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Abstract

Francisella tularensis is a small Gram-negative bacterium that causes tularemia in animals and man. The disease can be transmitted by
handling of infected animals, by contaminated dust, by insect vectors, or by drinking contaminated water. In the present study cells of F.
tularensis were subjected to extended storage in cold water devoid of carbon sources. Total cell counts remained constant throughout a 70-
day period and beyond, while plate counts decreased to an undetectable level after 70 days. Attempts to resuscitate the cells were
unsuccessful. Quantitative PCR targeting the 16S rDNA of F. tularensis showed an increase in variability after 25 days and the signal was
lost after 45 days. Metabolic activity, measured by accumulation of rhodamine 123, declined to approximately 35% after a 140-day period.
Analyses of substrate responsiveness of cells stored for 140 days in cold water showed that approximately 30% of the population increased
in size after incubation in rich medium in the presence of nalidixic acid. Approximately 105 of these cells were injected intraperitoneally into
mice. No signs or symptoms of tularemia were observed during 3 weeks. In addition, there was no evidence of stimulation of lymphocytes
with F. tularensis as recall antigen. In conclusion, viable but non-culturable cells of F. tularensis are avirulent in mice, giving new insight into
the ecological niche of this bacterium. ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Tularemia is a zoonosis caused by the small, Gram-neg-
ative, rod-shaped bacterium Francisella tularensis. It oc-
curs naturally in logomorphs (rabbits and hares), rodents,
especially microtine rodents such as voles, vole rats, and
muskrats, as well as beavers. In addition, a wide variety of
other mammals, and several species of birds, have been
reported to be infected [1].

The bacterium occurs as two main types [2]. Type A,
also designated F. tularensis var. tularensis, is predomi-
nately found in North America and is highly virulent for
humans and frequently transmitted by ticks. The other
main type is type B, F. tularensis var. palaearctica, which

can be found in all epizootic areas where tularemia occurs
[2,3,4]. This type is less virulent than type A in humans
and is often seen as a disease in man attributed to contact
with muskrats and/or beavers [5]. Type B has been isolated
from ponds and streams [6].

Studies of F. tularensis type A in natural waters and
mud in North America have shown that water and mud
contamination with the organisms and occurrence of tu-
laremia in muskrats and beavers is widespread. Water and
mud contamination may persist for at least 16 years [7].
Available information suggests that factors governing per-
sistence are present in water or mud or both which indi-
cates that the organism might multiply in water-mud sus-
pensions [8,9].

In several countries the type B variant of F. tularensis
has been isolated from water samples [2,4,10^12]. Isolates
of the bacterium have been obtained from domestic water
supplies [4,10^12] as well as from natural water systems
[4,6]. However, isolation of F. tularensis from water sam-
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ples in Sweden has never been reported, although it is
endemic in the northern part of the country [13,14]. One
reason for this could be that F. tularensis is a fastidious
bacterium which requires special medium supplements for
its growth in vitro and thus has not been trapped by ordi-
nary diagnostic methods. Furthermore, isolation of the
bacterium is hampered since other bacteria may be fa-
vored on most media used for growth of F. tularensis
[15]. Another possibility, supported by the data herein
presented, is that F. tularensis can reside in a viable but
non-culturable (VBNC) form in the environment.

2. Materials and methods

2.1. Bacteria and reagents

F. tularensis LVS, live vaccine strain (type B), was ob-
tained from the U.S. Army Medical Research Institute of
Infectious Diseases, Fort Detrick, Frederick, MD, USA.
Monoclonal antibodies speci¢c for F. tularensis, desig-
nated FT14, were kindly provided by the Defence Estab-
lishment and Research Agency, Porton Down, Salisbury,
UK.

