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Abstract — Investigations of bacterial survival in natural environments have indicated that some or-
ganisms lose culturability on appropriate media under certain conditions and yet still exhibit signs of
metabolic activity and thus viability. This reproducible loss of culturability in many bacterial species
led to the description of a “Viable But Non Culturable” (VBNC) state. The purpose of this article is to
determine environmental and physico-chemical factors which induce the VBNC state in a food-borne
pathogen that has become a public concern: Listeria monocytogenes. The factors, i.e. inoculum size,
natural sunlight, temperature (4 °C or 20 °C), NaCl concentration (0% or 7%) and pH (5 or 6) were
studied on 4 strains (LO28, ATCC 19115, Scott A, CNL 895807). The culturability of the starved cell
suspension was determined in each condition tested by the spread plate count, and the cell activity
was determined by the Direct Viable Count technique and CTC-DAPI double staining. A strain effect
was found in different test conditions. For the LO 28 and ATCC 19115 strains, the VBNC state was
very transient in certain conditions. For the other strains tested (Scott A, CNL 895807), the VBNC
state was maintained throughout the observation period. In the dark, the incubation temperature was
the main factor in the production of VBNC forms in L. monocytogenes. However, natural sunlight
rapidly produced the VBNC state in L. monocytogenes cells in microcosm water. We conclude that
because of its ubiquity and the factors studied which are met in the food industry, the presence of
VBNC L. monocytogenes cells could pose a major public health problem since they cannot be de-
tected by traditional culturing methods. Further investigations are needed to establish virulence
before and after resuscitation of VBNC L. monocytogenes cells.
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Résumé - Les facteurs environnementaux et physico-chimiques induisent 1’état VNC chez
Listeria monocytogenes. Des études sur la viabilité bactérienne dans I’environnement ont démontré
I’existence d’un état particulier qualifi¢ d’état Viable non Cultivable (VNC), dans lequel certaines
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bactéries perdent leur capacité a former des colonies sur des milieux de culture, tout en conservant
une activité métabolique. L’ objectif de ce travail est d’étudier I’influence de facteurs physico-chimi-
ques et environnementaux, intervenant dans 1’entrée a 1’état VNC de Listeria monocytogenes. Les
facteurs : taille de I’inoculum, exposition a la lumiere naturelle, température (4-20 °C), concentra-
tion en NaCl (0-7%), pH (5-6) ont été¢ étudiés chez 4 souches de L. monocytogenes : LO28,
ATCC19115, Scott A, CNL 895807. Les cellules ont été placées dans des conditions de privation nu-
tritionnelle (eau distillée filtrée). La capacité a former des colonies a été déterminée par étalement sur
boite de gélose, alors que I’activité métabolique des bactéries a été établie par 2 techniques : le Direct
Viable Count et la double coloration CTC-DAPI. Un effet souche a été constaté: pour les souches
LO28 et ATCC 19115, 1’état VNC semblait trés transitoire, alors que pour les souches Scott A et CNL
895807, I’état VNC s’est maintenu pendant toute la durée de I’expérimentation. A I’obscurité, la tem-
pérature d’incubation est apparue comme le facteur primordial d’entrée a 1’état VNC, mais 1’exposi-
tion a la lumiére naturelle a entrainé une perte rapide du caractére cultivable. Compte tenu d’une part
de I’ubiquité de L. monocytogenes, d’autre part du fait que les facteurs étudiés peuvent étre rencontrés
dans I’environnement des industries agro-alimentaires, les auteurs pensent que 1’état VNC chez L.
monocytogenes pourrait représenter un réel probléme de santé publique. Des travaux complémentai-
res concernant la virulence et le retour a 1’état cultivable de ces formes sont en cours afin de préciser le
risque lié a I’état VNC chez L. monocytogenes.

VNC / facteurs environnementaux / stress / Listeria monocytogenes

1. INTRODUCTION and visible light [8, 16]. The conditions
shown to induce nonculturability differ ac-
cording to the organism [24]. Low tempera-
ture is the only factor required to induce the
VBNC state in Vibrio vulnificus as demon-
strated in microcosms containing artificial
seawater as well as complex nutrient media
[24]. V. vulnificus enters the VBNC state
[23] when incubated at low temperatures,
while at room temperature the organism ex-
hibits a classic starvation response [25].
The kinetics of VBNC formation are af-
fected by the nutritional state of the popula-
tion. Cells entering into a stationary phase
or starvation conditions prior to low tem-
perature incubation delay VBNC formation
[23]. Indeed, incubating V. vulnificus under
starvation conditions for as littleas 1 h prior
to incubation at 4 °C significantly de-
creases the rate at which cells become
nonculturable [23, 25].

