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Dead or alive? A large fraction of ETS-inactive
marine bacterioplankton cells, as assessed by
reduction of CTC, can become ETS-active
with incubation and substrate addition
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ABSTRACT: The majority of bacteria suspended in seawater do not appear to be metabolically active
or in good physiological condition as assessed by various methods. We tested the idea that a large fraction of 'inactive' bacterial cells can become 'active' with respect to detectable cell-specific electron
transport system (ETS) activity, determined by the ability of cells to reduce the fluorogenic tetrazolium
salt, CTC, when incubated for periods of time with or without additional substrate. Aliquots of 1.0 pm
filtered seawater were amended with mixed antibiotics to inhibit DNA synthesis and thus cell division,
and incubated at in situ (12.8 and 16.4"C) temperature or at 20°C. Additions included: phosphate
(0.83 mM P, 5.3 mgP 1-'), ammonium (1.67 mM N, 23.4 mgN l-'), and organic carbon as glucose, mixed
amino acids or yeast extract (8.33 mM C, 100 mgC 1 - l ) . At 2OoC, the addition of mixed amino acids and
yeast extract resulted in a large increase of % ETS-active cells (CTC-positive [CTC+] cells), from
1.9-2.4 % at 0 h to 55-87 % CTC+ cells by 21 to 28 h. At in situ temperature, the increase in % CTC+
cells was less, and the glucose addition caused the greatest increase in % CTC+ cells. Under conditions
of increased temperature and high concentration of organic substrate, a large proportion of the apparently 'inactive' bacteria can become highly ETS-active within a day, suggesting that these cells are in
fact alive, and are capable of attaining significant metabolic activity. The different response patterns of
the bacterial assemblages at 20°C compared to those at 12.8 and 16.4"C suggests that temperature can
be an important factor in bactenoplankton response to increase in substrate concentration.
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INTRODUCTION
The question: what are the fractions of metabolically
active, metabolically inactive, damaged, and dead
cells in natural bacterioplankton assemblages, is one of
past and current interest. Research on cell-specific
properties of in situ bacteria has yielded conflicting
results as to relative activity. Microautoradiography, in
which cell-specific uptake of radiolabeled substrates
added at nM concentrations is determined, has shown
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that, in general, from 20 to 80% of cells in natural
assemblages are able to take up radiolabeled amino
acids (Tabor & Neihof 1984, Douglas et al. 1987,
Karner & Fuhrman 1997). A number of fluorescent
dyes that selectively enter either live, intact bacterial
cells or dead or damaged bacteria have been used to
separate living from moribund cells (e.g. Jepras et al.
1995, Lopez-Arnoros et al. 1995, McFeters et al. 1995,
Porter et al. 1995, Choi et al. 1996, del Giorgio et al.
1997b, Williams et al. 1997). When applied to natural
fresh or salt waters, the results of these methods suggest that a widely variable fraction of aquatic bacteria
is identifiable as membrane-damaged. Porter et al.
(1995), testing a number of dyes that indicate membrane integrity, found that 93 % of cells in oligotrophic
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lake water did not appear to be viable. Choi et al.
(1996), using the Molecular Probes BacLight kit,
scored as membrane damaged 78 to 93 % of cells in
samples collected in Oregon coastal seawater in late
summer. Del Giorgio et al. ( 1997b), using Molecular
Probes stains SYTO-13 and TOPRO-l for flow cytometric detection of total bacteria and membrane-damaged
bacteria respectively, reported that only 10 to 15% of
cells appeared to be damaged in the epilimnetic
waters of a number of lakes. Using other approaches,
Zweifel & Hagstrom (1996) observed that from 68 to
98% of bacterioplankton did not appear to have DNA
organized in a nucleoid region, and Heissenberger et
al. (1996) found that in a free-living bacterial community 34 % of cells appeared to be intact, 42 % exhibited
damaged cell walls and membranes, and 24 % of cells
appeared to lack any internal structure.
Zimmermann et al. (1978) proposed a method for
determining the fraction of bacterial cells that were
actively respiring via cell-specific reduction of a tetrazolium salt, 2-(4-iodopheny1)-3-(4-nitropheny1)-5-phenyltetrazolium chloride (INT), to refractive crystals of
formazan inside the cells. A variation of this method
was developed by Rodriguez et al. (1992),in which a
fluorogenic tetrazolium dye, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) was used instead of INT. CTC is
a colorless, membrane permeable compound that produces a red-fluorescing precipitate when it is reduced
by the electron transport system (ETS) of bacterial
cells. Both INT, and more recently CTC, have been
widely applied in freshwaters and in marine systems to
determine the percentage of actively respiring bacteria (Tabor & Neihof 1984, Newel1 et al. 1986, Dufour &
Colon 1992, del Giorgio & Scarborough 1995, Gas01 et
al. 1995, del Giorgio et al. 1997, Posch et al. 1997).
Cells which reduce sufficient CTC to be scored as
ETS-active, either microscopically or by flow cytometry, are unambiguously alive and capable of growth.
Choi et al. (1996) reported that bacterial cells in exponential growth phase were nearly 100 % CTC positive
(CTC+).Using flow cytometry, del Giorgio et al. (1998)
observed little or no overlap in bacterial cells with
damaged membranes, as detected with the flsorescent
stain TOPRO-1, and in bacterial cells capable of reducing CTC. Although there are reports of fractions of
ETS-active cells greater than 50% in natural waters
(del Giorgio & Scarborough 1995), typically the proportion of bacterial cells exhibiting respiratory activity
in freshly collected bacterial assemblages is < 10 %,
and often is only a few to less than 1 % (del Giorgio &
Scarborough 1995, Choi et al. 1996, Lovejoy et al. 1996,
Karner & Fuhrman 1997). In a survey of fraction of
ETS-active cells in Atlantic shelf waters off Cape Hatteras, we found that the percentage of CTC+ bacteria
was 10.3 * 2.5% at inshore stations and 4.4 + 1.0% at

