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Abstract – The aim of this study was to assess the eﬃciency of the embryonated egg model to
recover Viable But Non Culturable (VBNC) cells of Listeria monocytogenes. L. monocytogenes
cells were incubated in filtered sterilised distilled water. The VBNC state was obtained after a 25 to
47 days incubation period (concentration of culturable cells less than 1 cfu/mL). Fifteen days after
the VBNC state was reached, non culturability was checked in various media. One milliliter of each
VBNC suspension that contained 104 metabolically active cells (i.e. Direct Viable Count + cells)
was inoculated into the vitellus fluid of embryonated and non-embryonated eggs. Culturable cells
were detected in a large proportion of the embryonated eggs (18/32), but not in the non-embryonated
eggs (1/32). The recovery rate was higher after culture of the vitellus fluid plus embryo (18/32) than
after culture of the vitellus fluid alone (6/32). The results indicate that the embryo likely plays a
prominent part in the recovery process. The virulence of recovered cells was assessed by the ability
to form plaques in HT-29 cell monolayers and by the ability to colonise mouse spleens. Although
the cells were classified as avirulent when in the VBNC state, the virulence was recovered after
resuscitation.
VBNC / virulence / embryonated eggs / Listeria monocytogenes

1. INTRODUCTION
Many bacteria have been shown to enter a Viable But Non Culturable (VBNC)
state, in response to environmental stress.
In this state, bacteria may no longer grow
* Corresponding author:
cappelier@vet-nantes.fr

on conventional culture media, but retain metabolic activity. The VBNC state
has been described in major human
pathogens, including Salmonella enteritidis [43], Vibrio cholerae [51], Vibrio vulnificus [28,34], Campylobacter jejuni [41],
Legionella pneumophila [21], enterotoxigenic Escherichia coli [20], Shigella
dysentariae [22] and recently Listeria
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monocytogenes [3]. The metabolic activity of VBNC bacteria has been tested
by several cellular tests: incorporation of
radio labelled substrate [41], Direct Viable Count (DVC) [27], double staining
CTC/DAPI [40]. All these experiments
have demonstrated the maintenance of cellular activity in part of the cell population
having lost culturable ability. The significance of the passage into a VBNC state
is controversial. Is this VBNC state adaptation or debilitation [29]? Some authors
consider VBNC bacteria as a degenerative
form, leading to death, without any role
in transmission routes of pathogens [31].
Others regard this state as a survival strategy, in response to adverse environmental conditions and consider that VBNC
response can represent a genetically programmed physiological adaptation [39]. In
addition, VBNC cells have been shown to
be able to retain virulence [16, 30]. All
these experiments have led us to consider
the VBNC state in pathogenic bacteria as
a potential threat to public health. In almost all the VBNC virulence studies, the
pathogenicity of VBNC cells was directly
linked to recovery. A number of animal
models have been tested by various authors with diﬀerent eﬃciencies: mice [33],
chicks [45], embryonated eggs [11, 14]
and human volunteers [17]. In Listeria
monocytogenes the VBNC condition has
been recently described and is well documented [3, 5]. This major pathogen was
implicated in the last two decades in several food borne disease outbreaks with
high death rates [6, 18]. This bacterium
is capable of adhering to cell membranes
and of invading eukaryotic cells like intestinal or hepatic cells. Then, Listeria
monocytogenes is able to multiply inside
host cells, and to escape the immune response. The existence of the VBNC state in
a foodborne pathogen like Listeria monocytogenes, which exhibits a high lethality
rate, needs to be taken into account. For
these reasons, the levels of virulence of

Listeria monocytogenes VBNC cells were
assessed by in vitro and in vivo tests in
Cappelier et al. [12]. In addition, the ability
of such VBNC cells to recover a culturable
state must be investigated. The aim of this
study was to assess the eﬃciency of embryonated eggs and non embryonated eggs
in the recovery of VBNC cells of Listeria monocytogenes and to determine their
virulence potential in mice and in cellular
models.