2.2. Growth and viable counts of F. tularensis

For growth of F. tularensis LVS in liquid, Scharer me-
dium [16] or Chamberlain medium [17] was used. Modi¢ed
Thayer-Martin agar plates containing Gc medium base (36
g l31 ; Difco Laboratories, Detroit, MI, USA), hemoglobin
(10 g l31 ; Difco), and IsoVitaleX (10 mg l31 ; BBL Micro-
biology Systems, Cockeysville, MD, USA) were used for
viable counts. After spreading of the inoculum, the agar
plates were incubated at 37³C in 5% CO2 for at least 2 days
if not otherwise stated.

2.3. Microcosms of F. tularensis

After inoculation of approximately 106 cells ml31 in
Scharer medium, determined by viable count, the cultures
were agitated (150 rpm) at 37³C for 18 h. To remove
nutrients originating from the medium, the cells were
then washed twice in sterile tap water and ¢nally resus-

pended in 10 ml sterile tap water to form a 10-ml micro-
cosm. The microcosms were immediately transferred to
8³C, and aliquots were periodically subjected to viable
counts, total count analyses and direct viability assays.

2.4. Total cell count analyses

Three di¡erent methods were used to estimate the total
count. Analysis by Coulter counter (CCTOT) was accord-
ing to a previously described method [18]. Determination
of total number of F. tularensis cells by speci¢c targeting
with monoclonal antibodies and detection by phycoery-
thrin-conjugated secondary antibodies in a £ow cytometer
(FCTOT) has also been described previously [19]. In addi-
tion, the amount of PCR-ampli¢ed F. tularensis 16S
rDNA was used as a relative measure of the total amount
of F. tularensis cells. To quantify the PCR-generated 16S
rDNA, a heterologous internal standard DNA fragment
was constructed. A 673-bp DNA fragment was generated
from the 2,3-dioxygenase-encoding gene (dmpB gene) of
the phenol-catabolizing Pseudomonas CF600 [20] using
the composite primers F11dmpF and F5dmpR (Table 1).
The composite primers consisted of primers F11 and F5
(Table 1) appended to the 5P end of sequences correspond-
ing to bases 259^278 (dmpF) and 874^892 (dmpR), respec-
tively, of the dmpB gene. PCR using composite primer
F11dmpF as the 5P primer and primer F5dmpR as the
3P primer ampli¢ed a 673-bp DNA fragment containing
the binding sequence for primer F11 at its 5P end and the
binding sequence for primer F5 at its 3P end. Serial dilu-
tions of this internal standard were added to a constant
amount of a sample and the resulting PCR products were
separated on 1.0% agarose gels. The intensity of the bands
was quanti¢ed by densitometric scanning. At the start of
the experiments the intensity of the target bands from the
F. tularensis cells and the intensity of the internal standards
(corrected for the shorter length) were plotted against
the amount of added internal standard. The point at
which the sample and standard lines intersected was taken
as a measure of the amount initially present in the sample.
This point was set to 1.0 unit. To verify that the target
(16S rDNA) and the internal standard ampli¢ed with sim-
ilar e¤ciencies, approximately equal molar quantities of
the F. tularensis 16S rDNA gene and the internal standard

Table 1
PCR primers used in this study

Primer Sequence (5P-3P) Location

F5 CCTTTTTGAGTTTCGCTCC 1257^1275a

F11 TACCAGTTGGAAACGACTGT 142^161a

dmpF ATCGACGAGGACTGCCTGAA 259^278b

dmpR CCAGCCAGGTCACGGGCTT 874^892b

F11dmpF TACCAGTTGGAAACGACTGTATCGACGAGGACTGCCTGAA 259^278b

F5dmpR CCTTTTTGAGTTTCGCTCCCCAGCCAGGTCACGGGCTT 874^892b

aLocation relative to the start site of the F. tularensis 16S rRNA gene.
bLocation relative to the start site of the Pseudomonas CF600 dmpB gene.
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DNA fragment were added to single PCR tubes. Aliquots
were removed after each cycle for a total of nine cycles,
starting when PCR products were ¢rst visualized on an
agarose gel. The intensity of the bands was then quanti¢ed
by densitometric scanning as described above. The
amounts of ampli¢ed F. tularensis 16S rDNA product
and ampli¢ed internal standard were plotted as a function
of cycle number. The slope for the linear portion of the
two curves was calculated in three independent experi-
ments and no signi¢cant di¡erence (P = 0.05) was found.

