proportion of active bacteria

There is evidence indicating that flagellates and
other micrograzers preferentially graze metabolically
active (e.g., growing or CTC+) cells (Sherr et al. 1992,
Gonzalez et al. 1993, del Giorgio et al. 1996), which
would tend to decrease the proportion of active cells in
the bacterial population. On the other hand, the recy-
cling of nutrients due to protistan excretion might
serve to stimulate bacterial growth and to increase the
fraction of active bacterial cells. From the results of our
experiments with the addition of flagellates or Colpoda
sp. to GF/C-filtered Lake Kinneret water it appeared
that the second process prevailed, at least during the
initial incubation period. As shown in Fig. 4, samples to
which protists were added consistently showed higher
percentages of ‘active’ bacteria after 24 h.

A dramatic rise in the percentages of ‘active’ bacte-
ria (similar to that previously observed) was also seen
in this experimental series when bacterial growth was
stimulated by the addition of a complex organic nutri-
ent (tryptose). When flagellates were also added to
tryptose-supplemented lake water, even higher pro-
portions of the total bacterial population appeared to
be active after 24 h. In the case of added tryptose and
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ciliates (Colpoda sp.), the fraction of CTC+ bacteria
only became signifcantly higher than in the tryptose-
only sample after 3 d (Fig. 4C). Thus it appears that the
impact of protist grazing is indeed to increase the num-
bers of active bacteria, i.e., grazing tends to keep the
bacterial community in a state of active growth, at least
during the initial stages of the predator-prey interac-
tion. This result supports the earlier finding of Sherr et
al. (1982) that flagellate grazing stimulated the rate of
degradation of phytoplankton detritus by Lake Kin-
neret bacteria.

Conclusion

Clearly each of the 3 methods used here to detect
‘active’ or living cells measures a different attribute of
the physiological status of bacteria. Different aspects of
bacterial activity, such as motility and substrate
uptake, can be detected by other methods. Usually, it
appears that only a relatively small proportion (per-
haps not more than at most 20 %) of the total bacterial
population in natural waters is ‘active’ by the criteria of
the assay methods used in this study. Nevertheless, our
results support the idea that even apparently inactive
bacteria can become highly active under appropriate
conditions (Choi et al. 1999). This 'switching on’ might
occur as a result of nutrient inputs caused by upwelling
events, or on a more localized scale, because of inputs
from protistan or zooplankton excretion or sloppy feed-
ing (Jumars et al. 1989) or from algal cell lysis (Agusti
et al. 1998).

As we have emphasised, there are different criteria
for characterizing a bacterial cell as ‘active’. Thus, we
can envisage natural bacterial populations as a kalei-
doscope image, with various components functioning
at different degrees of activity at any given moment,
constantly modulating their physiological activities to
the exigencies of the environment. Del Giorgio & Cole
(2000) have proposed that the co-existence of sub-pop-
ulations of highly active and slow-growing cells can
explain the typically low growth efficiencies observed
for bacterioplankton communities in aquatic environ-
ments. The complications presented by having a more
realistic picture of a heterogeneous bacterial popula-
tion, not only in terms of phylotype but also in levels of
metabolic activity, will need to be incorporated into our
perceptions of aquatic ecosystems.
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