offshore stations (B. Sherr & E . Sherr unpubl.). In a
more recent 2 wk survey of bacterial parameters off
the Oregon coast in August 1997, the percentage of
CTC+ cells averaged 5.5 & 3.1 %, and ranged from 1.4
to 17.8% (B. Sherr & E. Sherr unpubl. data). In such
studies, whether the identifiable CTC+ cells are the
only metabolically active cells in a bacterial assemblage has been an open question (del Giorgio & Scarborough 1995).It has been suggested that the INT and
CTC approach leads to underestimation of percent
active cells because the tetrazolium salts are toxic to
bacteria (Ullrich et al. 1996, Karner & Fuhrman 1997).
The disparity among the various techniques used to
assess bacterial cell activity and physiological condition in natural systems has caused uncertainty about
how the results of each of these methods should be
interpreted. In this study, we attempted to clarify the
meaning of the CTC reduction assay by addressing the
question: what proportion of initially CTC-negative
(CTC-) bacteria in natural bacterioplankton assemblages can be induced to become visibly CTC+ by
incubation and substrate addition? To do this, we
assessed changes in % CTC+ values for freshly collected coastal marine bacterioplankton in 1.0 pm filtered water during incubations of from 1 to 5 d. In 2
experiments, we also added antibiotics that inhibit
DNA synthesis to retard bacterial growth and thus
allow the initial bacterial cells a longer period to
become highly ETS-active before an increase in cell
abundance confounded the results. Our results
showed that a large fraction (up to 87%) of bacterial
cells in the original assemblage could be induced,
within a period of 20 to 30 h, to exhibit high metabolic
activity as indicated by detectable CTC reduction.

METHODS

Bacterial samples and cultures. Bacterioplankton
assemblages in coastal seawater were collected from a
jetty at the mouth of Yaquina Bay, Oregon, at high tide
during spring, from the end of March to early June in
1996 and 1997. On each sampling date, several liters of
whole seawater was returned to the laboratory and
kept at the in situ collection temperature (from 12 to
16°C) in the dark until processed for an experiment
within 2 d. Prior to an experiment, the seawater was
gently screened through 1.0 pm membrane filters by
gravity filtration. For one of the preliminary experiments, we also used a month-old starved culture of a
marine bacterial isolate Pseudornonas putida (Choi et
al. 1996).
Total bacterial abundance. Subsamples were fixed
with 5 % final volume of 37 % borate-buffered formalin, stained with 25 1-19 ml-' final concentration of DAPI
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for 5 n ~ i n(Suzuki et al. 1993) and filtered onto 25 mm,
0.2 pm black-stained membrane filters. The filters
were mounted onto slides and examined at 1250x with
a Zeiss Universal microscope outfitted for epifluorescence microscopy, using Zeiss filter set 4877-02 (excitation 365 nm/barrier 420 nm).
Cells with identifiably active electron transport systems (ETS). We used the fluorogenic tetrazolium dye
CTC (Rodriguez et al. 1992) to detect bacteria with
active ETS. A 50 mM CTC solution was prepared
according to Choi et al. (1996).In preliminary work, we
found that the optimal concentration of CTC to maximize percent (%) CTC+ cells can vary from 5 to 10 mM.
At the beginning of each experiment, we tested seawater subsamples to optimize for concentration of
CTC. We added 5 mM final concentration CTC (10 mM
in the June 1997 experiment) to 1 m1 aliquots of culture
or seawater in 2.0 m1 cryogenic vials, and the san~ples
with CTC were incubated at either 20°C or at in situ
water temperature for 2 h in the dark. The samples
were fixed with 5 % final concentration formalin, counterstained with DAPI (5 yg ml-l), filtered onto 0.2 pm
black-stained membrane filters, and mounted onto
slides. In some cases, we quick-froze the preserved
samples in liquid nitrogen and stored the frozen samples at -20°C until we were ready to complete processing. We have found that quick-freezing and frozen
storage of liquid samples retains the percentage of
CTC+ cells of the original sample for months, but that
the number of CTC+ cells declines within days for
samples mounted onto filters. Once CTC samples were
mounted onto filters, we counted them within an hour.
Bacterial cells were visualized at 1250x by DAPI fluorescence, then a green excitation filter set (Zeiss 487715, excitation 546 nm/barrier 590 nm) was used to
check each cell for red fluorescence of CTC. We have
found that we can also easily identify orange CTC fluorescence using a blue light filter set (Zeiss 4777-09,
excitation 365 nm/barrier 420 nm).
Optimization of CTC concentration. Because recent
papers have suggested that CTC, and in particular
higher concentrations (>S mM) of CTC, is toxic to bacteria (Lovejoy et al. 1996, Ullrich et al. 1996, Karner &
Fuhrman 1997), we carried out 2 preliminary experiments to check whether the CTC concentration we
previously used (10 mM, Choi et al. 1996) was optimum for marine bacteria. We determined the % ETSactive cells (CTC+ cells) as a function of CTC concentration from 1 to 20 mM. In the first experiment, we
tested 1 mo old starved Pseudornonas putida; in the
second we tested bacterioplankton in recently collected, 1.0 p m filtered seawater. The samples with
varying concentrations of CTC were incubated at 20°C
for 2 h. Based on the results of these experiments, and
the results of CTC concentration optimization experi-