It has been clearly demonstrated that
many bacteria can enter the viable but
nonculturable (VBNC) state when faced
with adverse environmental conditions
[24]. Two characteristics make it possible
to distinguish the VBNC response from
other responses. There is a lack of growth in
non-selective media and cells can remain in
the VBNC state for long periods of time,
sometimes for over a year [24]. The forma-
tion of VBNC cells has been regarded by
some as a survival strategy [24]. In fact,
bacterial populations in the environment
are frequently exposed to stresses due to
limitations and changes in nutrient avail-
ability, temperature, salinity, solar illumi
nation and oxygen saturation. The persis-
tence of bacteria in the environment is thus
to a large part determined by their ability to
endure these stresses.

A number of factors induce the VBNC

Some microbiologists and hygienists
have drawn attention to this phenomenon

state, including starvation, which is proba-
bly the most predominant factor for most of
the bacteria studied [15, 20, 28, 33], tem-
perature [32], NaCl concentration [30, 33]

because the VBNC state has been described
in a number of pathogens including Sal/mo-
nella [8], V. vulnificus [19], Campylobacter
jejuni [28], Legionella pneumophila [17].
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Some experiments have shown that VBNC
bacteria can recover culturability after di-
gestive tract passage in animals [7, 9, 17,
19] or humans [10]. Some specialized hy-
gienists therefore emphasize the risk pre-
sented by pathogenic bacteria in the VBNC
state, which cannot be detected by standard
analysis procedures usually used in control
laboratories, and some of them consider
this state to be a public health risk.

The gram positive bacterium Listeria
monocytogenes is a ubiquitous, intracellular
pathogen which has been implicated in the
last 2 decades in several outbreaks of food
borne disease [5, 14]. Listeriosis is of great
concern in the food industry [13] and is dis-
tinguished by a high death rate. The pre-
dominant risk groups appear to be
immunocompromised adults, elderly peo-
ple, newborn babies and pregnant women,
with abortion, neonatal death, septicemia
and meningitis [22]. The existence of the
VBNC state in this pathogenic bacterium
has been described in previous studies [3].
In fact, Besnard et al. [3] reported that
L. monocytogenes exists and can survive for
prolonged periods in nutrient-poor water.
However, there is no available information
regarding significant factors inducing the
VBNC state in L. monocytogenes. The aim
of this study was to classify the physico-
chemical and environmental factors induc-
ing the VBNC state in L. monocytogenes.

2. MATERIALS AND METHODS

2.1. Bacterial strains and growth
conditions

Four L. monocytogenes strains (Scott A,
CNL 895807, ATCC 19115, LO 28) pro-
vided by culture collection in our labora-
tory were studied. For each test, the strains
were grown for 24 h at 37 °C on Plate
Count Agar (Biokar, Beauvais, France).
Two subcultures were performed under
similar conditions and then the cells were
placed in microcosm water.

2.2. Starvation experiments

The microcosm water system described
by Rollins and Colwell [28] was used to
starve L. monocytogenes cells by the fol-
lowing three procedures. Most of the exper-
iments were temperature controlled (4 °C
and 20 °C) except for experiments per-
formed in natural sunlight (see proce-
dure 3).

Procedure 1. Effect of inoculum size on
culturability. After culture, the cells were
collected, washed and suspended in bottles
containing 500 mL of filtered (Nalgene
0.2 um, Bioblock, Strasbourg, France),
sterilized distilled water, adjusted to pH 6.0
+ 0.1 (NaOH 0.1 M), to obtain a final con-
centration of about 108 bacteria-mL~! (se-
ries 1) and about 106 bacteria-mL! (series 2).
The bottles were then left in the dark for
100 days at 4 °C or 20 °C with or without
NaCl (0% or 7%) according to experimen-
tal conditions with gentle shaking at
100 r.p.m. These experiments were per-
formed in triplicate.