2. MATERIALS AND METHODS
2.1. Bacterial strains and growth
conditions
The Listeria monocytogenes strains
used are described in Table I. They
were provided by the “Laboratoire
d’Infectiologie
Animale
et
Santé
Publique” (INRA, Nouzilly, France).
Strains were grown for 24 h at 37 ◦ C
on Plate Count Agar (Biokar, Beauvais,
France) for each test. These strains were
chosen because of their origin (clinical
and food isolates) and because they were
previously used in VBNC studies in
which optimal conditions to induce the
VBNC state were described [3, 5, 12].
Two subcultures were performed under
similar conditions and then the cells were
placed in filtered sterilised distilled water
(microcosm water) in order to induce the
VBNC state. Table I indicates for each
strain used, the temperature of incubation
in filtered sterilised distilled water, the
time needed to reach a concentration of
culturable cells less than 1 cfu/mL, the
active cell count (DVC) [4] and total cell
count.

2.2. Recovery
Fifteen days after the VBNC state was
reached (Tab. I), non culturability was
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Table I. Characteristics of diﬀerent VBNC cellular suspensions inoculated in embryonated and non
embryonated eggs [12].
Strains

Incubation conditions in distilled

Concentration of suspensions at

sterilised filtered water

inoculation timea (cells/mL ± SD*)

Temperature

Timeb ± SDc

Active cells count

Total cells count

(◦ C)

(days)

(DVC)d

(DAPI)

20

25 ± 4

4

4.33 10 ± 0.35

6.1 106 ± 0.4

LO 28

20

27 ± 3

4.22 10 ± 0.3

6.2 106 ± 0.4

ATCC 19115

20

24 ± 3

4.4 104 ± 0.4

6.1 106 ± 0.3

4

47 ± 4

4.1 10 ± 0.4

6.2 106 ± 0.4

CNL 895807

Scott A

4

4

a

The initial suspensions in filtered sterilised distilled water were almost 106 cfu/mL.
Time necessary (days) to lose culturable state. At this time, culturable cells were < 1 cfu/mL, metabolically active cells were almost 104 cells/mL and total cells were almost 106 cells/mL and no resuscitation
was observed by traditional resuscitation techniques. Inoculation in eggs were done 15 days after this
time.
c
SD: Standard Deviation.
d
DVC: Direct Viable Count.
b

checked after incubation of 24 to 72 h
in various media (BHI, peptone, water,
Minimum Essential Medium, Fetal Calf
Serum) [12]. Then, 1 mL from each of
the microcosm water samples was inoculated into embryonated eggs and into
non embryonated eggs. Seven-day-old embryonated eggs from specific pathogen
free chickens were purchased from Avibocage (Saint-Père-en-Retz, France). Nonembryonated eggs were purchased from a
retailer. After disinfection of the egg shells
(ethanol 70%), a hole was made with a sterile needle (0.9/40 mm) on the opposite side
of the air chamber. Then, 1 mL of each
Listeria monocytogenes suspension was injected into the yolk sac of embryonated and
non-embryonated eggs with a 1 mL syringe
(needle dimensions: 0.9/40 mm). Negative
control eggs were inoculated with 1 mL of
sterilised distilled water. Immediately after inoculation, the opening in the shell
was obstructed with wax (CML, Nemours,
France) and the eggs were incubated at
37 ◦ C. After incubation for 2 and 6 days,
the egg shells were carefully broken. A

volume of 0.2 mL of the vitellus fluid
was harvested with a syringe and spread
on 2 Petri dishes of Palcam agar (Merk,
Darnstadt, Germany) and PCA (Biokar,
Beauvais, France). These plates were incubated 48 h at 37 ◦ C. For the embryonated
eggs, the rest of the vitellus fluid and the
embryo were removed and pounded in a
stomacher for 1 min. A volume of 0.2 mL
of this mixture was spread on two Petri
dishes of Palcam agar and PCA and incubated 48 h at 37 ◦ C.

2.3. Virulence tests
The virulence tests were described in
Cappelier et al. [12]. Briefly, the Listeria monocytogenes strains (culturable,
VBNC and recovered cells) were tested
with HT-29 cell monolayers in a plaqueforming assay [48, 49] and the strains were
also tested for their potential to colonise
mouse spleens (Swiss female OF1) after intravenous inoculation [1, 8] according to the methods described by Roche
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Table II. Virulence of culturable cells and VBNC cells of Listeria monocytogenes used in this study
assessed by in vitro and in vivo assays [12].
Strains

In vitro virulence assays

In vivo virulence assays

Plaque forming assaya

Intravenous test (spleens)c

Mean (log ± SD)
Culturable cells VBNC cells

Culturable cells
Mean

Number of

(log ± SD) positive culturesd

VBNC cells
Mean

Number of

(log ± SD) positive culturesd

ATCC 19115

6.59 ± 0.04

0b

5.31 ± 0.15

5/5

0b

0/5

LO 28

5.56 ± 0.06

0b

5.86 ± 0.04

5/5

0b

0/5

Scott A

b

b

6.55 ± 0.3

0

5.35 ± 0.16

5/5

0

0/5

CNL 895807

0b

0b

4.2 ± 0.3

5/5

0b

0/5

Negative controle

0b

0b

0b

0b

0b

0/5

a

Number of plaques for 4 log cfu deposited.
b
< limit of detection of the assay.
c
Number of bacteria per spleen homogenate recovered in spleens 2 days after intravenous injection of
immuno-competent swiss mice with 3 log cfu in 100 µL.
d
Number of mice with positive culture of Listeria monocytogenes in spleen / number of mice inoculate.
e
Sterilised distilled water.

et al. [42]. The level of virulence determined by in vitro (PFA assay) and in vitro
(inoculation in mice) techniques, for each
strain used, in the culturable state and
in the VBNC state were previously described in Cappelier et al. [12] (Tab. II).
The VBNC cells of Listeria monocytogenes were unable to colonise the spleen
after intraveinous inoculation. In the PFA
assay, no plaques were observed for any
VBNC cells.

2.4. Identification of recovered strains
To confirm that the strains recovered
were the same as those inoculated, Listeria monocytogenes cells were submitted
to restriction enzyme analysis with the restriction enzyme ApaI (Boehringer, Germany) and CHEF DRIII pulsed field gel
electrophoresis (Biorad, Ivry-sur-Seine,
France) [7].

3. RESULTS
3.1. Comparison of recovery rate
in embryonated and non
embryonated eggs
Table III shows the number of embryonated eggs from which Listeria monocytogenes culturable cells were isolated
after inoculation with VBNC suspensions.
The results of restriction enzyme analysis
presented in Figure 1 ensure that recovered strains were the same as inoculated
strains. Culturable Listeria monocytogenes
cells were recovered from 6 out of 32 embryonated eggs when the culture was made
of vitellus fluid only. All the recovered
cells came from the eggs inoculated with
strain Scott A. When culture was made
from the vitellus fluid and embryo, recovered cells were isolated from 18 out of
32 eggs. For three strains (CNL 895807,
LO 28 and ATCC 19115) the recovery
rate (number of eggs colonised/number of
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Table III. Number of eggs (embryonated and non embryonated) colonised by Listeria monocytogenes, after inoculation with VBNC cell suspensions.
Strains

Incubation timea (days)

ATCC 19115
LO 28
Scott A
CNL 895807
Total
Negative controld

2
6
2
6
2
6
2
6
2
6

No. of eggs colonised / no. of eggs inoculated
Inoculation in embryonated eggs Inoculation in non
embryonated eggs
Vitellus
Vitellus fluid
fluidb
0/4
0/4
0/4
0/4
2/4
4/4
0/4
0/4
6/32
0/2
0/2

and embryoc
2/4
2/4
2/4
2/4
2/4
4/4
2/4
2/4
18/32
0/2
0/2

0/4
1/4
0/4
0/4
0/4
0/4
0/4
0/4
1/32
0/2
0/2

Incubation time of eggs inoculated at 37 ◦ C.
Only the vitellus fluid was cultured.
c
The vitellus fluid and the embryo were cultured.
d
Sterilised distilled water.
a

b

eggs inoculated) was 50%, but higher for
strain Scott A (6/8). After passage in nonembryonated eggs, no recovery was obtained after two days of incubation. Only
one egg inoculated with ATCC 19115
strain showed recovery after a six day incubation period.
So, the probability to obtain recovery of VBNC cells of Listeria monocytogenes was higher after an embryonated
egg passage than after a non embryonated
egg passage. For the embryonated egg passages, the recovery rate was higher when
the culture was made of vitellus fluid and
embryo than when it was only made of
vitellus fluid, except for strain Scott A that
behaved identically in both conditions.

3.2. Virulence tests
Virulence was determined by in vitro
(PFA assay) and in vivo (inoculation in

mice) techniques, for each strain after recovery in embryonated eggs. The results
are presented in Table IV. The loss of
pathogenicity of these VBNC cells was
transient, since after an embryonated egg
passage, the virulence of recovered cells
was identical to that of culturable cells.
4. DISCUSSION
The results presented in this study
show that VBNC cells of Listeria monocytogenes could be recovered after an
embryonated egg passage. It has been established that VBNC Listeria monocytogenes cells are unable to grow in conventional culture media and cannot be
resuscitated by traditional reviving techniques [3,5]. For the four strains inoculated
in filtered sterilised distilled water at the
initial concentration of 106 cells/mL, the
active cell count was almost 104 cells/mL
and the culturable cell count was below
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Figure 1. Restriction enzyme analysis of Listeria monocytogenes: 1: Lambda ladder marker; 2: Positive control for strain CNL 895807; 3: Strain CNL 895807 recovered after an embryonated egg
passage; 4: Positive control for strain Scott A; 5: Strain Scott A recovered after an embryonated
egg passage; 6: Positive control for strain ATCC 19115; 7: Strain ATCC 19115 recovered after an
embryonated egg passage; 8: Positive control for strain LO 28; 9: Strain LO 28 recovered after an
embryonated egg passage.
Table IV. Virulence of recovered cells of Listeria monocytogenes after embryonated egg passage
assessed by in vitro and in vivo assays.
Strains

In vitro virulence assays

In vivo virulence assays

Plaque forming assaya

Intravenous test (spleens)b

Mean (log ± SD)

Mean (log ± SD)

Number of positive culturesc

ATCC 19115

6.15 ± 0.05

5.51 ± 0.51

5/5

LO 28

5.88 ± 0.04

5.39 ± 0.49

5/5

Scott A

6.46 ± 0.13

5.23 ± 0.49

5/5

CNL 895807

0e

4.05 ± 0.27

5/5

Negative controld

0e

0e

0/5

a

Number of plaques for 4 log cfu deposited.
Number of bacteria per spleen homogenate recovered in spleens 2 days after intravenous injection of
immuno-competent swiss mice with 3 log cfu in 100 µL.
c
Number of mice with positive culture of Listeria monocytogenes in spleen / number of mice inoculate.
d
Sterilised distilled water.
e
< limit of detection of the assay.
b
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1 cfu/mL at the time of the recovery experiment. The recovery rates (number of
eggs colonised/number of eggs inoculated)
obtained ranged between 3.1% and 56.2%
according to the model used (non embryonated eggs, embryonated eggs with culture of vitellus fluid alone, embryonated
eggs with culture of both vitellus fluid
and embryo). Recovery of VBNC cells
of various enteropathogens has already
been described. Restoration of such cells
was investigated either in in vitro or in
vivo experiments, but only few recoveries were obtained by the in vivo experiments. These ones looked like reviving
techniques. Roszak et al. [43] were the
first to report the recovery of VBNC cells.
Non culturable cells of Salmonella enteritis were obtained by incubation in sterile water. Recovery was observed after
supplementation with nutrients (BHI infusion), but only occurred four days after
entry of the cells in the VBNC state, and
not after an extended period. So, the authors concluded that reviving VBNC cells
under prolonged starvation requires additional factors. Roth et al. [44] succeeded
in reviving VBNC cells of Escherichia
coli obtained by osmotic shock. Eighty
percent of the cells became culturable after addition of betaine. Recovery occurred
in the presence of chloramphenicol. So,
the authors demonstrated that the recovery did not result from the multiplication
of a few cells remaining culturable. Wai
et al. [50] described resuscitation of VBNC
cells of Aeromonas hydrophila by culture
on media supplemented with H2 O2 degrading agents, catalase and sodium pyruvate.
In vivo recovery was also observed in
Vibrio by increasing temperature [33, 34].
Other authors estimated that this recovery was probably the consequence of a
rapid multiplication of undetected cells remaining culturable [23, 38]. VBNC cells
of various pathogens have also been recovered in animal models: mice for Vibrio vulnificus [35] and Campylobacter je-
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juni [10, 24]; rat gut for Campylobacter
jejuni [45]; chicks for Campylobacter jejuni [10, 46]; rabbit ileal loop for Vibrio
cholerae [15]; human volunteers for Vibrio cholerae [15] and fertilised eggs for
Legionella pneumophilla [21] and Campylobacter jejuni [11, 14]. For this species,
it appears that inoculation of VBNC cells
in the yolk sac of embryonated eggs was
the best way to obtain recovery at a culturable state [11, 14, 47]. In contrast, Medema
et al. [31] did not succeed in recovering
VBNC cells of Campylobacter jejuni after inoculation in fertilised eggs. In this
experiment, VBNC cell suspensions were
inoculated into the allantoïc cavity, where
the pH and the presence of antimicrobial
substances were not favourable to bacterial
growth. These findings allow speculation
on the factors responsible for the recovery
of VBNC cells, which are likely located in
the vitellus fluid or in the embryo, rather
than in the allantoïc fluid.
As far as we know, this experiment
represents the first demonstration of recovery of VBNC cells of Listeria monocytogenes. It confirms the eﬃcacy of the
embryonated egg model as described in
previous works in Campylobacter jejuni
VBNC cells [10, 13, 47]. Moreover, two
important findings described in this work
need to be taken into account. First, embryonated eggs allow better recovery than
non embryonated eggs. In addition, recovery was improved in the presence of
the embryo: better results were obtained
after culture of the vitellus fluid and embryo, when VBNC cells were inoculated
in embryonated eggs, whereas the recovery
rate significantly decreased when VBNC
cells were inoculated in non embryonated
eggs. So, according to the present results, the substance that allows recovery
seems to be located in the chick embryo.
Such recovery factors have already been
described as bacterial cytokines [26, 32].
These authors have demonstrated the existence of a resuscitation promoting factor
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(RPF), which was shown to increase the
viable cell count of dormant Micrococcus
luteus cultures and also to stimulate the
growth of other bacteria. Kaprelyants and
Kell [25] presented a variety of eukaryotic
hormones, which have been shown to stimulate bacterial growth. Recently, Chemaly
and Salvat1 suggested that the ion-protein
complex of the embryonated eggs, which
protects against oxidative stress, could be
involved in the recovery process of VBNC
cells.
It has been previously described that entry into a VBNC state is accompanied by
a loss of pathogenicity of Listeria monocytogenes [12]. VBNC cells of Listeria
monocytogenes were not able to colonise
the spleen of mice, and did not adhere to
HT 29 cells. So, these cells can be regarded
as avirulent. But, we showed here that this
virulence loss was transient since, after an
embryonated egg passage, the pathogenic
eﬀect was restored at a level identical to
the initial one. Such a transient loss of
pathogenicity has already been described
for Campylobacter jejuni [11, 45]. The virulence signals (accumulation of fluid in the
gut or attachment index on HeLa cells) decreased in the VBNC state and increased to
the baseline level after recovery. However,
some experiments have shown that VBNC
cells retain pathogenic eﬀects. Oliver and
Bockian [36] observed a lethal eﬀect in
mice inoculated with VBNC cells of Vibrio vulnificus. Other works established that
Escherichia coli VBNC cells kept their
pathogenicity by keeping the ability to produce little amounts of enterotoxin [2, 37]
or by preserving plasmids involved in
pathogenicity [9]. Chaiyanan et al. showed
conservation of cholera toxin and toxinassociated genes in VBNC cells of Vibrio
1

Chemaly Z., Salvat G., Physiologie de la
revivification des formes viables non cultivables chez Campylobacter jejuni, 6th national congress, Société Française de Microbiologie, 2004, Bordeaux.

cholerae [13]. It seems diﬃcult to know if
such pathogenic eﬀects were due to VBNC
cells or to cells that reverted to a culturable state. But, recently, Fischer-Le Saux
et al. [19] detected a cytotoxin-hemolysin
mRNA produced by a non culturable population of Vibrio vulnificus. They concluded
that special attention should be given to the
presence of potentially pathogenic VBNC
cells in environmental samples when assessing public health risk. In the present
work, the virulence of VBNC cells of Listeria monocytogenes seems to be indissoluble from the ability to grow and need to
return to a culturable state to express itself.
Even if some of the results of the VBNC
experiments published are sometimes conflicting, and if the demonstration of the
presence of VBNC cells in foods other than
water has not yet been made, the VBNC
state of food bacterial pathogens must be
taken into consideration, because classical microbiological methods do not allow
detection of such potentially pathogenic
bacteria. The solution would be to create
a specific culture medium making it possible to recover VBNC cells. For that, further
studies are needed to identify one or several factors involved in the switch from a
non culturable to a culturable state.
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