ments carried out at the beginning of each of our
induction experiments, we used a final concentration
of 5 mM CTC (10 mM in June 1997) in the rest of this
study.
Optimization of substrate concentration. The primary object of our study was to determine the extent to
which substrate addition increased the fraction of
CTC+ cells in the original bacterial assemblage, before
significant cell increase occurred. We carried out 3
experiments to determine what range of substrate concentration resulted in maximum increase in % CTC+
for coastal bactenoplankton. We used yeast extract
(YE) at concentrations of from 0.02 to 200 mg C 1-' and
24 h incubations for these experiments. We had previously found that addition of a complex organic substrate resulted in enhancement of the proportion of
ETS-active cells in natural bactenoplankton assemblages before increase in cell number was observed
(Choi et al. 1996). In the third substrate optimization
experiment, we also added a mixture of DNA synthesis
inhibitors (see below) prior to adding the YE.
Induction experiments. Based on the results of the
substrate optimization experiments, we used a carbon
equivalent of 100 mg C 1-' (8.33 mM C) for the induction experiments. Organic substrates included glucose
(Glu), a mixture of equal carbon-equivalents of 20
amino acids (AA),and YE. The amino acids used in the
mixture were: alanine, arginine, asparagine, aspartic
acid, cysteine, glutamine, glysine, histidine, hydroxproline, isoleucine, leucine, lysine, methionine, phenylalanine, proline, threonine, tryptophan, l-tyrosine,
serine, and valine. To some treatments we also added
phosphate (0.83 mM P, 5.3 mg P 1-l) and/or amnlonium
(1.67 mM N, 23.4 mg N I-'). Nutrient stocks were prepared in filter-sterilized deionized water at concentrations 200-fold higher than final concentrations in
experimental treatments. Experimental units consisted
of 20 m1 aliquots of 1.0 pm filtered seawater in 30 m1
autoclaved glass test tubes, loosely capped, amended
with substrate as required, and placed in a rack in
either a water bath held at 20°C, or in an incubation
chamber set at in situ temperature. We carried out a
total of 3 induction experiments: 1 initial experiment
without DNA synthesis inhibitors, and 2 experiments
with inhibitors added.
Initial experiment without inhibitors: Seawater was
collected on 30 March 1997. Treatments consisted of
duplicate tubes of no addition control (C),Glu, +Glu+P,
+Glu+N, +Glu+N+P, +AA, +AA+P, and +YE. All treatments were incubated at 20°C for 24 h. Replicate samples were taken for bacterial abundance and for %
CTC+ cells at time 0 and at 24 h.
Experiments with added inhibitors: We suspected
that some bacteria in the original seawater assemblage
might take longer than 24 h to become identifiably
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CTC+, but based on previous experience (Choi et al.
1996),we knew that bacterial abundance in incubation
experiments usually began to increase by 6 to 24 h. We
decided to perform further induction experiments in
which we first added inhibitors of DNA synthesis to
retard cell division. In this way, we could extend the
induction experiments for a longer period of time without increase in % CTC+ cells being confounded by the
production of newly produced, active daughter cells.
We used the combination of inhibitors suggested by
Kogure et al. (1984, 1987): nalidixic acid (NA), pipernidic acid (PPA) and piromidic acid (PA).We did initial
tests with varying strengths of this mixture of DNA
synthesis inhibitors added to 1.0 pm filtered seawater
amended with 100 mg C 1-' YE and incubated at 20°C.
These tests showed that the inhibitor concentrations
suggested by Kogure et al. (1984) were insufficient to
keep cells exposed to added substrate from dividing
for longer than 6 to 12 h periods. We eventually determined that an inhibitor mixture 5 times stronger that of
Kogure et al. (1984): 10 mg of NA (0.01 %), 5 mg of PPA
(0.005%), and 5 mg of PA (0.005%) per 100 m1 of seawater, was sufficient to keep cells from dividing for
periods of 21 to 33 h at 20°C, depending on the substrates added.
Two induction experiments were carried out with
added inhibitors: treatments were C, +P, +N, +Glu,
+AA, and +YE. Duplicate sample tubes were set up for
each treatment. For the experiment in May 1997, separate sets of tubes were incubated at 20°C and at the in
situ temperature, 12.8"C. In the experiment in June
1997, 2 sets of tubes were incubated at 20°C and at the
in situ temperature of 16.4"C. The experiments were
sampled over time for total cell abundance and abundance of CTC+ cells for periods of 36 to 130 h.
We also separately enumerated the number of bacterial cells that did not have observable CTC fluorescence in these experiments, i.e. the CTC- cells, by
direct counts in each sample inspected. The estimates
of CTC- abundance were thus an independent parameter rather than a derived parameter-i.e we did not
calculate the abundance of CTC- cells by simple subtraction of the mean CTC+ cell number from the mean
number of total bacteria.