Procedure 2. Effect of temperature, pH
and NaCl concentration on culturability. In
order to study the effects of temperature
(4 °C or 20 °C), pH (5.0 or 6.0) and NaCl
concentration (0% or 7%), a different mi-
crocosm was constituted according to a
complete experimental plan (3 factors and
2 levels) (series 3). Microcosms were con-
stituted for each condition. After culture,
the cells were collected, washed and sus-
pended in bottles containing 500 mL of filtered
(Nalgene 0.2 um, Bioblock, Strasbourg,
France), sterilized distilled water and ad-
justed to different pH (5.0 or 6.0) and NaCl
concentrations (0% or 7%) to obtain a final
concentration of about 10° bacteria-mL".
The bottles were then left in the dark for
100 days at a corresponding temperature
(4 °C or 20 °C) according to experimental
conditions with gentle shaking at 100 r.p.m.
This experiment was performed in triplicate.
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Procedure 3. Effect of natural light on
culturability. A fourth trial was performed
(series 4) in order to study the effects of nat-
ural light on the production of VBNC L.
monocytogenes cells. After culture, the
cells were collected, washed and suspended
in bottles containing 500 mL of filtered
(Nalgene 0.2 um, Bioblock, Strasbourg,
France), sterilized distilled water, adjusted
to pH 5.0 = 0.1 (HCI 0.1 M) and different
NaCl concentrations (0% or 7%) to obtain a
final concentration of about 10° bacte-
riamL-!. The bottles were then left ex-
posed to natural light with gentle shaking at
100 r.p.m. for 80 days. This experiment was
performed in triplicate.

2.3. Cell counts

In each inoculated microcosm, the num-
ber of culturable cells, the number of viable
bacteria and the number of total bacteria
were determined on the first, second, and
third days after inoculation and once a week
for 80 days (procedure 3) and 100 days
(procedures 1 and 2).

2.4. Enumeration of culturable cells

Culturability was assayed by spread
plate counts. Serially diluted samples
(0.1 mL peptone water) were spread in trip-
licate on Plate Count Agar. After 48 hours
of incubation at 37 °C, colony-forming
units (cfu) at appropriate dilutions were
counted and referred to the original sample.
When culturable cells were less than
300 per mL, 0.1 mL samples of microcosm
water were spread on 10 Petri dishes con-
taining Plate Count Agar.

2.5. Enumeration of viable cells

In order to detect and enumerate VBNC
cells among the bacterial populations, it
was necessary to use techniques allowing
the detection of metabolic activity in
nonculturable cells. Two techniques were

used: CTC-DAPI double staining and the
Direct Viable Count [4].

2.5.1. CTC-DAPI double staining

Electronic transport chains such as the
respiratory chain can be used to detect cel-
lular activity. One compound can be used,
i.e. 5-cyano-2,3-ditolyltetrazolium chlo-
ride (CTC). Counterstaining with DAPI
makes it possible to count active bacteria
which are able to reduce CTC (red fluores-
cent precipitate) and non-viable bacteria
stained in blue by DAPI. This staining
method has recently been used in many
bacteria viability studies [6, 27, 34]. A
modified technique of Rodriguez et al. [27]
was used to detect cellular activity in
L. monocytogenes cells.

One milliliter of microcosm water was
centrifuged for 15 minutes at 10 000 g. Af-
ter centrifugation, pellets were collected in
0.5 mL distilled filtered water (pH 6.0)
with 100 uL at 0.05 grmL-! solution of
pyruvic acid (Sigma, La Verpillere,
France), 0.5 mL of brain-heart infusion
(Biokar, Beauvais, France), and 100 uL of
CTC (5-cyano-2;3-ditolyl tetrazolium chlo-
ride; Polysciences Inc., Warrington, Penn-
sylvania, USA) at 15 mg-mL".

