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We recently proposed a scout model of the microbial life cycle (S. S. Epstein, Nature 457:1083, 2009), the central element of
which is the hypothesis that dormant microbial cells wake up into active (so-called scout) cells stochastically, independently of
environmental cues. Here, we check the principal prediction of this hypothesis: under growth-permissive conditions, dormant
cells initiate growth at random time intervals and exhibit no species-specific lag phase. We show that a range of microorganisms,
including environmental species, Escherichia coli, and Mycobacterium smegmatis, indeed wake up in a seemingly stochastic
manner and independently of environmental conditions, even in the longest incubations conducted (months to years long). As is
implicit in the model, most of the cultures we obtained after long incubations were not inherently slow growers. Of the environ-
mental isolates that required >7 months to form visible growth, only 5% needed an equally long incubation upon subculturing,
with the majority exhibiting regrowth within 24 to 48 h. This apparent change was not a result of adaptive mutation; rather,
most microbial species that appear to be slow growers were in fact fast growers with a delayed initiation of division. Genuine
slow growth thus appears to be less significant than previously believed. Random, low-frequency exit from the nongrowing state
may be a key element of a general microbial survival strategy, and the phylogenetic breadth of the organisms exhibiting such exit
indicates that it represents a general phenomenon. The stochasticity of awakening can also provide a parsimonious explanation
to several microbiological observations, including the apparent randomness of latent infections and the existence of viable-but-
nonculturable cells (VBNC).

The environment poses formidable challenges for any organ-
ism, and microbes are no exception. Dormancy has been con-

sidered the principal tool for microbial survival since the dawn of
microbiology, as processes are more difficult to corrupt if they are
not occurring. The best-known example of dormancy is the mi-
crobial spore, but nonsporulating species are believed to have an
inactive state as well (39). While the nature of such a state remains
essentially unknown, it is abundantly clear that microbial cells of
nonsporulating species can enter some form of suspended anima-
tion and thus survive a number of unfavorable conditions, from
starvation to antibiotic treatment (31, 32, 35). Ultimately the cells
must exit dormancy. Recognizing the right moment to do so poses
a significant challenge, and presently there is little understanding
of how the resumption of activity occurs. A conventional, though
rarely spelled out, assumption is that this happens in response to
environmental cues, as is the case with the resting seeds of plants
and hibernating animals. There is evidence that in at least some
species dormant spores and cells can be induced to grow by me-
tabolites of growing kin (33, 34, 41). This, however, leaves the
question of what induced the first cell in this growing population.
We have recently proposed a model of the microbial life cycle built
around an opposite idea, explaining that such exit could be
achieved by stochastic awakening into activity, a process leading
to active cells we termed scouts (14, 15). In principle, this model is
applicable to spore-forming species as well; induction and sto-
chastic germination are not necessarily mutually exclusive. Note
that at least one research group reported that the stochastic ger-
mination of Bacillus subtilis spores was the likeliest explanation for
the empirically observed germination pattern (37).

The proposed model postulates that scout formation is analo-
gous to several well-known cases of epigenetic, noise-driven, sto-
chastic bistability (1, 9, 13, 29, 30). A scout is a cell that exits

dormancy as a result of essentially random events that occur at low
frequency, such as a stochastic change in the expression or repres-
sion of a master regulatory gene. The scout is neither a genetic
variant nor a specialized cell. Indeed, the scout may be identical to
a typical cell in an actively growing population. The appearance of
scouts effectively divides a clonal population into two phenotypes,
the dormant and active, which alternate in dominance depending
on the environmental conditions.

The term scout comes from the proposed function: the scout is
a newly active cell that explores resources that are available at the
moment. If adverse conditions persist, the scout dies after it has
exhausted its internal resources, but it is followed by a succession
of other scouts stochastically formed within the same population.
If a scout forms under growth-permissive conditions it will estab-
lish a new population, thus achieving the main objective: the mul-
tiplication of the population’s genome. Once the environmental
conditions again become adversarial the revived population will
return to dormancy, initiating a new round of the cycle. The
model thus proposes that a generalized microbial population
achieves survival under hostile conditions, and growth under fa-
vorable ones, by cycling between dormancy and activity. One pos-
sible method to accomplish this transition to activity is random
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awakening/germination into scouts. Such random exit from a
nongrowing state that is independent from environmental cues
may have relevant consequences for microbiology and health sci-
ences (14).

The scout model makes the following prediction: in nutrient
medium, dormant cells form colonies at random intervals during
extended incubation periods, and exhibit, somewhat counterin-
tuitively, no specific lag phase. In the first of the two companion
papers, we test this prediction by observing the awakening pattern
of environmental cells, both spore forming and non-spore form-
ing, and of dormant Escherichia coli and Mycobacterium smegma-
tis. We also discuss implications of this pattern for the nature of
slow-growing microorganisms, viable-but-nonculturable cells
(VBNCs), and latent infections. The second paper will consider
the importance of our findings for the optimization of the micro-
bial discovery process.

MATERIALS AND METHODS
Environmental microorganisms: soil microorganisms. (i) Sample col-
lection and preparation. Five terrestrial soils were collected at various
times during 2009 and 2010. The soils represented both forest and open-
field environments from across the United States. Samples of �10 g were
pulverized with mortar and pestle and air dried at room temperature,
followed by heating for 15 min at 55°C to enrich for spore-forming species
(27). Cell suspensions were generated by vortexing 1 g of prepared soil in
a total volume of 10 ml with sterile deionized water for 30 min.

(ii) Growth conditions. Ten-fold serial dilutions were made and
plated at various densities in 2% SMS agar (0.125 g/liter casein [MP Bio-
chemicals, San Diego, CA], 0.1 g/liter starch from potato [Sigma, St.
Louis, MO], 1 g/liter Casamino Acids [Difco, Franklin Lakes, NJ], 20
g/liter Bacto agar [Difco]). Plates were sealed in Ziploc bags (1.75 mil) and
incubated in a humidified chamber at room temperature. Growth was
scored under a dissecting microscope (6.5� to 50� magnification range;
Zeiss Stemi 2000) weekly for the first month and monthly thereafter for 3
more months. After incubation, 96-well plates containing between 1 and
3 colonies per well were chosen for microbial isolation and identification.

(iii) DNA analysis. From these plates, all visible colonies were sub-
sampled for subculturing, and 407 were isolated into pure culture as de-
termined by visual observation using a dissecting scope and 16S rRNA
gene sequencing. For molecular identification, chromosomal DNA was
isolated from approximately 106 cells after 5 min of vigorous agitation in
the presence of 50 mg of glass beads (106 nm or smaller) and 100 �l of
H2O in a 0.5-ml Eppendorf tube. The PCR-aided amplification of the 16S
rRNA gene was carried out using chromosomal DNA, GoTaq Green mas-
ter mix (Promega, Madison, WI), and universal primers 27F and 782R
(Table 1) (2). PCR thermocycler parameters included 30 cycles at 95°C for
30 s, 45°C for 30 s, and 72°C for 105 s. The amplified DNA fragment
(�720 bp) was cleaned up and sequenced at Macrogen (Rockville, MD)
using primer 782R and compared by BLAST alignment to the nucleotide
collection in GenBank. Sequences were edited using Chromas Lite 2.01
(Technelysium Pty. Ltd., Brisbane, Australia) and clustered into opera-
tional taxonomic units (OTUs) based on 99, 97, and 95% sequence sim-
ilarity cutoff values. This was achieved by first making all possible pairwise
sequence alignments using ClustalW at default settings and calculating

percent sequence similarities, followed by the clustering of the sequences
into OTUs by employing the mean unweighted-pair group method and
using average linkages as implemented in the OC clustering program
(http://www.compbio.dundee.ac.uk/Software/OC/oc.html). From each
OTU, the sequence least different from the other members of the cluster
was compared to the NCBI database using the BLAST search function.
The top culturable and taxonomically identified hits were used to estab-
lish the identity of the OTUs. For soil samples enriched for spore formers,
OTUs combining rRNA gene sequences sharing �99% identity were con-
sidered to belong to the same species, as is commonly accepted for acti-
nobacteria (42, 43).

Environmental microorganisms: marine microorganisms. (i) Sam-
ple collection and preparation. Marine cells were obtained from a sample
of intertidal sand collected on 31 October 2007 from Massachusetts Bay
on the U.S. northeast seashore. The sample was vortexed for 5 cycles of 15
min each, and dislodged cells in the supernatant were counted by epiflu-
orescence (Zeiss Axioskop 50 compound microscope at 1,000� magnifi-
cation).

(ii) Growth conditions. Counted cells were mixed with 0.1� lysogeny
broth (LB) in natural seawater to a final density of 40 cells/ml. A 12-
channel micropipetter was used to distribute aliquots of 50 �l containing
(on average) single cells into individual wells of 31 384-well microtiter
plates (designated the single-cell format), each containing a row of wells
with sterile medium to control for contamination. The plates were sealed
with Parafilm, separated into three groups to serve as replicates, placed
into humidifying chambers, and incubated at room temperature in the
dark for 18 months. Plates were scored for growth under a dissecting
scope (Zeiss Stemi 2000 at 6.5� magnification) at monthly intervals. New
growth was removed after 5, 6, 12, and 18 months of incubation. No
contamination was observed in any of the control wells.

(iii) Genetic analysis. Microbial biomass was subcultured in the same
medium for identification via 16S rRNA gene sequencing. Universal bac-
terial primers 27F and 1492R were used to perform PCR-aided amplifica-
tion. In some cases, seminested PCR-aided amplification was performed
using 27F and 1492R, followed by 27F and 907R or 357F and 907R (Table
1). Amplicon sequencing was performed commercially, and the resulting
sequences were imported into the ARB database (28). Marine species were
identified as the smallest clusters of sequences on a phylogenetic tree pro-
duced within the ARB database. These were comprised of sequences shar-
ing a �97% sequence similarity cutoff value and were considered species
as accepted for most bacteria (44). Representative sequences from each
cluster were entered into the GenBank database using the BLAST search
tool, and the closest cultured and taxonomically identified relative was
recorded.

(iv) Subculture. Out of the total of 496 wells showing growth, 406
were successfully subcultured, and the time interval required for regrowth
was noted. Twenty randomly selected isolates were also subcultured in a
single-cell format. Cells grown in the original isolation experiment were
enumerated as described above, diluted in fresh medium (0.1� LB in
seawater), and administered to one 96-well plate per isolate in the single-
cell format. A row of wells in each plate was inoculated with sterile me-
dium to control for contamination. The plates were observed, and the
growth scored, for at least 1 month.

Escherichia coli. E. coli strain K-12 W3110 was kindly provided by K.
Lewis (Northeastern University, Boston, MA). Cultures were exposed to
antibiotics by following standard protocols for studying persister cells (23,
24). Cells were grown to mid-exponential phase in LB, challenged with
either 500 �g/ml of gentamicin or 50 �g/ml of ofloxacin for 3 h, washed
twice in fresh LB by centrifugation/resuspension, and diluted to 20 cells/
ml. Cells were distributed into 32 384-well microtiter plates in single-cell
format. The Parafilm-sealed plates were incubated for 2 to 8 weeks, and
visual growth was periodically scored. In addition, a dilution series of the
same cells was plated on standard LB petri dishes with 1.5% Bacto agar.

Mycobacterium smegmatis. M. smegmatis strain mc2155 was kindly
provided by K. Lewis (Northeastern University). Cells were grown in

TABLE 1 Sequences of primers used for genetic analysis

Primer name Sequence

27F 5=-AGA GTT TGA TCC TGG CTC AG-3=
782R 5=-GAT TAG ATA CCC TGG TAG-3=
1492R 5=-GGT TAC CTT GTT ACG ACT T-3=
907R 5=-CCG TCA ATT CCT TTA AGT TT-3=
357F 5=-CCTACG CGA GGC AGC AG-3=
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Difco Middlebrook 7H9 broth supplemented with bovine serum albu-
min, dextrose, NaCl, catalase, and 20% Tween 80 for 48 h to mid-station-
ary phase. This medium is optimal for M. smegmatis growth (4). To in-
duce dormancy, 1-�l loops of the culture were inoculated into 7H9 broth.
The vials were capped and incubated at 37°C with slow shaking for 2 weeks
until the depletion of oxygen, which was monitored using methylene blue.
This protocol, including the size of the cultivation tubes, follows prior
recommendations (11, 49), with minor modifications. After dormancy
induction, cultures were lightly sonicated and vortexed to disrupt clumps,
and cells were counted by epifluorescence after staining with 4=,6-di-
amidino-2-phenylindole (DAPI), diluted to 20 or 200 cells/ml, and dis-
tributed into 10 384-well microtiter plates in single-cell format. Growth
was scored visually at 2 and 5 days and weekly thereafter. In a separate
experiment, we incubated dormant cells for 4 weeks and subcultured ma-
terial that appeared early (72 h) as well as late (2 weeks) in the experiment.
The subcultures were established as described above with cells diluted in
fresh medium to a concentration of 1 and 10 cells per well. Growth was
scored visually in the same manner as that described above.

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences of soil microorganisms have been deposited in the NCBI database
under accession numbers JQ419503 to JQ419717. The 16S rRNA gene
sequences of marine microorganisms have been deposited in the NCBI
database under accession numbers HQ446854 to HQ446856, GQ262723,
and JQ660963 to JQ661255.

RESULTS
Awakening of environmental cells. A large percentage of envi-
ronmental microorganisms are thought to be nongrowing at any
given time (45), and environmental samples may thus serve as
sources of dormant cells. We sampled soils and marine sediments,
and we used microbial cells from these habitats to examine the
patterns of their growth in two sets of cultivation experiments.

In the first set, we enriched for spore-forming bacteria by pre-
heating dried soil samples prior to inoculation on solid media. The
resulting petri dishes were observed during a period of 16 weeks,
colonies were counted after 1, 2, 3, 4, 8, 12, and 16 weeks of

growth, and colony material was subsampled for subculturing and
taxonomic identification via 16S rRNA gene analyses. We success-
fully subcultured and identified 407 isolates, which fell into 211
OTUs based on 99% 16S rRNA gene sequence identity. Almost
three-quarters of these OTUs belonged to the phylum Actinobac-
teria, in which this (99%) level of identity is equated with species
status (42, 43). Most species were met only rarely and are thus not
informative of a temporal pattern of their cells’ growth resump-
tion. To reconstruct this pattern, we chose species whose repre-
sentatives were detected �10 times each. Four species satisfied this
criterion, two of them spore forming (Bacillus and Streptomyces
species; 100 and 99.9% 16S rRNA gene identity, respectively) and
two non-spore forming (Bradyrhizobium and Microbacterium
species; 99.0 and 99.6% 16S rRNA gene identity, respectively). In
each of the four species, the cells formed visible colonies at widely
different time intervals and exhibited few signs of a species-spe-
cific time lag (Fig. 1A). In some species, there were indications that
more cells formed visible growth at a specific time point (e.g.,
relatives of Streptomyces in week 1 or Microbacterium in week 3),
but by and large the growth events were spread evenly across long
periods of time.

In the second set of cultivation experiments, we obtained a mix
of 11,000 cells randomly taken from a marine sediment sample
and placed them into microtiter plates in nutrient medium such
that each well received a single cell on average. This enabled ob-
servations of the initiation of the growth of individual cells unim-
peded by the growth of other cells. During a uniquely long incu-
bation lasting for 1.5 years, we periodically scored visible growth
and observed a total of 502 wells with growing biomass. We then
successfully subcultured 406 isolates, identified 310 of them via
the rRNA approach, and grouped their 16S rRNA gene sequences
into 86 OTUs based on 97% sequence identity. As is common for
most bacteria, these OTUs are referred to as species (44). We then

FIG 1 Temporal pattern of growth resumption of selected microorganisms from soil (A) and marine (B) samples. Values inside the boxes indicate the number
of isolates observed at the given time point. Note that the closest cultivated relatives of the marine isolates are all fast growers forming visible colonies within 24
to 94 h (26, 35, and O. Nedashkovskaya, personal communication).
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reconstructed, for species met multiple times, the temporal pat-
tern of their cells forming visible growth. As was the case with soil
microorganisms, different cells of the same species formed such
growth at dramatically different times, e.g., 13 instances of growth
spread over as many months in Plantibacter sp. (98% 16S rRNA
gene identity) (Fig. 1B).

In the original incubation, no visible growth appeared during
the first 3 weeks, and more than half of all isolates were not de-
tected until after 120 days of incubation. To check if the time of
appearance of an isolate in the first cultivation experiment was
reflective of this isolate’s inherent growth rate, we subcultured all
502 original marine isolates. Remarkably, upon the subculturing
of all isolates obtained here, almost half of them formed visible
biomass in less than 48 h (Fig. 2). We then checked if mutational
change was involved in such a dramatic drop in the amount of
time required for their growth to become visible. The likeliest
suspects of mutational change are the isolates that appeared to
grow very slowly at first but expanded very quickly upon subcul-
turing. We randomly chose 20 marine isolates from all 502 sub-
cultured isolates. From those we identified four that, in subcul-
ture, showed the largest increase in the apparent rate of growth,
and again we subcultured the originally grown biomass, now in
the single-cell format. Should the mutational change explain their
fast growth during subculturing, the subcultured cells should all

be fast growers. This is not what we observed, as single cells of such
isolates again showed individuality in the timing of growth initi-
ation, differing in that respect by at least an order of magnitude
from each other (Fig. 3).

Awakening of dormant cells in model microbial species. We
were interested to know if the phenomenon of random awakening
could be observed in standard laboratory strains, such as E. coli.
We obtained nongrowing cells of E. coli by killing growing cells
with a high dose of bactericidal antibiotics, and we distributed the
remaining surviving cells in fresh medium in single-cell format.
We observed that individual cells formed growth at different times
spread throughout the duration of the experiments (Fig. 4A
and B).

We also checked if the phenomenon could be observed in M.
smegmatis. Dormant cells were obtained by following the Wayne
and Sohaskey model (49) and were incubated in microtiter plates
in single-cell format. Growth events were spread evenly over the
incubation time of up to 90 days, and a cumulative curve showed
no sign of saturation (Fig. 5A and B).

We recognized that, in principle, this might be a result of ge-
netic variability in the tested population of M. smegmatis. We
checked this possibility in a separate experiment, whereby we sub-
cultured cells that initially required 3 to 4 weeks to grow. Without
exception, regrowth was observed within 48 to 72 h (data not

FIG 2 Time (in days) required to form visible growth during initial isolation of marine microorganisms (y axis) and during subculturing (x axis). Note
that the overwhelming majority of isolates observed between 45 and 175 days of the initial incubation regrew within 24 h (red squares in the upper left
corner of the heat map).
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shown). This indicates that cells whose growth became visible at
different time points (Fig. 5) were not inherently different in their
growth rates.

DISCUSSION

The main focal point of this research was on how dormant cells
wake into activity. As we noted in the introduction, it has long
been suspected that microbes survive unfavorable conditions in a
state of suspended animation (31, 32, 35). The nature of and
awakening from dormancy have received significant attention in

spore-forming species, but much less attention has been given to
their non-spore-forming counterparts. A number of factors can
induce the germination of spores. One recent finding suggests an
environmentally relevant mechanism: a growing population of
Bacillus subtilis can induce the germination of its spores via pep-
tidoglycan fragments (41). Among non-spore formers, a similar
induction of dormant cells by their growing kin is known in my-
cobacteria (33) and in an environmental isolate (34). Note that a
growing population is a prerequisite, begging the question of what
woke up the first cell. Here, we checked the possibility that such
awakening is random.

Challenges in reconstructing kinetics of microbial awaken-
ing. Interpreting our results meets a significant challenge due to
the undefined physiological state of the cells used in our experi-
ments. Ideally, a study of the awakening kinetics of dormant cells
would start from a population consisting exclusively of cells that
are dormant but viable, with no dead/injured cells mixed in. How-
ever, this is not possible, and experiments of this kind universally
start from physiologically heterogeneous cell mixes. Preferably,
one would want to know the proportion of different physiological
states in the mix, but this is difficult as well, as reliance on standard
measures (live/dead counts and respiratory dyes) may be mislead-
ing. For example, in our and other researchers’ experience (17),
DAPI (total) cell counts are often significantly larger than the sum
of live/dead counts. More significantly, live/dead kits appear to
work optimally under conditions of minimal stress (8), an exact
opposite of conditions leading to dormancy. Also, the presence of
cells in intermediate states of staining further confuses the picture
when working with the binary live/dead kit (5). Finally, the basic
premise of using such kits (i.e., live cells are active) may not accu-
rately reflect the situation in a bacterial culture (5). Therefore, we
are lacking validated and calibrated tools distinguishing between
(in same cases overlapping) categories of cells that are dead, dor-
mant, viable, active, injured beyond repair, etc. In the end, it is
unclear how to distinguish between a dormant cell that we do not
know how to induce to grow and an intact but dead cell.

Under the circumstances, one available strategy is to enrich
populations with dormant cells as much as possible, preferably by

FIG 3 Individual cells of four selected isolates show significant differences in
subculture with respect to time of growth initiation. Cells were subcultured in
the single-cell format, allowing for the observation of when each cell formed
visible growth. Here and in all single-cell format experiments, the percentage
of wells showing growth is proportional to the number of cells forming visible
biomass but is not the percent recovery, because some wells in microtiter plates
were unoccupied due to chance.

FIG 4 Awakening kinetics of dormant E. coli. (A) After antibiotic challenge, individual surviving cells of E. coli do not initiate growth simultaneously but start
growing at different time points spread throughout 2 weeks of incubation. Gradual awakening is apparent in single-cell experiments employing microtiter plates
and in conventionally plated petri dishes. Recovery at the end of 2 weeks is designated total recovery and is assigned a value of 100%; earlier data points are
presented as fractions of this value, with standard deviations indicated. The results represent data from three independent experiments, two of which employed
gentamicin and one ofloxacin, all showing similar kinetics of growth initiation. (B) In a single growth experiment involving cells remaining after gentamicin
treatment, we extended the incubation period to 2 months and continued to observe new growth. Note a much lower level of cell recovery in petri dishes versus
single-cell experiments in microtiter plates. Note also that gradual awakening is not apparent in petri dishes, likely due to overgrowth by colonies developing early
in incubation. Incidentally, this may be one reason why the phenomenon was not observed in earlier studies.
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the use of multiple methods and species, then experiment with the
resulting mixes and deduce from the results how and if dormant
cells resumed growth. This is the strategy we adopted, obtaining
cell mixes enriched for dormant cells in three different ways: nat-
urally enriched environmental populations, cells that survived a
high dose of antibiotic (E. coli), and cells obtained via the Wayne
and Sohaskey model (M. smegmatis).

Supporting evidence for stochastic awakening. Our expecta-
tion was that few dormant populations would be comprised ex-
clusively of inactive cells, and most would contain at least some
cells ready to divide or spores on the verge of germination. If so,
such cells/spores would be expected to produce a peak in the num-
ber of growth events early in the incubation, and the aspects of
randomness in the awakening of dormant cells/spores would be
more visible after that initial peak. This is precisely what we ob-
served. It indicates that, in each individual population, many cells/
spores were viable and capable of growth, but most did not re-
spond to appropriate nutrient conditions similarly. Instead, they
initiated growth at different times and in an apparently random
fashion.

This pattern, exhibited by both spore-forming and non-spore-
forming bacteria and from both soil and marine environments,
may have several explanations. Considering Plantibacter species as
an example, it is possible that its 13 isolated populations repre-
sented different strains with radically different inherent growth
rates. The same level of intraspecific heterogeneity may hold for all
species shown in Fig. 1. We checked this hypothesis by subcultur-
ing all isolates in an attempt to reproduce their growth rate het-
erogeneities but did not observe any; indeed, the overwhelming
majority of them proved to be equally fast growing (Fig. 2). This
indicates that either the majority of isolates share an inherent abil-
ity to grow fast or that an adaptive mutational process lifted the
initial growth restrictions and led to quick proliferation. Indeed, if
the appropriate mutations occurred in different cells at different
times, the initial awakening and regrowth in subculture patterns
would be in line with the ones observed empirically (Fig. 1B and
2). We view this possibility as unlikely, given that our marine
isolates would have to mutate at a rate 8 to 9 orders of magnitude
above the accepted range of spontaneous mutation (12). None-
theless, we tested this possibility by exploring if all cells in subcul-
ture were equally fast growing, as would be expected in the case of
mutants. Figure 3 shows that they were not, arguing against the

idea of genetic change. This leaves us with the following explana-
tion of the empirical observations: in our cultivation experiments,
most cells and spores in the inocula were viable but dormant, and
they remained so for months (and longer) in the otherwise
growth-permissive nutrient medium. They thus showed no re-
sponse to appropriate nutrients per se. Instead, they initiated
growth in a nutrient-independent, intrinsically driven, and appar-
ently stochastic fashion, in accordance with the scout model.

This has interesting implications for the notion of slow-grow-
ing species. Microorganisms are often categorized into copi-
otrophs and oligotrophs (16, 38). The difference in growth rate
between these categories is conventionally viewed as an ecological
one: the first group is well positioned to opportunistically, and
quickly, respond to a nutrient patch, whereas the second one is
more competitive, with cells rarely dividing under conditions of
continuously low concentrations of substrates. Many natural hab-
itats are typically poor in nutrients, prompting the idea that some,
perhaps many, environmental microorganisms are obligate oligo-
trophs. Apart from being incapable of growth at substrate concen-
trations above a few mg C/liter (16, 20, 21, 38, 48), these species
would also be characterized by an inherently low growth rate.
Some of the first long-term cultivation experiments showed that
new colonies do indeed appear in petri dishes even after months of
incubation (18). Further, the kinetics of colony formation on petri
dishes suggested that environmental microorganisms fall into sev-
eral groups, one of them being slow growers (19). Our observa-
tions argue against the prevalence of inherent slow growth as a
strategy of all but perhaps a minority of environmental microor-
ganisms. The majority of our isolates regrew within hours or days,
and of the isolates that required �7 months of incubation during
their initial isolation, less than 5% also required �7 months to
grow in subculture (Fig. 2). In the experiments reported earlier,
some microbial cultures might have appeared as bona fide slow
growers only superficially, as they did in our experiments. The late
appearance of such slow growers might not have been due to the
inherently low growth rate but rather to their late awakening,
followed by fast growth, as is implicit in the scout model.

These observations appear to be rather general, as they are
equally applicable to marine and soil species and both spore and
non-spore formers. The molecular mechanism of a process of
such applicability is of interest, but it might be difficult to resolve
using environmental isolates for which we lack genetic tools. To

FIG 5 Awakening kinetics of dormant M. smegmatis. Four independent long-term experiments show that dormant cells of M. smegmatis initiate growth at
apparently random time points, with cumulative growth curves exhibiting no sign of leveling off even after 3 months of incubation. Each well was inoculated with,
on average, either 1 (A) or 10 (B) dormant cells of M. smegmatis.
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facilitate future studies of the molecular underpinning of dor-
mancy and growth resumption, we checked if standard model
species, such as E. coli, showed similarity to environmental isolates
in growth behavior. Our experiments indicate that dormant cells
of this species indeed maintain inactivity for at least weeks and
months, and they appear to exit the state stochastically in the
absence of obvious inducers (Fig. 4). The continuous resumption
of E. coli growth after antibiotic challenge was recently reported by
several research groups (3, 22, 40). We note, however, that the
time scale of these experiments was universally short (minutes to
hours), leaving the possibility that the observed wake-up kinetics
were due to slight physiological differences among the survivors.
Such differences could include, but are not limited to, heteroge-
neities in the degree of cell damage and the repair needed (10) and
are ordinarily used to explain why cells from an apparently ho-
mogenous mix, such as a logarithmically growing and shaken cul-
ture, would not form colonies at precisely the same time and of
precisely the same size. This explanation becomes less likely if
colonies keep appearing as the time scale of incubation increases.
The time scale of our experiments (weeks to months) virtually
eliminates this explanation, instead pointing to a random awak-
ening of surviving dormant cells.

The pattern of scout awakening is reminiscent of the sponta-
neous reactivation of latent infections (46), and we examined the
growth resumption of M. smegmatis, an established model for
Mycobacterium tuberculosis (47). This species provided the best
illustration so far of how dormant cells resume activity in a time-
independent manner (Fig. 5). Note that M. smegmatis is a fast-
growing organism, and it is remarkable that, of the cells that ulti-
mately grew, so many waited to initiate growth for several months
even though they were continuously exposed to growth-permis-
sive conditions. We checked if genetic change was involved by
examining growth kinetics of the progeny, especially since micro-
organisms are known to mutate with higher frequency under
stress (6), such as the conditions of starvation and oxygen depri-
vation the cells encounter in the Wayne and Sohaskey model.
Subculturing isolates that initially took weeks to grow showed that
they were not inherently different with respect to their growth
rate. Therefore, if cells accumulated mutations during the resting
stage, these did not affect their rate of division. As was the case
with the environmental isolates, this leaves us with the following
interpretation of the empirical observations: dormant cells of M.
smegmatis were similar in their growth characteristics and woke
up independently of the environmental cues or mutational
change. The pattern in which growth events accumulated during
long-term incubation is particularly informative (Fig. 5A and B).
The best regression proved linear, providing statistical evidence
for the randomness of cell awakening in M. smegmatis.

Mechanism of awakening and implications of the scout
model. The regulatory mechanism of scout formation is not
known, but it may be similar to the reported cases of noise-driven,
stochastic gene expression (9, 29, 30). It is, in principle, possible
that the stochastic expression or repression of a master regulatory
gene would determine whether the cell remains dormant or wakes
into activity and what the relative proportions of these two phe-
notypes in the otherwise isogenic population would be. This
would make the dormant/scout state similar to several well-
known and researched examples of microbial bistability (13).
While this remains hypothetical, our data provide strong support
for the phenomenon itself: nongrowing cells of taxonomically di-

verse microorganisms can resume growth at widely different in-
tervals and in a seemingly random pattern. The simplest explana-
tion is that their exit from dormancy is not triggered by external
factors and is stochastic. Similar patterns of awakening exhibited
by phylogenetically unrelated species explored here further point
to the possibly general nature of the phenomenon. This may be
due to the simplicity of the strategy and its potential benefits for
microbial survival. Indeed, if cells in a clonal population of just
10,000 cells exit dormancy at about the rate we observed in M.
smegmatis (�0.01%/day) (Fig. 5A), and under adverse conditions
each survives for 10 days, then such a population (i) has 10 active
cells at any given time continuously scouting the environment and
checking if the conditions are appropriate for growth, (ii) is capa-
ble of quick growth response to such conditions at any moment,
and (iii) can afford scouting for several decades before going ex-
tinct. Interestingly, purely theoretical considerations and mathe-
matical modeling suggest that stochastic switching in behavior
can be advantageous over changes due to sensing, at least in infre-
quently changing environments (25).

A survival strategy based on the stochastic awakening of dor-
mant cells/spores may have interesting implications. For example,
in health sciences this strategy may explain why relapses of latent
infections have random patterns. It could be implicated in epi-
sodes of, e.g., reactivated tuberculosis, which may be due to ran-
domly awakening scouts whose growth, for one reason or another,
was not eliminated by the immune system. This is important,
because once the mechanism of postulated awakening is resolved,
one could envision devising a method of artificially wakening all
dormant cells into scouts, followed by treatment with the available
antimycobacterial drugs, which today mainly target actively grow-
ing cells.

We further note an implication of our findings for the concept
of viable-but-nonculturable cells (VBNC), a hypothetical state of
a microbial cell in which it does not grow on a medium typically
sufficient to cultivate the species in question (50). VBNCs are
thought to be alive and, in principle, capable of growth (and thus,
in the case of pathogens, of reinfection), and their existence has
significant empirical support (for a recent review, see reference
36). However, the idea has been repeatedly challenged by others
(7), who suggested that VBNCs do not exist and are cells that are
dead or injured beyond the possibility of repair. The main ratio-
nale for this alternative interpretation is that it proved difficult to
produce unequivocal evidence for the revival of VBNCs. The prin-
cipal challenge was that in all populations that were claimed to be
in the VBNC state, there always was a small but relentless fraction
of cultivable cells. As a consequence, what appeared to be a revival
of VBNC could also be interpreted as the regrowth of the few
cultivable cells, confusing the picture. Our observations may ex-
plain the nature of such cells, and they indicate that attempts to
eliminate them are futile. We hypothesize that VBNCs are simply
dormant cells that do not respond to environmental cues, and the
cultivable fraction contains scouts continuously (and randomly)
generated by such dormant cells. If so, these cultivable cells, rather
than confusing the picture, might have been the very evidence of
the revival researchers tried to prove, and this finding may con-
tribute to resolving the long-standing arguments in VBNC re-
search.

Conclusions. Observations made on the revival of dormant
environmental cells and spores from soil and marine habitats, as
well as the standard model species E. coli and M. smegmatis, indi-
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cate that such revival is a result of low-frequency, stochastic events
that occur during a long period of time and independently of
environmental cues, with implications for general microbiology
and health sciences.
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