RESULTS

Optimum concentration of CTC
The 2 tests we carried out, with a starved marine isolate and with freshly collected coastal bacterioplankton, showed a similar pattern of % CTC+ cells versus
concentration of CTC (Fig. 1). In both experiments, %
CTC+ increased from 1 to 5 mM final concentration of
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Fig. 1. Evaluation of percentage of bacteria identified as ETS
active (CTC+)
as a function of CTC concentration for: (A) a
1 mo old starved culture of a marine bacterial isolate
Pseudomonas putida, and (B) a mixed species bacterial assemblage in a freshly collected sample of seawater from the
Oregon coast

CTC, and then remained constant at 10 mM CTC. In
the second experiment with natural bacterioplankton
(Fig. IB), there was a sharp decline in % CTC cells at
the 20 mM concentration. Based on these results, we
concluded that use of CTC concentrations of 5 to
10 mM to determine the percent of cells exhibiting
active ETS was justified, but that using CTC concentrations less than 5 mM or greater than about 15 mM
could result in artefactually low values.

Optimum concentration of organic substrate
We expected to obtain significant enhancement of
the percent of cells with high respiratory activity with
addition of fairly low concentration ( < l 0 to 20 mg C 1-l)
of YE. The results of the 3 experiments to determine
the % CTC+ as a function of [YE]did not show such an
effect, however (Table 1). In the May 23 experiment,
there was no significant increase in % CTC+ at [YE] <
20 mg C 1-l, and the highest % CTC+ value, 16.8%.
was found for the 100 mg C 1-' addition. In the May 27
experiment, highest % CTC+ was obtained at 80 mg C
1-l, however at 200 mg C 1-', O/O CTC+ dropped to a
value lower than that of the smallest addition of YE.
For the April experiment, in which DNA synthesis
inhibitors were also added, marked enhancement of
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Table 1. Effect of varying addition of yeast extract (YE) on the
percentage of CTC+ cells for coastal bacterioplankton assemblages in 1.0 pm filtered water incubated at 20°C for 24 h.
DNA synthesis inhibitors were added to all treatments in the
April 1997 experiment. Val.ues are means of 2 replicate tubes
2 1 standard deviation, where indicated
mg YE C 1-'

May 23,1996
0.02
0.20
2.0
20
100

% CTC+ bacteria

2.2 * 0.6
2.8 + 0.7
3.5 ? 1.4
7.4 1.6
16.8 1.8

*
*

May 27,1996
0.02
2.0
20
80
200

CTC+ cells (51 % of total bacteria) (Fig. 1). Mixed
amino acids, with or without added phosphate, yielded
31 to 32.5% CTC+ cells, and glucose plus ammonium
and phosphate a smaller percentage, 7 . 6 % CTC+. In
the rest of the treatments, % CTC+ was the same as, or
less than, the control value of 4 . 3 % (Fig. 2).

11.8
19.8
20.1
32.2
8.1

April 11, 1997
0
0.02
0.20
2.0
10
25
50
100
150
200

Results of induction experiments with inhibitors
The experiments of May and June 1997 had a mixture of DNA synthesis inhibitors added to retard cell
division and were each carried out at 2 different temperatures: 20°C and in situ temperature. Parameters
sampled over time were total bacterial abundance,
abundance of CTC+ cells, and abundance of CTCcells. Due to the greater number of sampling times in
these experiments (7 to 8 time points for each of the
treatments), the number of treatments was less than
used in the initial induction experiment. Treatments
consisted of a control and separate additions of ammonium, phosphate, glucose, mixed amino acids, and
yeast extract.
For those treatments in which the abundance of
CTC+ cells increased compared to the time 0 value, we
observed 2 patterns. At 20°C, % CTC+ began to rise by
10 to 23 h, and the total cell number began to increase
after 21 to 33 h (Table 2, Fig. 3). The proportion of ETSactive cells increased rapidly just prior to onset of
exponential growth (Fig. 3). For this reason, we report

the fraction of ETS-active cells did not occur until an
addition of 50 mg C 1-' of YE, and the 2 highest values
were found for the 150 and 200 mg C 1-' additions
(Table 1). Based on these results, we chose a concentration of organic substrate of 100 mg C 1-' for subsequent induction experiments.

Results of initial induction experiment
The first induction experiment in April 1997 did not
have added DNA synthesis inhibitors and was sampled
at only 2 time points, 0 and 24 h. In this experiment, we
examined the extent to which addition of inorganic
nutrients, glucose, glucose plus inorganic nutrients,
mixed amino acids, mixed amino acids plus phosphorus, and yeast extract could enhance the percentage of
ETS-active cells as determined by visible reduction of
CTC. Bacterial growth was not observed in any of the
treatments. The time 0 bacterial abundance was 3.3 X
105cells ml-l. At 24 h, bacterial abundance in the control was 2.8 X 105 ml-', and in the addition treatments
abundance ranged from 2.2 to 2.9 X 105ml-l. Addition
of yeast extract resulted in the highest number of
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GP