After 3 hours of incubation at 37 °C, the
mixture was filtered through a 0.2 um pore
size polycarbonate black membrane filter
(Bioblock, Strasbourg, France) and stained
for 5 min with a DAPI solution (Interchim,
Montlugon, France) at 5 ug-mL-!. Micros-
copy observation was performed as above.
Four filters were counted for each sample.
Respiring cell counts, showing CTC
formazan crystals (red precipitate fluores-
cent) and total cell counts stained by DAPI,
(i.e. viable and non-viable) were deter-
mined. The results were expressed as the
number of corresponding bacteria per mL
of the original sample. The experiments
were performed in triplicate.
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2.5.2. Direct Viable Count

A modified technique of Kogure et al.
[18] wasused [4] in order to enumerate via-
ble cells of L. monocytogenes. The antibi-
otic used was ciprofloxacin (Bayer,
Puteaux, France) instead of nalidixic acid
in order to inhibit cell division in this
gram-positive bacterium. Briefly, one mil-
liliter of microcosm water was added to
9 mL of brain-heart infusion (Biokar,
Beauvais, France), 100 UL yeast extract at
25 mg-L-! (Difco, Detroit, Michigan, USA)
and 5 pL ciprofloxacin solution at
2 mg'mL-!. After 7 hours of incubation at
37 °C, the mixture was filtered through a
0.2 um pore size polycarbonate filter
and stained for 5 min with a DAPI solu-
tion (Interchim, Montlugon, France) at
5 ug'mL-1

Finally, the filter was air-dried and
mounted in non-fluorescent immersion oil
(Nikon, Paris, France), and a coverslip was
added before observation with an epifluo-
rescence microscope (Olympus BX40,
Rungis, France), equipped with a BW2-
RFL-T3 100-W light source. Counting was
performed randomly on the basis of 10 mi-
croscope fields per filter.

Four filters were counted for each sam-
ple. Only cells elongated at least twice, with
respect to cell length in fresh culture, were
counted as viable. The experiments were
conducted in triplicate.

2.6. Total culturable count

For the DVC technique, total enumera-
tion was performed after staining with
DAPI. Bacterial suspensions were filtered
on a black polycarbonate membrane
(0.2 um) and the filter was covered with
DAPI for 5 min. Finally, the filter was
air-dried and mounted in non-fluorescent
immersion oil (Nikon, Paris, France), and a
coverslip was added before observation
with an epifluorescence microscope.

For CTC-DAPI double staining, total
culturable count was obtained after enu-
meration of all the bacteria stained by
DAPI on blue on the same preparation used
for the viable cell count.

2.7. Resuscitation of VBNC cells
in Listeria monocytogenes

When no colony was observed in 1 mL,
but cellular activity was detected, 10 mL of
microcosm were centrifuged for 15 min at
10 000 g. After centrifugation, the pellets
were collected in 10 mL brain heart infu-
sion (Biokar, Beauvais, France). This solu-
tion was then placed at 37 °C. After 24, 48,
and 72 hours, 0.1 mL were spread on plate
count agar. Petri-dishes were placed for
48-72 hours at 37 °C. If no colony ap-
peared in these Petri Dishes, bacterial cells
present in microcosm water were consid-
ered to be in Viable But Non Culturable
state according to our definition: “VBNC
bacteria represent the part of the bacteria
population, which is not able to grow in
usual culture media and which cannot be re-
suscitated by traditional resuscitation tech-
niques but which retain metabolic activity
detected by various methods in the condi-
tions tested”.

2.8. Statistical analysis

Each point on the curves for cultu-
rability and enumeration of viable cells pre-
sented in this study represents an average of
3 Petri dishes and 3 x 10 microscopy ob-
servations. Differences between averages
were calculated by analysis of variance.
The coefficients of variation between repli-
cate experiments were less than 10%. Prob-
abilities less than or equal to 0.1 were
considered significant. Bars marked on
curves represent the maximal population
variance observed on all performed trials.
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3. RESULTS

Since the results obtained for each re-
peated procedure were quite similar, only
one result for each procedure will be pre-
sented.

Procedure 1. Effect of inoculum size on
culturability.

Series 1 (10° bacteriasmL™"). After
12 months of incubation of 10% bacte-
ria-mL~!, the population of culturable cells
was maintained at a bacterial concentration
greater than 10* UFC-mL-!. Significant
variations were observed between 4 strains
of L. monocytogenes for all conditions
used.

