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We have determined that concentrations of copper considered to be toxic can induce a fraction of a
population of Escherichia coli to enter the viable but nonculturable (VBNC) condition. Copper-induced VBNC
cells could be resuscitated for up to 2 weeks after entering the VBNC state.

Excess levels of copper are toxic to aerobic bacteria (14). It
has been suggested that toxicity occurs due to membrane-
bound copper catalyzing the formation of hydroperoxide free
radicals (16). Toxicity levels are determined by examining bac-
terial growth in the presence of various concentrations of an
agent on solid or liquid growth medium (5, 9, 13). A lack of
growth is considered to indicate that the agent has killed cells.
However, a lack of growth could also result from the cells
entering the viable but nonculturable (VBNC) condition.

The dormant-like VBNC condition occurs in response to a
variety of environmental stresses and is considered to be a
long-term survival mechanism employed primarily by gram-
negative bacteria (7). VBNC cells do not undergo visible
growth under conditions that would normally support growth.
Because VBNC cells do not readily grow, growth-independent
viability assays are used to document the VBNC condition
(11). That these assays are by necessity indirect indicators of
viability is what makes the VBNC condition controversial (2,
12). Regaining the ability to grow (i.e., resuscitation) is the
most definitive proof of cells having been VBNC; however,
resuscitation does not always occur by reversing the initial
VBNC-inducing conditions. There is a lack of molecular and
genetic information about this condition due in part to the
existence of no known chemical inducer of the VBNC state. In
Agrobacterium tumefaciens and Rhizobium meliloti, copper was
reported to be the first such chemical VBNC inducer (1).
Resuscitation of these VBNC cells was not examined, and no
comparison of the VBNC-inducing concentrations of copper
with those concentrations considered to be toxic was made.

To determine if toxic concentrations of copper (9, 14) could
induce the VBNC condition, mid- to late-exponential-stage
cells of Escherichia coli strain ED8739 (9) were grown with
aeration at 37°C in Luria-Bertani (LB) liquid medium and then
added to LB plates containing various concentrations of cop-
per sulfate. Copper toxicity has previously been examined in
this wild-type strain using these conditions (9). After 2 days of
incubation at 37°C, cells were harvested from the plate as
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follows. Five milliliters of 0.9% NaCl was repipetted over the
plate surface; the released cells were then collected onto a
0.22-pm-pore-size polyvinylidene difluoride filter (Millipore
Corp., Bedford, Mass.), washed with 0.9% NaCl, and then
removed from the filter by shaking in a culture tube in 1 ml of
0.9% NaCl. Cells were assayed for viability using the LIVE/
DEAD BacLight bacterial viability kit (Molecular Probes, Inc.,
Eugene, Oreg.) as described in the manufacturer’s instruc-
tions. This viability assay, which differentiates cells with an
intact (i.e., viable) cell membrane from those with a compro-
mised (i.e., dead) cell membrane based on the differential
ability of two fluorescent dyes to permeate them, has previ-
ously been used to study the VBNC condition (4, 8, 15). Cells
collected onto a 0.2-wm-pore-size black polycarbonate filter
(Poretics Corp., Livermore, Calif.) were scored using an Olym-
pus BX-60 epifluorescence microscope and a fluorescein iso-
thiocyanate filter. At least 100 cells over at least four fields of
vision were scored per tested sample. A difference between the
numbers of viable and culturable cells was used to quantitate
the number of VBNC cells. The average results of two trials,
given in Table 1, indicate that growth was observed on agar
plates of LB medium and of LB medium containing 4 mM
CuSO, and that no growth was observed on LB medium con-
taining either 6 mM or 25 mM CuSO,. A previous study re-
ported similar results and concluded that 6 mM CuSO, was
toxic to E. coli (9). Significant concentrations of viable cells
were recovered from the plates lacking observable growth (Ta-
ble 1), indicating that VBNC cells were present.

To determine if this response to copper was strain specific,
the same experiment was conducted with E. coli strain ES80 (a
spontaneous rifampin-resistant derivative of the uropathogenic
E. coli strain 536 [10]) with similar results (data not shown).
Because the efficiency of recovery of bacteria in different phys-
iological states from agar plates is unknown, the percentage of
cells in each plate that were VBNC could not be determined.
Therefore, cells in liquid cultures were examined.

Liquid cultures of strain ES80 were established as follows.
Cells grown in LB medium were harvested by centrifugation
when at an optical density at 600 nm of 0.8 to 1.0, washed three
times in 0.9% NaCl, added to a final concentration of 1 X 10®
to 3 X 108 cells per ml in 20 ml of 0.9% NaCl with or without
500 uM CuSO, in a 125-ml Erlenmeyer flask, and incubated at
25°C. This concentration of copper sulfate was chosen because
it would be considered toxic in liquid medium; previous exper-
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TABLE 1. Copper induction on LB agar of the VBNC state in

E. coli ED8739

Copper concn Visible % of cells viable
(mM) growth (mean = SD)
0 + 67.5 =21
4 + 557+ 11
6 - 17.9 = 4.8
25 - 20.4 = 2.0

iments had shown that this concentration as well as lower
concentrations of copper sulfate (100 wM) resulted in the
removal of all culturable cells from a liquid culture within a few
days (unpublished results). At various intervals over a 4-week
period, samples were removed and subjected to culturability
and viability assays. Viability was determined as described
above. Culturability was determined as follows. Cells collected
onto a 0.2-pm-pore-size cellulose nitrate filter (Whatman, Inc.,
Clifton, N.J.) were washed and suspended in 0.9% NaCl, di-
luted as necessary in saline, and plated in triplicate onto LB
plates. Colonies were counted after the plates were incubated
at 37°C for at least 3 days. Occasionally, plates were recounted
after 10 days; when this was done, no difference in colony
counts was observed. The results of one representative exper-
iment are given in Fig. 1. For all three trials, no culturable cells
were observed by day 10. When viability was measured, all
cultures contained at least 107 viable cells per ml throughout
the experiment. Therefore, although CuSO, killed over 90% of
the cells, those cells that escaped killing were in the VBNC
state. Similar results were obtained with a starting cell concen-
tration ranging from 107 to 10° cells per ml (data not shown).

To confirm that the lack of observed growth was due to cells
being VBNC and not dead, resuscitation of copper-induced
VBNC ES80 cells was examined. At various times after VBNC
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FIG. 1. Copper induction in liquid cultures of the VBNC state in E.
coli. Cells grown and harvested as described in the text were placed in
0.9% NacCl liquid cultures with (O) or without (<) 500 uM CuSO,. At
various times, culturability (closed symbols) and viability (open sym-
bols) were quantitated as described in the text. Samples lacking de-
tectable culturable cells are plotted on the log scale as 1 cell per ml.
The results presented here are from one of three trials. Bars represent
standard errors.
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FIG. 2. Resuscitation of copper-induced VBNC E. coli. Cells
grown and harvested as described in the text were placed in 0.9% NaCl
liquid cultures with (m) or without () 500 uM CuSO,. At various
times, culturability was quantitated as described in the text. At day 14,
VBNC cells were harvested, washed, and suspended in copper-free
0.9% NaCl either undiluted (m), after 25-fold dilution (A), or after
1,000-fold dilution (@), as described in the text. Culturability was then
monitored. Samples lacking detectable culturable cells are plotted on
the log scale as 1 CFU per ml. The results presented here are from one
of three trials. Bars represent standard errors.
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induction, samples were removed and cells were collected onto
a cellulose nitrate filter, washed with 3 to 5 volumes of 500 uM
EDTA, suspended in the original volume of 0.9% NacCl, and
incubated at 25°C. Samples of cells were diluted 25- and 1,000-
fold in 0.9% NaCl. At various times, samples of cells were
removed, diluted if necessary in 0.9% NaCl, and plated onto
LB medium to monitor culturability; any resulting colonies
were transferred to LB medium containing rifampin (100 ng
per ml). It was found that, if this treatment was performed
within 2 weeks of loss of culturability, the washed cells re-
gained culturability to a level proportional to their dilution and
to a level expected if resuscitation, and not growth, was occur-
ring (Fig. 2). That all colonies were rifampin resistant indicated
that the colonies did not arise from contamination. Cultures
that contained no detectable culturable cells for 4 weeks did
not undergo resuscitation under these conditions.

The reappearance of culturable cells could be due to VBNC
cells being resuscitated or to the growth of a few undetected
culturable cells (12). That no nutrients were known to be
present in the liquid cultures argues against the latter possibil-
ity. If growth of a few culturable cells was occurring due to the
presence of some unknown nutrients, the concentrations of
culturable cells present in the EDTA-washed cultures would
be approximately the same regardless of the dilution and
would not have been proportional to the fold dilution. Fur-
thermore, that the cells were washed makes it unlikely that
lysed dead cells could have provided nutrients, especially in an
amount sufficient to support growth to the observed levels.

An alternate explanation for the reappearance of culturable
cells is that the viable cells present prior to washing with
EDTA were nonculturable, not because they were VBNC but
because they were in a hydrogen peroxide-sensitive state. The
observation of a hydrogen peroxide-sensitive culturable cell
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population (3) was used to argue against an earlier report of
resuscitation of nonculturable Vibrio vulnificus cells (18). Hy-
drogen peroxide-sensitive cells grow on rich medium only
when plates are supplemented with sodium pyruvate or cata-
lase (3). Hence, V. vulnificus cells that did not give rise to
colonies on unsupplemented rich medium may not have all
been VBNC, and the subsequent appearance of culturable
cells following warming (18) may not have been the result of
resuscitation but may have resulted instead from the growth of
residual hydrogen peroxide-sensitive culturable cells. We
wanted to determine if copper was inducing a similar hydrogen
peroxide-sensitive culturable cell population. The culturability
of copper-treated cells was assayed as described above; in
addition, samples were plated on 25-ml agar plates supple-
mented with 80 mg of sodium pyruvate (3). In both of two
trials, there was no difference in the decrease in the number of
culturable cells on plates containing or lacking sodium pyru-
vate (data not shown). Therefore, the appearance of culturable
cells shown in Fig. 2 is due to resuscitation and not the growth
of a hydrogen peroxide-sensitive culturable cell population.

These results indicate that copper can induce E. coli to enter
the VBNC condition. The concentrations of copper used in
this study include those considered toxic (9, 13) and are higher
than those used to examine copper-induced cell injury (6, 17).
That high concentrations of copper do not kill all cells suggests
that current growth-based microbiological methods for assay-
ing toxicity result in an undercount of the number of viable
cells through incorrect scoring of VBNC cells as dead. Addi-
tional non-growth-based assays should be used to obtain accu-
rate toxicity data. Although cells could be resuscitated only
from VBNC cultures less than 1 month old, it is possible that
other conditions could induce resuscitation in older cultures.
Current studies are under way to determine if similar results
can be achieved with other heavy metals.
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