GN

GNP

M

M P

YE

Treatment

Fig. 2. Effect of substrate addition on induction of identifiable
ETS activity, via reduction of CTC, for coastal marine bacteria
sampled in March 1997. Treatments included addition of
phosphorus (0.83 mM P, 5.3 mg P 1-'), ammonium (1.67 mM N,
23.4 mg N I-'), and of 100 mg C I-' (8.33 mM C) organic substrates: glucose (Glu, or G ) , a mixture of equal carbon-equlvalents of 20 amino acids (AA),and yeast extract (YE).Duplicate
sample tubes for each treatment were held at 20°C in the dark
for 24 h before sampling for abundance of total bacteria and
of CTC+ bacteria. Values are means for each treatment. DNA
synthesis inhibitors were not added in this initial induction
experiment
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here the highest % CTC+ values that were obtained
just at the beginning of exponential growth, when the
cell abundance had increased to only 112 to 180% of
the time 0 bacterial abundance (Table 2). At the same
time, the number of CTC- cells decreased, in some
cases to a very low abundance (Fig. 3).
At in situ temperature, a different pattern emerged.
Increase in both number of CTC+ and of total cells was
much slower, and did not occur until after 72 to 107 h of
incubation (Table 2, Fig. 4). The maximum increase in
CTC+ cells, and the decrease in number of CTC- cells,
before onset of exponential growth were less compared to the results of the experiments at 20°C. Also, at
in situ temperature the number of CTC- cells began to
increase as total cell number increased (Fig. 4); while
typically at 20°C the number of CTC- cells declined to
a low value and showed no subsequent rise with
increase in total cell number (Fig. 4).
Table 2 presents a summary of the maximum
increase in % CTC+ cells at the beginning of exponen-
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Fig. 3. Examples of full time course data sets of abundances
(105 cells ml-') of total bacteria (*), of CTC-positive bacteria
( m ) , and of CTC-negative bacteria (---,
A ) for 20°C treatments
in the induction experiments with added inhibitors: (A) May
1997, yeast extract addition, 2OoC, and (B) June 1997, yeast
extract a d l t ~ o n20°C.
,
Values are means for 2 replicate tubes
for each treatment; coefficients of variation were <30%. See
Tables 2 & 3 for summary data for all treatments in these 2
experiments with added inhibitors

tial growth in the induction experiments. At 20°C, we
did not sample the yeast extract treatments frequently
enough to catch the point at which numbers of CTC+
cells were high but cell abundance had not yet doubled. At the higher temperature, the percentage of
CTC+ cells rose by more than an order of magnitude in
both control and addition treatments compared to the
time 0 values of 1.9% in May and 2.4 % in June. At
20°C only the amino acid and yeast extract additions
caused a higher percentage of CTC+ cells compared to
the control (Table 2). In May, the ammonium and glucose addition treatments had lower % CTC+ values
compared to the other treatments.
At the in situ temperatures of 12.8"C in May and
16.4"C in June, the bacterioplankton assemblage
responded quite differently (Table 2). The increase in
% CTC+ cells was less, addition of amino acids or of
yeast extract appeared to be inhibitory at 12.8"C, and
the addition of amino acids was inhibitory at 16.4"C.
The only clear substrate enhancement of the propor-
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Fig. 4. Examples of full time course data sets of abundances
(10' cells ml-') of total bacteria (e), of CTC-positive bacteria
(m), and of CTC-negative bacteria (---,
A ) for in situ temperature treatments In the induction experiments with added inhibitors. (A) May 1997, 12.8"C, glucose addition., and ( B ) June
1.997, 16.4"C, glucose addition. Values are means for 2 replicate tubes for each treatment; coeffic~entsof variation were
<30%. See Tables 2 & 3 for summary data for all treatments in
these 2 experiments with inhibitors
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tion of identifiable ETS-active cells at
the colder temperatures was found in
the June experiment, in response to
glucose addition (Table 2).
Since in the experiments with
inhibitors the increase in % CTC+
cells was still confounded to some
extent by cell growth, we also indirectly estimated the proportion of
time 0 cells that became CTC+. To do
this, we used the decrease in CTCcells, which was independently determined by direct counts of CTC- cells
in the samples. The minimum number
of CTC- cells that was found for each
treatment during the time series sampling was subtracted from the time 0
bacterial abundances (1.08 and 1.90 X
105 ml-' in May and 2.86 X 105 ml-' in
June). The difference was assumed to
be the number of bacteria originally
present in the assemblage that
became CTC+ during the incubation.
In 2 treatments: May 12.8"C, +Glu
and +AA, the total number of bacteria
decreased over time (Table 2). For
these treatments, we subtracted the
minimum number of CTC- cells from
the total bacterial abundance at that
time, and used these abundances
rather than the time 0 abundances to
calculate the maximum % CTC+
cells.
The results of the indirect calculation of maximum induction of high
respiratory activity (Table 3) showed
a fairly similar pattern compared to
the direct results in Table 2. The highest % CTC+ values estimated indirectly were lower in some cases,
particularly for the yeast extract treatments at 20°C. The treatments that
showed greatest induction of respiratory activity compared to the control
were addition of amino acids, and to a
lesser extent, of yeast extract, at 20°C,
and addition of glucose at 16.4'C. At
the lower temperatures, the yeast
extract and amino acid additions
appeared to b e inhibitory (Table 3).
In all 3 induction experiments, we
included treatments with additions of
phosphate and ammonium based on
field and laboratory work that suggested growth of marine bacteria