Series 2 (10° bacteria-mL~). Whole
strains showed a loss of culturable state be-
tween 28 and 100 days. In fact, the number
of culturable cells dropped below the level
of detection (< 0.1 CFU-mL™!). However,
only the Scott A strain incubated at 4 °C,
CNL 895807 incubated at 20 °C, and CNL

V. Besnard et al.

895807 incubated at 20 °C in the presence
of NaCl lost the culturable state and re-
tained metabolic activity (10*-10° viable
bacteria-mL!) during the experiment. For
CNL 895807 strains, the VBNC state was
reached after 4 weeks of starvation in mi-
crocosm water incubated at 20 °C without
NaCl (Fig. 1) and after 6 weeks of starva-
tion in microcosm water incubated at 20 °C
with NaCl (7%) (Fig. 2). For the Scott A
strain, the VBNC state was reached after
6 weeks of starvation (Fig. 3).

Procedure 2. Effect of temperature, pH
and NaCl concentration on culturability.
For each effect h, the standard deviation
calculated on whole measurements was
1.27. The results obtained are presented in a
matrix of effect (Tab. I). This matrix made it
possible to determine the effects of differ-
ent factors and the interactions between dif-
ferent factors with oo = 10% (Tab. II).

The LO 28 strain. The NaCl concentra-
tion and the pH-[NaCl] interaction had a
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Figure 1. Evolution of the bacterial concentration according to the CNL 895807 strain in microcosm
water incubated at 20 °C without NaCl (0%). The culturable cells were enumerated by spread plate
count agar. Direct Viable Counts were carried out on brain-heart infusion medium containing yeast
extract and ciprofloxacin. Respiring cells were enumerated after the addition of 5 mmol-L™! CTC
(5-cyano-2,3-ditolyl tetrazolium chloride); Numeration of viable cells by CTC ==, numeration of
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Figure 2. Evolution of the bacterial concentration according to the CNL 895807 strain in microcosm
water incubated at 20 °C with NaCl (7%). The culturable cells were enumerated by spread plate count
agar. Direct Viable Counts were carried out on brain-heart infusion medium containing yeast extract
and ciprofloxacin. Respiring cells were enumerated after the addition of 5 mmol-L! CTC
(5-cyano-2,3-ditolyl tetrazolium chloride); Numeration of viable cells by CTC —e—, numeration of
viable cells by DVC , culturable count —g— .
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Figure 3. Evolution of the bacterial concentration according to the Scott A strain in microcosm water
incubated at 4 °C without NaCl (0%). The culturable cells were enumerated by spread plate count
agar. Direct Viable Counts were carried out on brain-heart infusion medium containing yeast extract
and ciprofloxacin. Respiring cells were enumerated after the addition of 5 mmol-L™' CTC
(5-cyano-2,3-ditolyl tetrazolium chloride); Numeration of viable cells by CTC —e— , numeration
of viable cells by DVC —g , culturable count g .
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Table I. The matrix of effects concerning the variations of conditions of pH, [NaCl] and incubation
temperature in different types of microcosms inoculated with the LO 28, ATCC 19115, Scott A, and
CNL 895807 strains.

Trials pH [NaCl] Temp. Interac. Interac. Interac. Interac. Time! (days)
@ 2) 3) 12 @@3) @3 @23 LO28 qgﬁg Scott A 85;%7
1 +1 +1 +1 +1 +1 +1 +1 38* 52% 77 43
2 +1 +1 -1 +1 -1 -1 -1 82% 94* 75 47
3 +1 -1 +1 -1 +1 -1 -1 52% 27* 74 31
4 +1 -1 -1 -1 -1 +1 +1 59% 32% 46 48
5 -1 +1 +1 -1 -1 +1 +1 72 56 89 14.5
6 -1 +1 -1 -1 +1 -1 -1 61% 67* 79 47
7 -1 -1 +1 +1 -1 -1 -1 27 24 72 255
8 -1 -1 -1 +1 +1 +1 +1 29% 36* 47 38

! Time necessary (days) to the loss of culturable state (< 1 cfu-mL~") with observation of viability with two tech-
niques (10°-10° viable bacteria-mL™") and no revivification was observed by traditional resuscitation tech-
niques.

pH(1): —=1=pHS5;+1=pH6. [NaCl] (2) : —1 = 0% NaCl; +1 = 7% NaCl. Temperature (3) : =1 =4 °C ; +1 =20 °C.
*A loss of viability by two techniques was observed in these conditions after 100 days of incubation of the
microcosm.