2.5. Direct viable count analyses

Two di¡erent methods were used for direct viable count
analyses. Metabolic activity was quanti¢ed by accumula-
tion of rhodamine 123 according to [19]. In addition, sub-
strate responsiveness in the presence of nalidixic acid [21]
was analyzed by £ow cytometry. The F. tularensis micro-
cosms were diluted 10 times in Chamberlain medium con-
taining 0.5 Wg ml31 of nalidixic acid (Sigma) and incu-
bated at 37³C for 7 days. An identical culture containing
formalin-killed [19] F. tularensis cells was prepared in par-
allel. The cell population sizes were analyzed before and
after incubation in Scharer medium containing nalidixic
acid by the FCTOT method, speci¢c for F. tularensis, meth-
ods described previously [19].

2.6. Resuscitation studies

Several procedures were tried for resuscitation of VBNC
F. tularensis from 100-day or older 8³C microcosms. Mi-
crocosms (10 ml) were initially transferred to room tem-
perature for 24 h, followed by centrifugation at 5000Ug
for 10 min prior to resuspension in equal volumes of Shar-
er medium and Chamberlain medium. The resulting cul-
tures were incubated at room temperature without agitat-
ing 7 days prior to plating on modi¢ed Thayer-Martin
agar plates. In parallel, the same procedure was followed
with the di¡erence that cells from microcosms, after cen-
trifugation, were directly resuspended in Sharer and
Chamberlain medium and incubated at 8³C and 37³C,
respectively, for 7 days without agitation, prior to plating.
After centrifugation 10-ml microcosms were also resus-
pended in 10 ml of spent Sharer medium and incubated
at 26³C or 37³C without agitation for 3 days prior to
plating on modi¢ed Thayer-Martin agar plates. Spent
Sharer medium was the supernatant obtained by centrifu-
gation at 5000Ug of a F. tularensis culture, with a density
of approximately 109 bacterial cells ml31, grown for 2 days
at 37³C with shaking at 250 rpm.

2.7. Flow cytometer analyses

Measurements of total counts, metabolic activity and
cell population size were done using a £ow cytometer
(FACSort, Becton Dickinson Immuno Cytometry Sys-

tems, San Jose, CA, USA) equipped with an argon laser
with a 488-nm primary emission line.

The instrument was calibrated (Calibrite1 Beads, Bec-
ton Dickinson) prior to each set of analyses. A negative
sample was then analyzed to adjust forward scatter and
side scatter correctly. Thereafter, £uorescence was ad-
justed by compensation. The measuring time was 30 s
with a medium £ow rate of 35 Wl s31. From each sample
50 000 events were collected.

2.8. Assay of virulence and proliferative T-lymphocyte
response

Four groups of female BALB/c mice were used. The
mice were 3 months old and weighed 25^30 g. Five mice
were used in each immunization group. Mice was injected
intraperitoneally with 105 VBNC F. tularensis cells starved
for 140 days, 105 formalin-killed cells, 105 cells grown for
2 days, or with 0.9% NaCl. Three weeks after injection
lymphocytes were prepared from spleens according to a
previously described method [22]. The spleens were ini-
tially homogenized in sterile saline and prior to puri¢ca-
tion of lymphocytes aliquots were removed for subsequent
viable counts on modi¢ed Thayer-Martin agar plates.
After dilution of the puri¢ed lymphocytes to a concentra-
tion of 3U106 ml31, 100 Wl was seeded in each well in a
microtiter plate. Five wells were used for each antigen.
Speci¢c positive antigen was heat-killed bacteria of a F.
tularensis strain de¢cient in the ability to produce capsule
[23], negative control was RPMI 1640 medium and the
mitogen concanavalin A was used as positive control. To
estimate the proliferative response cultures were incubated
at 37³C in 5% CO2 for 4 days and pulsed for 6 h with
[3H]thymidine and harvested [24].

3. Results

3.1. Storage of F. tularensis in water

Cells of F. tularensis were subjected to extended storage
in cold water devoid of carbon sources. Total counts and
plate counts were measured over time. Fig. 1 shows the
response of F. tularensis following incubation in water at
8³C. Plate counts decreased to undetectable levels after 70
days. These results are typical of several independently
prepared microcosms.

Total cell counts were estimated with three di¡erent
methods. (i) FCTOT [19] : the total cell counts of F. tula-
rensis cells were determined by speci¢c targeting with
monoclonal antibodies and detection by phycoerythrin-
conjugated secondary antibodies in a £ow cytometer. (ii)
CCTOT [18] : the total cell counts were determined with
Coulter counter analyses. (iii) Quantitative PCR: the total
amount of cells was determined by quantitative PCR on
the F. tularensis 16S rRNA with a heterologous internal
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standard. Precision and accuracy for FCTOT and CCTOT

have been reported previously [19], whereas the variation
observed for quantitative PCR is indicated in Fig. 1. No
ampli¢ed target DNA was obtained from samples taken
on day 70. Taken together, the results showed that total
cell counts remained constant throughout the 70-day peri-
od and longer (data not shown),

Cells from the microcosm placed in Sharer or Chamber-
lain medium at room temperature for 7 days did not pro-

duce any increased turbidity, nor did such treatment give
rise to colonies when subsequently plated on modi¢ed
Thayer-Martin agar plates. Preincubation for 3 days of
cells from the microcosm in spent medium at 26³C and
37³C prior to plating did not result in any observable
colonies on modi¢ed Thayer-Martin agar plates after
5 days incubation at 37³C in 5% CO2.

3.2. Direct viable count on starved F. tularensis

The metabolic activity of F. tularensis starved for 140
days in cold water devoid of carbon sources was compared
with overnight grown and formalin-killed F. tularensis.
The metabolic activity was quanti¢ed by staining with
rhodamine 123 as previously described [19]. The £uores-
cence resulting from uptake of rhodamine 123 was meas-
ured in a £ow cytometer. A comparison of £uorescence
between formalin-killed, starved and overnight grown F.
tularensis is shown in Fig. 2. An approximately 35% de-
crease in metabolic activity was found after a 140-day
starvation period compared with an overnight culture of
F. tularensis. Thus, 65% of the cells were VBNC after a
starvation period of 140 days as judged from rhodamine
accumulation. Next, substrate responsiveness [21] of the
cells was analyzed. Here the size of the formalin-killed
and 140-day starved cells before and after incubation in
rich medium in the presence of nalidixic acid was com-
pared. The size distribution analysis was performed by
forward scatter analysis in a £ow cytometer. This analysis
showed that approximately 30% of the cells stored for 140

Fig. 1. Storage of F. tularensis in water at 8³C. Filled circles show the
total number of F. tularensis cells determined by speci¢c targeting with
monoclonal antibodies and detected by phycoerythrin-conjugated sec-
ondary antibodies in a £ow cytometer. Filled boxes show the total num-
ber of F. tularensis cells determined by Coulter counter analyses. Filled
diamonds show colony-forming units obtained on modi¢ed Thayer-Mar-
tin agar plates. Filled triangles indicate the results obtained from quanti-
tative PCR analyses speci¢cally targeting the 16S rDNA of F. tularensis.
Error bars show standard deviation (n = 3).

Fig. 2. Metabolic activity quanti¢ed by staining with rhodamine 123. Fluorescence emitted from cell-accumulated rhodamine was measured in the inter-
val 512^545 nm on a £ow cytometer equipped with a 488 nm laser. Formalin-killed F. tularensis cells (A). F. tularensis cells starved for 140 days in
water (B). F. tularensis cells grown for 2 days on a modi¢ed Thayer-Martin agar plate (C). Marker 1 (M1) de¢nes £uorescence emitted from formalin-
killed rhodamine-stained cells (A). Marker 2 (M2) de¢nes £uorescence emitted from fully viable rhodamine-stained cells (C).
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days in cold water increased in size (Fig. 3), while none of
the formalin-killed cells increased in size. Taken together,
the results showed that at least 30% of the 140-day starved
cells could be de¢ned as VBNC.

3.3. VBNC F. tularensis cells are not virulent for mice

Approximately 105 VBNC F. tularensis cells starved for
140 days were injected intraperitoneally into mice. No
signs or symptoms were detected during a 3-week obser-
vation period. The lack of onset of tularemia in mice was
further disclosed by subsequent assay of the lymphocyte
proliferative response. No lymphocyte response could be
estimated with F. tularensis as recall antigen (Fig. 4). How-
ever, 3 weeks post injection, the spleen from each mouse
was homogenized and aliquots were spread on agar plates.
No colonies were observed 7 days after incubation at 37³C
in 5% CO2.

4. Discussion

Cultivation of bacteria on standard arti¢cial media
under laboratory conditions is fundamentally di¡erent
from the growth conditions in nature. In contrast to labo-
ratory conditions, bacteria in nature spend most of their
lifetime in a state of starvation or nutrient limitation. To
survive extended periods of starvation or other forms of
environmental stress, many bacteria have developed strat-
egies for metamorphosis into more or less sophisticated
survival forms, where spores may constitute an extreme
in terms of survival in adverse conditions. Similarly, the
formation of VBNC cells by non-di¡erentiating bacteria as
a response to adverse conditions has been proposed as a
survival strategy [25].

In the present study it is shown that F. tularensis can
enter a state of VBNC after starvation in cold water for an
extended period of time. Other bacteria have also been

Fig. 3. Substrate responsiveness in the presence of nalidixic acid analyzed by £ow cytometry. Upper row: F. tularensis cells starved for 140 days before
(A) and after (B) incubation for 1 week in broth containing nalidixic acid. Lower row: Formalin-killed F. tularensis cells before (C) and after (D) incu-
bation for 1 week in broth containing nalidixic acid. Markers 1 and 2 (M1 and M2) both mark the median of the cell size distribution before incuba-
tion in rich medium. An increase in M2 indicates an increase in size and an increase in M1 a decrease.
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shown to have this capability after encountering environ-
mental stress [26]. However, factors that stimulate resusci-
tation are complex and unique for di¡erent bacteria. Vi-
brio cholerae and Campylobacter jejuni need passage
through animals to regain their capacity to multiply in
vitro [27,28]. Legionella pneumophila can be reactivated
by passage in its ameba host [29]. VBNC cells of Vibrio
vulni¢cus can be resuscitated by incubation for 1 or 2 days
in arti¢cial seawater at room temperature without nu-
trients [30]. It has also been reported that V. cholerae
can leave the VBNC state after oral ingestion by humans
[31]. Mukamolova et al. [32] have shown that starved or
extensively washed cells of several Gram-positive strains
reversibly lose culturability, which can be restored by the
addition of an autocrine, proteinaceous growth factor.
However, despite extensive attempts presented here, in-
cluding preincubation at room temperature without nu-
trients, preincubation in spent medium, extended incuba-
tion in di¡erent media, passage through mice, all prior to
cultivation on plates, it was not possible to resuscitate any
colony of VBNC F. tularensis cells.

The maintenance of virulence in the VBNC state varies
for di¡erent species of bacteria, and seems to be dependent
on the environmental conditions. C. jejuni and V. vulni¢-
cus maintain virulence in the VBNC state [33,34]. In con-
trast, VBNC cells of F. tularensis did not seem to induce
tularemia in mice and thus were not virulent under the
conditions used in the present study.

The FCTOT method of analysis showed a higher yield

than the CCTOT method. It is likely that CC analysis of
F. tularensis cells is an underestimate since the size of
F. tularensis is at the lower limit of the resolving capacity
of the Coulter counter. The ratio of smaller cells increases
when the culture is starved and CC cannot resolve bacteria
smaller than 0.6 Wm [18,19]. In the FCTOT method the
total number of F. tularensis cells was determined by spe-
ci¢c targeting with monoclonal antibodies which is not
particularly sensitive to cell size alterations. The relative
estimation of cell number during starvation over time with
quantitative PCR targeting the 16S rDNA of F. tularensis
showed an increase in variability after 25 days and the
signal was lost after 45 days. Loss of PCR-ampli¢able
products from bacterial cells subjected to starvation has
also been reported for V. vulni¢cus [35]. These authors
hypothesized that either DNA binding proteins or chro-
mosomal supercoiling, or a combination of both, prevents
PCR ampli¢cation in starved cells [35].

It is well documented that viable bacteria accumulate
rhodamine 123, whereas non-viable ones do not [19,36].
Under appropriate conditions the extent to which individ-
ual bacteria take up rhodamine 123 quantitatively re£ects
the extent of their viability [37]. F. tularensis cells starved
for 140 days showed a discrepancy between the ratio of
metabolically active cells measured by rhodamine 123 ac-
cumulation and the ratio of cells able to elongate in the
presence of nalidixic acid. Approximately 30% of the pop-
ulation increased in size after incubation in rich medium in
the presence of nalidixic acid. In contrast, approximately

Fig. 4. Lymphocyte proliferative response (cpm) in lymphocytes prepared from mice injected intraperitoneally with F. tularensis cells starved for 140
days (VBNC), formalin-killed (Killed), grown for 2 days (Viable), and without bacteria (0.9% NaCl), respectively. The open bars indicate the prolifera-
tive responses of the lymphocytes prepared from the spleens from the injected mice, using heat-killed F. tularensis as recall antigen, the ¢lled bars indi-
cate the negative control for the lymphocyte proliferative assay (RPMI medium), and the hatched bars indicate the positive control for the lymphocyte
proliferative assay (concanavalin A). Error bars indicate standard deviation (n = 5).
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65% showed metabolic activity as measured by rhodamine
123 accumulation. As previously suggested [38], it is pos-
sible that this discrepancy could be explained by the rapid
production of superoxide and free radicals upon incuba-
tion in rich medium to which the bacterial cells are not
phenotypically adapted. Nevertheless, if only 30% of the
population were viable, this would have been more than
su¤cient to elicit tularemia in mice [39]. Typical signs and
symptoms of tularemia in mice [1] manifest virulence of F.
tularensis, which normally leads to death of the mice. No
such clinical picture was observed during the experimental
period. Thus, no virulence of VBNC F. tularensis could be
detected in the animal model.

As a complement to the virulence test, the ability of the
bacterium to trigger the host lymphocyte response was
estimated. In this test it would be possible to ¢nd out
whether or not passage through mice resuscitates the bac-
terium, since only viable bacteria elicit a cell-mediated
immune response [39]. Hence, the fact that no lymphocyte
proliferative response was found in mice after injection of
VBNC F. tularensis cells indicates that no reactivation
occurred in mice. This ¢nding is also supported by the
lack of viable count from homogenized spleens removed
from mice 3 weeks after injection of 105 VBNC F. tula-
rensis cells. However, it cannot be excluded that resuscita-
tion of VBNC F. tularensis cells can occur if appropriate
conditions to support culturability are provided. In con-
clusion, the data showed that VBNC F. tularensis cells
were not virulent and did not resuscitate upon one passage
through mice.

F. tularensis is an intracellular parasite in mammals.
Many free-living soil and water protozoa mimic professio-
nal phagocytes in their ability to ingest and destroy large
numbers of bacteria. The spectrum of pathogens able to
survive and multiply to various degrees within amebas
includes F. tularensis, [40] and are potential reservoirs
and vectors for F. tularensis ; they are ubiquitous in the
environment, they have resistant cyst stages, and can grow
and multiply in water supplies. It is possible that symbiosis
with amebas is the phenotypic adaptation needed for fur-
ther spread of F. tularensis, perhaps through other vectors
such as arthropods, to man.
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