Table 2. Maximum increase in percentage of CTC+ cells in the 2 induction
experiments with added DNA synthesis inhibitors (May and June 1997) before
the abundance of bacteria doubled, i.e. at the beginning of exponential growth.
Organic substrate addition consisted of glucose (+Glu), a mixture of equal carbon-equivalents of 22 amino acids (+AA),or yeast extract (+YE) added at 100 mg
C 1'' (8.33 mM) In the +P and +N treatments, we added phosphorus (0.83mM,
5.3 mg P 1-l) or ammonium (1.67 mM, 23 4 mg N I-'). Values are means from
2 replicate tubes for each treatment, coefficient of variation was <30%
Treatment

Time
Bacteria
(h from To) (10' ml-')

%

CTC+

Time
Bacteria
%
(h from To) (105ml-') CTC+

May 1997
Control
Control
+P

+N
+Glu
+AA
+YE

June 1997
Control
Control
+P
+N
+Glu
+AA

+YE

Table 3. Indirect estimation of maximum increase in percent CTC+ for cells
present at To from the minimum number of CTC-negative cells (min CTC-)
observed during the May and June 1997 experiments with added inhibitors. Percent CTC+ was estimated by: ([Tobacteria - (min CTC-)]/To bacteria) X 100. In
this case, hours from To indicates the time at which the minimum number of
CTC- cells was observed. In some cases, the minimum number of CTC- cells
was found later than the maximum number of CTC+ cells before cell abundance
doubled, as shown in Table 2. To bacterial abundances for each of the experiments are presented in Table 2. Values are means from 2 replicate tubes for each
treatment, coefficient of variation was <30 %
Treatment
May 1997
Control
Control
+P
+N
+Glu
+AA

+YE

June 1997
Control
Control
+P
+N
+Glu
+AA
+YE

Time min CTC%
(h from To) (10' ml-l) CTC+

Time min CTC%
(h from To) (105 ml-') CTC+

20.0°C

0
24.5
36.0
28.5
24.5
28.5
21.5

1.06
0.72
0.53
0.54
0.53
0.14
0.48

12.8"C

1.9
33.3
50.9
50.0
50.9
87.0
55.6

0
84
94.3
94.3
72
94.3
94.3

2.4
48.6
51.7
39.9
47.2
83.2
60.5

0
107
107
107
93.6
130
93.6

20.0°C

2.79
1.47
1.38
1.72
1.51
0.48
1.13

1.90
1.23
1.26
1.63
1.45
1.72

1.97

0
35.3
33.7
14.2
13.7
0
0

16.0°C

2.79
2.53
2.72
2.44
2.01
2.79
2.74

2.4
11.5
4.9
14.7
29.7
2.4
4.2
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could be limited by availability of inorganic nutrients
as well as of organic substrate (reviewed in Kirchman
1994).However, in these experiments we found no evidence that either phosphate or ammonium enhanced
the increase in ETS-active cells compared to the noaddition controls.

DISCUSSION
A number of studies to examine bottom-up (i.e. substrate) control of bacterial growth in marine systems
have included 'substrate-responsiveness' experiments, in which bacterial response to added substrate
of known quality and quantity is assessed. In most
such studies, bacterial biomass increase, growth rate
andlor utilization of DOC and oxygen has been monitored over 1 or more days (e.g. Coffin et al. 1993,
Shiah & Ducklow 1994, Carlson & Ducklow 1996,
Cherrier et al. 1996). One problem with such 'growup' studies is that the bacterial response may be due
to only a portion of the bacterial assemblage, and
those bacteria that grow in response to nutrient addition may not be characteristic of the in situ assemblage. The goal of our study was to evaluate what
fraction of bacterioplankton initially present in a sample was capable of becoming detectable as having
ETS activity using the CTC method. Kogure et al.
(1987) and Joux & LeBaron (1997) have previously
investigated this question using DNA synthesis
inhibitors and added organic substrates to evaluate
the proportion of bacterioplankton that showed cell
enlargement with added substrate (the direct viable
count or DVC method). We used the CTC approach in
our study, which in our opinion is a more sensitive
and less ambiguous method for identifying actively
metabolizing cells than is the DVC method.
There has been some question as to whether the
CTC method yields anomalously low estimates of percent ETS-active cells due to toxic effects of CTC (Lovejoy et al. 1996, Ullrich et al. 1996, Karner & Fuhrman
1997). Ullrich et al. (1996) found that CTC concentrations in the range of 1 to 10 aM dramatically suppressed bacterial plate counts, cell growth rate, and
respiration rates. Karner & Fuhrman (1997) reported
that 2 other estimates of the number of active cells:
cell-specific substrate uptake via microautoradiography and the cell-specific amount of ribosomal RNA,
gave much higher values compared to number of
CTC+ cells.
We examined the effect of CTC concentration on the
proportion of CTC+ cells for a starved bacterial isolate
and for a coastal bacterioplankton assemblage. In both
cases (Fig. l), the proportion of CTC+ cells was maximum at 5 mM CTC. Toxicity, as evidenced by

decreased % CTC+ cells, was only observed at 20 mM
CTC for the bacterioplankton assemblage (Fig. 1B).
Five mM CTC has been used to assess % ETS-active
bacteria in a number of aquatic systems (Rodriguez et
al. 1992, del Giorgio & Scarborough 1995, del Giorgio
et al. 1996, 1997b). Del Giorgio et al. (1997) recently
evaluated the number of CTC+ cells as a function of
CTC concentration for bacteria in lakes, and judged
that 5 mM was the optimum concentration in their
study. These results, in combination with the high values for % CTC+ cells we obtained with incubation time
and nutrient enrichment, suggest to us that CTC toxicity does not cause serious underestimation of the abundance of highly ETS-active bacterial cells. However,
using a CTC concentration lower than 5 mM, as did
Lovejoy et al. (1996) and Karner & Fuhrman (1997),
could result in artefactually low estimates of % ETSactive cells. It is also likely that some bacterial cells
have such low metabolic activity that insufficient CTC
is reduced to be visible microscopically. Del Giorgio et
al. (1997a,b) have found flow cytometry to be more
sensitive in detecting CTC+ cells compared to
microscopy.
Of surprise to us in the induction experiments was
the relatively high concentration of organic substrate,
100 mg C 1-', required to obtain the greatest increase
in the number of bacterial cells scored as ETS active
(Table 1). In other studies, organic substrate additions
have been in the general range of 0.1 to 40 mg C 1-'
(Kogure et al. 1987, Kirchman 1990, Coffin et al. 1993,
Shiah & Ducklow 1994, Carlson & Ducklow 1996,
Cherrier et al. 1996). There is evidence that for cells in
starvation-survival mode, exposure to high substrate
concentration can cause cell death (Koch 1997). At
20°C, the results did not show a negative effect of
100 mg C 1-' substrate concentration on the proportion
of ETS-active cells (Figs. 2 & 3, Tables 1 to 3). There did
appear to be a detrimental effect on the percentage of
ETS-active cells due to addition of high concentrations
of amino acids and yeast extract at in situ temperature
(Tables 2 & 3). At 12.8"C, both the amino acid and
yeast extract treatments resulted in undetectable numbers of CTC+ cells, and at i6.4"C, the amino acids
addition resulted in no increase in percentage of CTC+
cells during the incubations (Table 2). We have no present explanation for the apparent inhibitory effect of
these substrates at in situ temperature.
In order to delay the onset of cell growth for longer
than 12 to 24 h, we used concentrations of the
inhibitors nalidixic acid, piromidic acid, and pipemidic
acid 5-fold stronger than recommended by Kogure et
al. (1984).Joux & LeBaron (1997) have recently formulated a mixture of 5 different antibiotics: the 3 suggested by Kogure et al. (1984) plus cipofloxacin and
cephalexin, which was found to inhibit DNA synthesis
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in a wide spectrum of marine bacterial isolates. This
mixture retarded cell growth for 18 to 24 h at a lower
inhibitor concentration (5.5mg 100 n~l-l)than the one
used here (20 mg 100 ml-l).
The results of the induction experiments did show
that, with manipulation, a large fraction of the in situ
bacterial assemblage could increase its ETS activity
and so be identified as metabolically active using the
CTC method. At 20°C, enhancement of the percentage
of CTC+ cells was on the order of 20- to 40-fold compared to the time 0 value (Tables 2 & 3 ) . Even the unamended control treatments showed an increase in %
CTC+, which may imply that the inhibitor compounds
per se, added at a combined concentration of 20 mg
dry weight 1-l, had some stimulatory effect on the bacteria. Addition of mixed amino acids and of yeast
extract resulted in the largest increases in percent
ETS-active cells at 20°C. Using the more conservatively derived values presented in Table 3, amino acid
addition induced an increase in % CTC+ cells from 1.9
to 87 % in May, and from 2.4 to 83.2 % in June. Addition of inorganic nutrients: phosphorus and ammonium, did not cause enhancement of % CTC+ above
the control values. It appeared that in our experiments
ETS activity was selectively stimulated by energy-rich
organic substrates.
Temperature had a profound effect on the pattern of
induction of high ETS activity in bacterial cells. At
20°C, the maximum abundance of CTC+ cells at the
beginning of exponential growth was found by 21.5 to
33 h, while at in situ temperature maximum increase in
percentage of CTC+ cells, and the onset of cell growth,
did not occur until 72 to 107 h (Table 2). In addition to
a longer lag time compared to the 20°C results, at the
cooler temperatures the percentages of ETS-active
cells were less, the minimum abundances of CTCcells were greater, and addition of amino acids and of
yeast extract had a negative rather than a positive
effect on the percentage of CTC+ cells (Tables 2 & 3).
These results are cautionary for future experimentation designed to examine induction of bacterial activity with added substrate. In the June 1997 experiment, a change of less than 4°C yielded very different
results, not only quantitatively but also in the qualitative pattern of response to added substrates (Tables 2
& 3). The temperature dependence of our results is in
line with other recent reports showing strong temperature dependence of bacterial growth rate (Hoch &
Knchman 1993, Shiah & Ducklow 1994, Felip et al.
1996, Kirchman & Rich 1997) at environmental temperatures less than 20°C. However, our finding that
addition of amino acids and yeast extract was
inhibitory to bacterial metabolism at the lower temperatures is opposite to the conclusion of Wiebe et al.
(1993) that growth of mesophilic marine bacteria was