Table II. The effects of factors and interactions between factors concerning the variation of condi-
tions of pH, [NaCl] and incubation temperature of different types of microcosm inoculated with the
LO28,ATCC 19115, Scott A, CNL 895807 strains. The significant effects are signalized in bold. The

P .1e associated with average effects is given in parentheses.
LO 28 ATCC 19115 Scott A CNL 895807
Average effect of [NaCl] 10.75 (0.0001) 18.75 (0.0001) 10.125 (0.0001) 1.125 (0.0077)

5.25 (0.0001)
~5.25(0.0001)

2.75(0.0001) —1.875 (0.0002) 5.5 (0.0001)
-8.75 (0.0001) 8.125 (0.0001) -8.25 (0.0001)

Average effect of pH

Average effect of temperature

Interaction Temp-[NaCl] ~3(0.0001)  —4.5 (0.0001) —5.125 (0.0001) —0.875 (0.0252)
Interaction pH-[NaCl] ~8.5(0.0001) 3(0.0001) —2.125 (0.0001) 1.625 (0.0009)
Interaction pH-Temp ~7.5(0.0001) -3 (0.0001) —0.625 (0.0252) 3(0.0001)

Interaction pH-Temp-[NaCl] ~ —6.25 (0.0001) —4.75 (0.0001) —1.375 (0.0015) 4.125 (0.0001)

significant influence with oo = 10%. NaCl
concentration had a positive effect on the
loss of the culturable state. Thus, a low con-
centration decreased the time necessary to
lose the culturable state in the LO 28 strain.
Weak pH decreased the time of entry in the
VBNC state at a weak NaCl concentration,
whereas pH did not influence the time of

entry into the VBNC state at a heavy NaCl
concentration.

However, a viability count after 100 days
of incubation showed the loss of viability in
particular conditions (see* in Tab. I). Thus,
the VBNC state existed but was transient in
these conditions.
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The ATCC 19115 strain. Temperature
and NaCl concentration had a significant
influence with o0 = 10%. The temperature
had a negative effect. Thus, a higher tem-
perature decreased the time necessary to
enter the VBNC state.

The NaCl concentration had a greater
positive effect. Thus, a weak NaCl concen-
tration was necessary to reduce the time to
lose a culturable state.

As observed previously, the VBNC state
was fleeting in certain conditions (see* in
Tab. I), because a loss of viability was ob-
served after 100 days of incubation.

The Scott A strain. Temperature and
NaCl concentration had a significant influ-
ence with oo=10%. NaCl concentration and
temperature had a positive effect. A tem-
perature of 4 °C and a weak NaCl concen-
tration were therefore necessary to obtain
the VBNC forms in the Scott A strain.

A viability of 10*-10° viable bacte-
riamL~! was detected after 100 days of in-
cubation in all conditions tested.

The CNL 895807 strain. Only tempera-
ture had a significant influence with o =
10%. Temperature had a negative effect. In-
creased temperature therefore decreased
the time necessary to lose the colony forming
ability. As for the Scott A strain, 10*-10° viable

bacteria-mL! were detected after 100 days of
incubation in all conditions tested.

Procedure 3. Effect of natural light on
culturability. After only 9 to 28 days expo-
sure to solar radiation, all strains lost their
culturable state in all conditions tested
whereas metabolic activity was detected by
the DVC and CTC-DAPI double staining
techniques (10* viable bacteria-mL1)
(Tab. 11I). For the CNL 895807 strain, 7%
NaCl concentration caused rapid loss of the
culturable character (14 days against
28 days with an NaCl concentration of
0%). Time of entry into the VBNC state
was not significantly different without nat-
ural sunlight (Tab. I). For the Scott A strain,
7% NaCl resulted in the loss of the
culturable state after 9 days of inoculation
against 14 days for trials with 0% NaCl.
The same behavior occurred for the LO 28
strain (9 days with 7% NaCl against 21 days
without NaCl (0%). However for the ATCC
19115 strain, a loss of the culturable state
was obtained more quickly without NaCl
(9 days) than with 7% NaCl (14 days).
Thus, except for the CNL 895807 strain,
natural light rapidly decreased the time
necessary to achieve the VBNC state in
L. monocytogenes, with viability main-
tained after 80 days of incubation.

Table III. The results obtained for the microcosm incubated under natural sunlight on series 3.

Microcosm Nature of strain NaCl Concentration (%) t (days)
1 CNL 895807 0 28 +2
2 CNL 895807 7 14+4
3 Scott A 0 14+4
4 Scott A 7 9+3
5 LO 28 0 21+4
6 LO 28 7 9+3
7 ATCC 19115 0 9+3
8 ATCCI19115 7 14+4

t = time necessary for the loss of the culturable state (< 1 cfu-mL™").
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4. DISCUSSION

Culture of bacteria on standard artificial
media under laboratory conditions is fun-
damentally different from the conditions
met in a natural environment. In contrast to
laboratory 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 bacte-
ria have developed strategies for metamor-
phosis into more or less sophisticated
survival forms, where spores may represent
an extreme in terms of survival in adverse
conditions. Similarly, the formation of
VBNC cells by non-differentiating bacteria
as a response to adverse conditions has
been proposed as a survival strategy [12].
The semantics of critical terms such as via-
bility, vitality, active, alive, nonviable and
dead have had to be reviewed yet again, and
established methodologies called into
question. In spite of substantial activity,
there is little evidence to support the view
that a single physiologically-defined
“VBNC?” state exists.

In the present study we confirmed that, as
previously described [3], L. monocytogenes
can enter a state of VBNC after starvation in
microcosm water for an extended period.
Other bacteria have also been shown to
have this capacity after encountering envi-
ronmental stress such as V. vulnificus [24].
Confirmation of the VBNC condition re-
quires the use of viability assays. To study
the VBNC state in L. monocytogenes, dou-
ble staining CTC-DAPI and DVC seem to
be two techniques of choice in the search
for viable bacteria among populations of
culturable and non-culturable cells with
classical methods of culture [3]. The behav-
ior of our 4 strains studied within micro-
cosm water was quite different according to
experimentation and the studied factors.
The results obtained in this experimental
plan showed that pH is a neglected factor,
whereas temperature and NaCl concentra-
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tion seem to be important factors inducing
the loss of capacity to form colonies. For
the Scott A strain, a low temperature was
necessary to obtain VBNC cells. For all
other tested strains, a temperature of 20 °C
was necessary to rapidly obtain the VBNC
state in L. monocytogenes. However, for the
Scott A, CNL 895807 and LO 28 strains
and the ATCC 19115 strain in certain con-
ditions (pH = 5, [NaCl] = 7%, temperature
=20 °C; pH =5, [NaCl] = 0%, temperature
=20 °C), the VBNC state was maintained
for 100 days after incubation in microcosm
water. For other conditions (*), the VBNC
state existed but was not maintained after
100 days of incubation. There was there-
fore a strain effect. A strain effect has been
described in other VBNC studies with C.
Jejuni [6, 21]. According to Medema et al.
[21], the influence of extrinsic factors must
be investigated.

Conditions shown to induce the VBNC
state include such diverse factors as starva-
tion, salinity, visible light and temperature
[24]. In our experiment, inoculum size
seemed to be an important factor. In proce-
dure 1, with an inoculum of 10% to
10° UFC-mL!, the culturable bacterial
concentration in microcosm water was
maintained for 12 months after the begin-
ning of experimentation whereas with an
inoculum of 10® UFC-mL-!' all strains
showed the disappearance of a culturable
character from 28 to 80 days. The ability of
cells to cope with starvation or stress, to
maintain essential processes and to repair
damage will obviously depend on condi-
tions prior to and during recovery. Thus,
when no nutritive substance is added to the
medium, the observed recuperation could
be due to cryptic growth resulting from the
multiplication of a few cells which utilise
the nutrients released by dead cells [31].

Moreover, the results presented clearly
show the deleterious effect of solar radia-
tion upon L. monocytogenes released into
the microcosm water. Thus, a loss of
culturable character (<1 UFC-mL™!) was
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obtained after only 2 weeks of starvation
whereas metabolic activity (10%-10° bacte-
riamL~") was always detected after
80 days of starvation. The most harmful ef-
fect was found when bacteria behavior was
analyzed according to the culturability pat-
tern. The effect of sunlight on culturability
has been reported by numerous authors in
both fresh water and seawater [16]. