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The tetrazolium salt sodium 3’'-{1-[(phenylamino)-carbonyl]-3,4-tetrazolium}-bis (4-methoxy-6-nitro)benzene-
sulfonic acid hydrate (XTT) was examined for use as a colorimetric indicator of viability in respiring bacteria.
XTT was reduced to an orange, water-soluble formazan product by Methylosinus trichosporium OB3b,
Pseudomonas putida, Escherichia coli, and Bacillus subtilis. Formazan production was proportional to live cell
biomass, and XTT was reduced by all cultures in the absence of added electron-coupling agents. XTT reduction
by M. trichosporium OB3b was linear over several hours and was stimulated by the presence of an exogenous
substrate (methanol). Addition: of cyanide to cultures incubated under oxic conditions gave an initial 10-fold
increase in XTT reduction. Viability of bacteria incubated in the absence of exogenous carbon substrates was
measured as XTT reduction and compared with viability estimates from plate counts. Results obtained with the
two methods were generally comparable, but the XTT assay was superior when cell recovery on plates was low.
Incubation of E. coli for 7 days in the absence of exogenous carbon substrates decreased viability by 90%,
whereas the corresponding decreases for cultures of M. trichosporium OB3b, P. putida, and B. subtilis were less

than 40%.

Bacteria are often exposed to fluctuations in their local
environment that can affect the survival of individual organ-
isms and influence the dynamics of microbial communities.
The effects of stress on bacterial viability have consequently
attracted considerable interest and stimulated studies of
strategies for survival of nutrient deprivation (e.g., 5, 9, 10,
12, 14). However, although of obvious importance, defini-
tions and measurements of bacterial viability remain contro-
versial (e.g., 19, 23). Estimates of viability based on the
capacity of organisms to divide and form colonies have been
questioned, and the application of techniques that focus on
cell metabolic activity rather than cell growth has been
recommended.

In some bacteria, respiration can provide a suitable mea-
sure of cell metabolic activity and give information about the
effects of different conditions on cell viability. Respiration
activity in microorganisms has previously been estimated by
using direct, as well as indirect, methods, including assays of
electron transport system (ETS) activity (17, 31). As an
indicator of reducing systems like the ETS, tetrazolium salts
have proven useful in a number of enzymatic assays (1).
Some tetrazolium salts, predominantly 2-(p-iodophenyl)-3-
(p-nitrophenyl)-5-phenyltetrazolium chloride (INT) and re-
cently the fluorescent compound 5-cyano-2,3-ditolyl tetra-
zolium chloride (CTC), have also been used to enumerate
respiring bacteria in cultures and environmental samples (20,
27, 31). Bacteria with an active ETS reduce these redox dyes
from a water soluble tetrazolium salt to a colored, water-
insoluble formazan product. The formazan accumulates in-
side the cells and is identified subsequently by microscopy.
Attempts have also been made to establish colorimetric
assays for the overall respiratory activity of microorganisms
in environmental samples and cultures by dissolving and
quantifying the amount of formazan produced (3, 6, 13, 20,
29). However, these assays are complicated by the insolu-
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bility of the formazan product in water, which necessitates
addition of organic solvents to dissolve the product. In
addition, accumulation during the assay of large intracellular
formazan deposits could affect cell activity.

A new tetrazolium salt, sodium 3'-{1-[(phenylamino)-car-
bonyl)-3,4-tetrazolium}-bis (4-methoxy-6-nitro)benzenesul-
fonic acid hydrate (XTT), with a corresponding water-
soluble formazan has been synthesized recently (18). This
tetrazolium salt appeared promising as an indicator of via-
bility in assays with eucaryotic cells, including in vitro
screening of chemotherapeutic drugs, estimation of filarial
viability, and susceptibility of yeasts to antifungal drugs (4,
24, 28). These assays have required addition of an electron-
coupling agent, such as phenazine methosulfate or menadi-
one, to give satisfactory color accumulation.

Here we show initial results from the application of XTT
as a colorimetric indicator of bacterial ETS activity and
viability. Formazan production was proportional to live
bacterial biomass, and assays with XTT as the only artificial
electron acceptor gave good production of water-soluble
formazan by cultures of Methylosinus trichosporium OB3b,
Pseudomonas putida, Escherichia coli, and Bacillus subtilis.

MATERIALS AND METHODS

Media and culture conditions. M. trichosporium OB3b was
grown in nitrate minimal medium (NMM), pH 7.0, contain-
ing 10 mM KNO;, 6.1 mM Na,HPO,, 3.9 mM KH,PO,, 0.8
mM Na,SO,, 0.2 mM MgSO,, and 0.05 mM CaCl,. Trace
elements were added from a concentrated stock solution to
give the following final concentrations in the medium: 2 uM
ZnCl,, 2 puM CuCl,, 1 pM NaBr, 0.5 uM Na,MoO,, 2 uM
MnCl,, 1 pM KI, 2 uM H;BO;, 1 pM CoCl,, and 1pM
NiCl,. Iron was added as filter-sterilized FeSO, in 1 M HCl
to give a concentration of 50 pM in NMM. M. trichosporium
OB3b was grown on methane in batch cultures with an initial
atmosphere of 20% CH, and 80% air. P. putida, E. coli, and
B. subtilis were grown in glucose-yeast extract medium
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(GYM) consisting of ammonium mineral medium (AMM)
supplemented with 20 mM glucose and 0.5% yeast extract.
AMM contained inorganic nitrogen as 10 mM NH,CI but
was otherwise similar to the nitrate minimal medium de-
scribed above. M. trichosporium OB3b cultures (0.8 liter)
were grown in 4-liter Erlenmeyer flasks, and P. putida, E.
coli, and B. subtilis cultures (0.2 liter) were grown in 1-liter
Erlenmeyer flasks. All cultures were grown at 30°C on a
shaker at 120 rpm. Cells were harvested in the exponential
phase by centrifugation (8,000 x g, 10 min), washed twice,
and resuspended in media as specified below.

XTT assay. The tetrazolium salt XTT (Polysciences, War-
rington, Pa.) was dissolved in medium a few hours before
use and heated to 50°C in a water bath to ensure solution. A
10 mM stock solution was prepared (using an effective
molecular weight of 764.5 for the XTT hydrate) and stored at
40°C in the dark until use. The assays were started by mixing
cell suspensions with the XTT solution at a 1:1 ratio giving,
unless stated otherwise, a final XTT concentration of 5 mM
and a cell biomass of approximately 300 ng (dry weight)
ml~L. Cell-free assays and cell suspensions containing 3%
glutaraldehyde were used as controls. All XTT assays were
carried out in 12-ml serum bottles sealed with green neo-
prene stoppers. Bottles were incubated horizontally at 35°C
and 120 rpm on a gyratory shaker (New Brunswick Scien-
tific, N.J.). At each time point, a 0.5-ml culture volume was
removed from the serum bottles and mixed with 0.5 ml of
autoclaved, deionized water. The mixture was vortexed and
then centrifuged (8,000 x g, 8 min) to pellet the cells. The
formazan product was then measured in the supernatant at
470 nm on a spectrophotometer (LKB Ultrospec 4050,
Gaithersburg, Md.) with medium without XTT as a refer-
ence.

Iron added as FeSO, to the regular growth medium
interfered with the XTT assay by chemically reducing the
dye. Iron was added instead as a ferric citrate complex in
XTT assays in which methanol was used as a carbon
substrate and omitted in assays without added carbon sub-
strates. Media used for cell growth and incubations prior to
the XTT assay contained iron as FeSO,.

Effect of XTT concentration on formazan production.
Methane-grown M. trichosporium OB3b cells were switched
to growth on 2 mM methanol, harvested 20 h later and
resuspended in NMM. Cell suspensions were mixed with
XTT in NMM (1 ml:1 ml) to give XTT concentrations
between 0.5 and 7 mM. Methanol was used as a substrate
and was added to all bottles at an initial concentration of 2
mM. Formazan was measured initially and after 12 h of
incubation.

Effect of biomass on formazan production. Methane-grown
M. trichosporium OB3b cells were harvested and resus-
pended in NMM at different cell densities. Cell suspensions
were mixed with XTT in NMM (1 ml:1 ml) to give biomasses
between 78 and 440 pg (dry weight) ml~!. Cells were
incubated with no added carbon substrate, and formazan
was measured initially and after 8 h of incubation.

Stimulation and inhibition of formazan production. Meth-
ane-grown M. trichosporium OB3b cells were switched to
growth on 2 mM methanol, harvested 20 h later, resus-
pended in NMM, and mixed with XTT in NMM (2 ml:2 ml).
M. trichosporium OB3b cells were incubated with 3% glut-
araldehyde, with medium only, with 200 uM KCN, or with
methanol in the assay. Methanol was added at the beginning
of the experiment and after 8 and 14 h to give a calculated
concentration of 4 mM at each time point. Formazan was
measured initially and after 4, 8, 12, and 24 h of incubation.
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Viability determined by XTT reduction. Cultures of M.
trichosporium OB3b, P. putida, E. coli, and B. subtilis were
incubated for 7 days in the absence of exogenous carbon
substrates to affect cell viability. Cells from cultures in the
exponential growth phase were harvested, washed twice,
and resuspended in inorganic mineral medium to densities of
approximately 170 pg (dry weight) ml~. M. trichosporium
OB3b was resuspended in NMM; the three other cultures
were resuspended in AMM. These bacteria are subsequently
referred to as carbon-starved cells. Triplicate samples of 30
ml from each culture were transferred to 160-ml serum
bottles and incubated with an oxic headspace at 35°C on a
gyratory shaker at 120 rpm. Autoclaved AMM without
added cells was used as a control. Samples for measurement
of XTT reduction were removed from the serum bottles after
0, 2, and 7 days. The subsamples (4 ml) were centrifuged,
suspended in 1 ml of mineral medium, and mixed with 1 ml
of XTT solution. Formazan production was measured over 8
h.
Viability determined by plate counts. Samples for spread
plate counts were taken from the carbon-starved cultures
after 0, 2, and 7 days of incubation. After serial dilutions, P.
putida, E. coli, and B. subtilis cultures were plated onto
GYM agar plates and incubated at 30°C. Colonies were
counted after 2 and 4 days. M. trichosporium OB3b cultures
were diluted and plated onto NMM agar plates and incu-
bated at 30°C with an initial atmosphere of 30% methane in
air. The methane atmosphere was changed weekly, and
colonies were counted after 2 and 3 weeks of incubation.

RESULTS

XTT assay. The methanotroph M. trichosporium OB3b
was used to evaluate the effects of different incubation
conditions on XTT reduction. Initial experiments gave good
formazan production with XTT as the only artificial electron
acceptor present in the medium, and addition of electron-
coupling agents was not required for XTT reduction. All of
the subsequent results are from assays carried out at 35°C in
the absence of electron couplers. Lower temperatures ap-
parently decreased the solubility of the tetrazolium salt.

Absorption spectra of XTT formazan produced by M.
trichosporium OB3b showed an absorption maximum be-
tween 460 and 480 nm, whereas the corresponding absorp-
tion by unreacted XTT was low (data not shown). A wave-
length of 470 nm was used in the assays for measurements of
XTT formazan.

Production of formazan was dependent on the initial
concentration of XTT and showed a sigmoidal relationship
(Fig. 1). A strong concentration effect was observed between
0.5 and 3 mM XTT, followed by a decreased dependency at
higher concentrations. An XTT concentration of 5 mM was
chosen for the assay to give approximately zero-order kinet-
ics.

Effect of biomass on formazan production. XTT reduction
was directly proportional to the live biomass of M. tricho-
sporium OB3b (Fig. 2). The relationship was linear for cell
densities of up to 440 pg (dry weight) ml~! or approximately
5 x 108 cells ml~ 2. Cells used in the assay were harvested in
the mid-exponential phase and incubated with XTT in the
absence of exogenous carbon substrates. The results suggest
that under these conditions a linear relationship exists be-
tween formazan production and the numbers of respiring
bacteria.

Stimulation and inhibition of formazan production. The
effect of substrate and cyanide addition on XTT reduction



VoL. 59, 1993

20T T T T T 1T T~ T T~ T " T

1.6 - T

470)

12 - 7

(AA

0.8 - N

Formazan Production

04 - .

0.0 | S U NN NN SR NN SN ST SR S S N
0 1 2 3 4 5 6 7 8

XTT (mM)

FIG. 1. Effect of XTT concentrations on production of formazan
by M. trichosporium OB3b. Cells were incubated with 2 mM
methanol and different initial concentrations of XTT. Formazan was
measured after 12 h. Datum points are means of duplicate determi-
nations.

was examined in a 24-h assay with M. trichosporium OB3b
(Fig. 3). Linear formazan production was observed for cells
incubated for 24 h in the absence of added carbon substrates.
In our studies, XTT reduction by carbon-starved M. tricho-
sporium OB3b was generally measured over 8 h but the
results suggest that exceeding this limit may not alter the
linearity of formazan production (Fig. 3). This could be
advantageous in assays with low cell numbers or in situa-
tions with cells having low metabolic activity.

M. trichosporium OB3b showed a significant increase in
XTT reduction when incubated in the presence of methanol,
which was added initially and after 8 and 14 h of incubation
(Fig. 3). However, the rate of formazan production changed
over time, presumably because of exhaustion of methanol in
the medium between 14 and 24 h. High initial concentrations
of methanol were not used, to avoid potentially inhibitory
levels.
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FIG. 2. Formazan production by M. trichosporium OB3b as a
function of biomass. Cells were harvested during exponential
growth, immediately resuspended at the indicated cell densities, and
incubated with 5 mM XTT for 8 h. Datum points are means of
triplicate determinations (* standard errors). Some error bars are
contained within the symbols.
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FIG. 3. Time courses of formazan production by M. tricho-
sporium OB3b incubated with 5 mM XTT and 4% glutaraldehyde
(x), with no added carbon substrate (O), with 4 mM methanol (@),
and with 200 uM cyanide (M). Datum points are means of triplicate

determinations (+ standard errors). Some error bars are contained
within the symbols.

Addition of 200 uM KCN to cells incubated with no added
carbon substrate gave a pronounced increase in XTT reduc-
tion, with 10-fold-higher formazan production after 8 h than
cells incubated without cyanide (Fig. 3). Stimulation of
formazan production by cyanide was curvilinear, and 78% of
the final amount of formazan was produced during the first
12 h of incubation. M. trichosporium OB3b incubated with
XTT in the presence of glutaraldehyde (3%) resulted in
complete inhibition of formazan production, suggesting that
nonenzymatic XTT reduction was low in the assay (Fig. 3).

Viability of carbon-starved bacteria. Viability of M. tricho-
sporium OB3b, P. putida, E. coli, and B. subtilis cells during
carbon starvation was examined by comparing formazan
production and plate counts in the same cultures. A general
correspondence between the two methods of estimating
viability was observed (Table 1). Relative changes in for-
mazan production for a given strain were generally compa-
rable to relative changes in plate counts. However, at the
onset of starvation, B. subtilis showed low recovery on
plates and M. trichosporium OB3b displayed low and vari-
able plate counts throughout this study. The observed vari-
ability for M. trichosporium OB3b was supported by com-
paring plate counts and direct microscopic counts for
exponential-phase cultures, which occasionally gave much
lower counts on plates than expected on the basis of micro-
scopic findings (data not shown).

Different responses to carbon deprivation were observed
among the cultures as expressed in changes in formazan
production and plate counts. The viability of E. coli de-
creased rapidly, and 90% of the initial formazan production
activity was lost after 7 days. In contrast, P. putida and B.
subtilis showed formazan production and plate count in-
creases after 2 days of carbon starvation which were then
followed by a decrease in viability. After 7 days of carbon
starvation, M. trichosporium OB3b and P. putida had lost
less than 40% of their XTT reduction activity while B.
subtilis showed higher activity than at the beginning of the
experiment.

There was an initial fivefold difference in the rate of
formazan production among the four cultures (despite the
same biomass), with E. coli and B. subtilis having the highest
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TABLE 1. Viability of carbon-starved bacteria determined by XTT reduction and plate counts

Starvation Formazan production Plate count
Culture time
(days) Adg7"? Relative® 10® CFU/mI® Relative?

Cell-free control 0 0.028 = 0.009 ND*

2 0.025 = 0.015 ND

7 0.015 = 0.019 ND
M. trichosporium OB3b 0 0.315 = 0.022 1 0.36 = 0.19 1

2 0.245 = 0.008 0.78 0.22 = 0.09 0.70

7 0.237 = 0.008 0.75 0.12 + 0.03 0.33
P. putida 0 0.282 = 0.053 1 3.13 £ 0.55 1

2 0.360 = 0.029 1.28 3.87 £ 0.29 1.24

7 0.177 = 0.018 0.63 1.75 + 0.10 0.56
E. coli 0 0.975 = 0.080 1 4.40 = 1.59 1

2 0.553 + 0.087 0.57 2.33 £ 0.18 0.53

7 0.101 = 0.028 0.10 0.55 = 0.10 0.13
B. subtilis 0 0.194 = 0.007 ND

2 0.595 = 0.012 1 1.00 = 0.12 1

7 0.348 + 0.006 0.58 0.58 = 0.07 0.58

¢ Formazan production was measured over 8 h as described in Materials and Methods.

® Means for triplicate cultures + standard errors are shown.

¢ Relative values of formazan production (FP) were calculated for each culture as FPd,é /FPaay o; telative values for B. subtilis were calculated as FPy,, /FPq,y 5.

4 Relative values of plate counts (PC) were calculated for each culture as PCay /P

€ ND, not detectable.

and lowest initial activities, respectively. After 7 days of
carbon starvation, this relationship had reversed and E. coli
showed the lowest and B. subtilis showed the highest viabil-
ity based on formazan production.

DISCUSSION

In the present study, we examined the possibility of using
the tetrazolium salt XTT as an indicator of bacterial viabil-
ity. Biological reduction of tetrazolium salts has been corre-
lated previously with ETS activity in respiring cells and thus
used as an index of metabolic activity (7, 15, 31). Our results
suggest that XTT can be applied as a simple colorimetric
indicator of bacterial ETS activity and used to estimate the
viability of carbon-starved bacteria. Unlike viability esti-
mates obtained via spread plate counts or most-probable-
number techniques, the current method provides direct
information about metabolic activity during the incubation,
while the former methods estimate the capacity for cell
recovery after exposure of the organisms to different exper-
imental conditions.

XTT has been used previously in a number of assays with
eucaryotic cells (4, 21, 24, 28). In these experiments, addi-
tion of electron-coupling agents, such as phenazine metho-
sulfate and menadione, was required to get satisfactory
formazan production. This requirement may have been due
to the limited membrane transport of XTT to the site of
reduction in eucaryotic cells (e.g., mitochondria) (30). In a
recent study of neutrophil bactericidal activity, it was con-
cluded that electron-coupling agents were also required for
bacterial XTT reduction (25). Unfortunately, the use of
electron couplers can complicate interpretations of XTT
reduction, as these compounds are known to increase back-
ground absorption and to reduce XTT in cell-free controls
(data not shown; 21). In addition, the electron coupler
phenazine methosulfate can also affect reproducibility and
cause crystallization in assays with XTT (24).

day 05 Telative values for B. subtilis were calculated as PCy,y /PCyay 2-

In contrast to Stevens and Olsen (25), who concluded that
XTT alone was not reduced by E. coli, Staphylococcus
aureus, Listeria monocytogenes, and Brucella abortus, we
found that M. trichosporium OB3b, P. putida, E. coli, and B.
subtilis reduced XTT in assays without added electron
couplers. A concentration of 5 mM XTT was found to be
well suited for measurements of formazan production by
these cultures. This is comparable to the optimal concentra-
tions of the tetrazolium salt CTC, which has a water-
insoluble formazan product (20).

In M. trichosporium OB3b, methanol oxidation proceeds
via methanol, formaldehyde, and formate dehydrogenases,
which donate electrons to the electron transport chain at
various levels (2). The observed increase in XTT reduction
in the presence of methanol (Fig. 3) could therefore be
explained by a general increase in ETS activity. Addition of
cyanide to cultures of M. trichosporium OB3Db also increased
XTT reduction. On the basis of the known effects of cyanide
on the respiratory chain in M. trichosporium OB3b (2), it is
likely that inhibition of the terminal oxidase resulted in
increased electron transport to XTT, which then served as
the dominant terminal electron acceptor. A similar stimula-
tion has been reported for the tetrazolium salt INT, with
which cyanide concentrations between 0.2 and 1 mM gave a
25 to 30% increase in formazan production by phytoplankton
homogenates (8). Although cyanide additions may provide a
means for increasing the sensitivity of the XTT assay, it is
important to note that the resulting formazan production by
M. trichosporium OB3b was nonlinear (Fig. 3). In the
absence of cyanide, formazan production by carbon-starved
M. trichosporium OB3b was linear over 24 h (Fig. 3). The
constant rate of XTT reduction over time and the observed
increase in formazan production with increasing XTT con-
centrations (Fig. 2) did not suggest any inhibitory effect of
XTT or its formazan product on XTT reduction. Similarly,
no apparent toxic effects of XTT were seen in assays with
human tumor cells (24).
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Estimates of viability for carbon-starved cells of P. putida,
E. coli, and B. subtilis based on formazan production and
plate counts were highly correlated (r > 0.99). Relative
changes in plate counts were apparently paralleled by similar
relative changes in formazan production. These data also
suggest that XTT reduction for a given organism changed
very little during carbon deprivation when calculated on a
per-cell basis (formazan production divided by plate counts).
Although different among the three cultures, this ratio was
approximately constant for carbon-starved bacteria during
the 7-day sampling period. How this relationship is affected
by sporulation or whether it changes with extended carbon
starvation is not known.

The low plate counts measured for M. trichosporium
OB3b during this study and the resulting underestimation of
the number of viable cells are consistent with known limita-
tions of this method when used as an indicator of viability
(23). In contrast, the viability of M. trichosporium OB3b
cells estimated on the basis of formazan production corre-
sponded well to viability measured as the capacity for
methane oxidation after carbon starvation (22). These results
indicated that estimates of viability based on plate counts
were questionable for M. trichosporium OB3b; instead, the
XTT assay appeared useful as an alternative. With formazan
production as an indicator of viability, the initial response of
M. trichosporium OB3b to carbon deprivation suggests that
also methanotrophs may survive extended periods (weeks)
in the absence of exogenous carbon substrates.

In summary, the present study shows that the XTT assay
can be used as a simple colorimetric indicator of metabolic
activity and as a tool for estimating viability in cultures with
respiring bacteria. Careful comparison of XTT reduction
with viability estimates obtained with other methods (e.g.,
plate counts) can also be potentially helpful in investigations
of viable (i.e., metabolically active) but nonculturable bac-
teria (e.g., 11, 16, 23, 26). In environmental studies, XTT can
potentially substitute for some tetrazolium salts used previ-
ously to quantify overall ETS activity (e.g., 3, 6, 13, 29).
Further applications of the XTT assay in environmental and
culture studies can thus alleviate some problems associated
with the use of electron-coupling agents and tetrazolium
salts with water-insoluble formazan products.

ACKNOWLEDGMENTS

We thank R. S. Hanson for providing M. trichosporium OB3b, B.
Speer for P. putida, and the culture collection at the Department of
Biochemistry, Microbiology and Molecular Biology, University of
Maine, for E. coli and B. subtilis. We also thank S. Schnell and C.
Giray for valuable input.

This work was supported by NSF grant BSR-9107315 and in part
by the Danish Research Academy (P.R.).

REFERENCES

1. Altman, F. P. 1976. Tetrazolium salts and formazans. Prog.
Histochem. Cytochem. 9:1-56.

2. Anthony, C. 1986. Bacterial oxidation of methane and methanol.
Adv. Microbial Physiol. 27:113-210.

3. Blenkinsopp, S. A., and M. A. Lock. 1990. The measurement of
electron transport system activity in river biofilms. Water Res.
24:441-445.

4. Comley, J. C. W., and C. H. Turner. 1990. Potential of a soluble
tetrazolium/formazan assay for the evaluation of filarial viabil-
ity. J. Parasitol. 20:251-255.

S. Dawes, E. A. 1984. Stress of unbalanced growth and starvation
in microorganisms, p. 19-43. In M. H. E. Andrew and A. D.

COLORIMETRIC ASSAY FOR BACTERIAL VIABILITY

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.
27.

2895

Russell (ed.), The revival of injured microbes. Academic Press
Ltd., London.

. Gammelgaard, A., C. Freeman, and M. A. Lock. 1992. Measure-

ment of electron transport system activity in sphagnum-derived
peat. Soil Biol. Biochem. 25:505-507.

. Hgyer, P. E., and H. Lyon. 1991. Enzyme histochemistry:

oxidoreductases, p. 337-364. In H. Lyon (ed.), Theory and
strategy in histochemistry. Springer-Verlag KG, Berlin.

. Kenner, R. A., and I. Ahmed. 1975. Measurements of electron

transport activities in marine phytoplankton. Mar. Biol. 33:119-
127.

. Kjelleberg, S., M. Hermanson, and P. Mardén. 1987. The

transient phase between growth and nongrowth of heterotrophic
bacteria, with emphasis on the marine environment. Annu. Rev.
Microbiol. 41:25-49.

Koch, A. L. 1971. The adaptive response of Escherichia coli to
feast and famine existence. Adv. Microbiol. Physiol. 6:147-217.
Martinez, J., J. Garcia-Lara, and J. Vives-Rego. 1989. Estima-
tion of Escherichia coli mortality in seawater by the decrease in
3H-label and electron transport system activity. Microb. Ecol.
17:219-225.

Matin, A. 1990. Molecular analysis of the starvation stress in
Escherichia coli. FEMS Microbiol. Ecol. 74:185-196.

Matson, E. A., and J. D. Buck. 1987. Community electron
transport of procaryotes in euryoxic estuarine sediment. Mar.
Ecol. Prog. Ser. 41:71-78.

Morita, R. Y. 1985. Starvation and miniaturisation of hetero-
trophs, with special emphasis on maintenance of the starved
viable state, p. 111-130. In M. Fletcher and G. D. Floodgate
(ed.), Bacteria in their natural environment. Academic Press
Ltd., London.

Mosmann, T. 1983. Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity as-
says. J. Immunol. Methods 65:55-63.

Oliver, J. D., L. Nilson, and S. Kjelleberg. 1991. Formation of
nonculturable Vibrio vulnificus cells and its relationship to the
starvation state. Appl. Environ. Microbiol. 5§7:2640-2644.
Packard, T. T. 1985. Measurement of electron transport activity
of microplankton. Adv. Aquat. Microbiol. 3:207-261.

Paull, K. D., R. H. Shoemaker, M. R. Boyd, J. L. Parsons, P. A.
Risbood, W. A. Barbera, M. N. Sharma, D. C. Baker, E. Hand,
D. A. Scudiero, A. Monks, M. C. Alley, and M. Grote. 1988. The
synthesis of XTT: a new tetrazolium reagent that is bioreducible
to a water-soluble formazan. J. Heterocyclic Chem. 25:911-
913.

Postgate, J. R. 1976. Death in macrobes and microbes, p. 1-18.
In T. R. G. Gray and J. R. Postgate (ed.), The survival
of vegetative microbes. Cambridge University Press, Cam-
bridge.

Rodriquez, G. G., D. Phipps, K. Ishiguro, and H. F. Ridgway.
1992. Use of a fluorescent redox probe for direct visualization of
actively respiring bacteria. Appl. Environ. Microbiol. 58:1801-
1808.

Roehm, N. W., G. H. Rodgers, S. M. Hatfield, and A. L.
Glasebrook. 1991. An improved colorimetric assay for cell
proliferation and viability utilizing the tetrazolium salt XTT. J.
Immunol. Methods 142:257-265.

Roslev, P., and G. M. King. Unpublished data.

Roszak, D. B., and R. R. Colwell. 1987. Survival strategies of
bacteria in the natural environment. Microbiol. Rev. 51:365-
379.

Scudiero, D. A., R. H. Shoemaker, K. D. Paull, A. Monks, S.
Tierny, T. H. Nofziger, M. J. Currens, D. Seniff, and M. R.
Boyd. 1988. Evaluation of a soluble tetrazolium/formazan assay
for cell growth and drug sensitivity in cultures using human and
other tumor cell lines. Cancer Res. 48:4827-4833.

. Stevens, M. G., and S. C. Olsen. 1993. Comparative analysis of

using MTT and XTT in colorimetric assays for quantitating
bovine neutrophil bactericidal activity. J. Immunol. Methods
157:225-231.

Stevenson, L. H. 1978. A case for bacterial dormancy in aquatic
systems. Microb. Ecol. 4:127-133.

Tabor, P. S., and R. A. Neihof. 1982. Improved method for



2896

29.

ROSLEV AND KING

determination of respiring individual microorganisms in natural
waters. Appl. Environ. Microbiol. 43:1249-1255.

. Tellier, R., M. Krajden, G. A. Grigoriew, and I. Campbell. 1992.

Innovative endpoint determination system for antifungal sus-
ceptibility testing of yeasts. Antimicrob. Agents Chemother.
36:1619-1625.

Trevors, J. T. 1984. Electron transport system activity in soil,
sediment, and pure cultures. Crit. Rev. Microbiol. 11:83-100.

30.

31.

AprpPL. ENVIRON. MICROBIOL.

Vistica, D. T., P. Skehan, D. Scudiero, A. Monks, A. Pittman,
and M. R. Boyd. 1991. Tetrazolium-based assays for cellular
viability: a critical examination of selected parameters affecting
formazan production. Cancer Res. 51:2515-2520.
Zimmermann, R., R. Iturriaga, and J. Becker-Birck. 1978.
Simultaneous determination of the total number of aquatic
bacteria and the number thereof involved in respiration. Appl.
Environ. Microbiol. 36:926-935.