stimulated at temperatures <20°C by addition of proteose peptone plus yeast extract at concentrations up
to 1500 mg 1-' (600 mg C I-').
The results of our study are also cautionary with
respect to the design of experiments intended to determine what factors limit bacterial activity in situ. As
mentioned earlier, previous studies have typically
been 'grow-up' experiments, in which growth response of bacterioplankton is evaluated in response to
nutrient addition (Kirchman 1990, Coffin et al. 1993,
Shiah & Ducklow 1994, Carlson & Ducklow 1996,
Cherrier et al. 1996). In such 'grow-up' studies, any
factor which is limiting to the portion of the bacterial
assemblage which has the highest growth potential
could be erroneously interpreted as limiting for the
whole assemblage. Thus, the limiting factors for those
bacteria which are slow-growing cannot be easily
assessed in such experiments. There are 2 issues with
respect to 'limiting factors' for marine bacteria: (1) factors that are physiologically limiting to the cells present in a bacterioplankton assemblage at any one time,
and (2) factors that are ecologically limiting with
respect to maximal potential growth rate and biomass
accumulation of bacteria, regardless of what portion of
the in situ assemblage is capable of growing up in
response to an added nutrient. 'Grow-up' experiments
evaluate ecological limitation, while 'turn-on' experiments such as the ones described here evaluate physiological limitation. The difference between these 2
types of limitation could explain the discrepancy in
response between the results of Wiebe et al. (1993) for
isolated strains of bacteria and our results for the entire
bacterial assemblage.
A useful addition to future induction experiments
such as those carried out here would be the comparison of the relative taxonomic composition of the bacterial assemblage via molecular genetic approaches,
during the time course incubations. Demonstration
that the bacterial taxonomic composition did not
change with increasing % CTC+ values would provide
definitive proof that all components of the bacterial
assemblage were induced to high metabolic activity,
rather than just some taxonomic components of the
assemblage. However, the fact that high % CTC+ values, and low % CTC- values, were found before significant increase in total bacterial numbers in our
induction experiments is not compatible with 'cryptic
growth' of only some components of the assemblage.
Another implication of our results is that in order to
determine the physiological response of bacterial cells
to added substrate, it is imperative to carry out time
series sampling. The timing of enhanced metabolic
activity was variable both in terms of type of addition
and of incubation temperature (Figs. 3 & 4, Tables 2 &
3). Significant increase in the abundance of cells iden-
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tified as highly active (CTC+) occurred just prior to
increase in total cell abundance.
Previous studies have suggested that bacteria which
can reduce sufficient CTC to be identified as having
ETS activity are actively growing and are in good
physiological condition (Choi et al. 1996, del Giorgio et
al. 1998, Sherr et al. 1999, in this issue). We do not
know, however, whether some portion of the CTCcells are also growing, perhaps more slowly than the
CTC+ cells. Other methods of evaluating metabolic
activity: cell-specific uptake of radiolabeled substrates
and cell-specific RNA content, typically show an order
of magnitude or greater number of bacteria that
appear to be active compared to the CTC assay. These
cells are probably included in the portion of cells that
we found were initially CTC-, but were induced to
become CTC+ with incubation.
In many systems a substantial fraction of bacterial
cells has been shown to have damaged membranes
(Porter et al. 1995, Choi et al. 1996, Williams et al. 1997,
del Giorgio et al. 1998).Zwiefel & Hagstrom (1995) and
Heissenberger et al. (1996) have also suggested that
some portion of bacterial cells are empty, i.e. cell
'ghosts'. Does the fraction of membrane damaged and
ghost cells correspond to the fraction of cells in our
study that never became CTC+? An alternative explanation for CTC- cells is that some bacterial strains may
not be capable of reducing this compound to the fluorescent formazan. However, we have tested a total of
24 bacterial isolates from the Oregon coast, including
alpha and gamma proteobacteria, gram positive bacteria, and flexibacteria, and found that actively growing
cultures of each of these strains were equally good at
reducing CTC (Sherr et al. 1999).

and addition of high concentration (100 mg C 1-') of
organic substrate. Those cells that were originally
CTC-, and were subsequently induced to high ETS
activity, may have been in a dormant or starvation-surviva1 state (Kjelleberg et al. 1993, Koch 1997, Morita
1997).
The fact that a large fraction of in situ bacterial cells
was able to become sufficiently metabolically active to
be scored as positive in the CTC assay highlights the
need to understand the factors that are physiologically
limiting to bacteria in situ.Temperature was identified
in this study as an important control. The relatively
high concentration of organic substrate (100 mg C I-')
that was required for an enhancement of % CTC+
above the values for the no-addition treatments at
20°C may indicate that some in situ bacteria grow best
in rich conditions and become dormant or enter a state
of starvation-survival when substrate concentrations
drop below optimally high amounts. Grazing by bacterivorous protists, which has been shown to selectively remove larger bacterial cells (Gonzalez et al.
1990), dividing bacteria (Sherr et al. 1992), and CTC+
bacteria (del Giorgio et al. 1996),is likely also to be significant in controlling the abundance of the highly
ETS-active cells in situ. The issue is complex, involving
the interaction of temperature, substrate quantity and
quality, and mortality, and will require additional
investigation in order to be resolved.
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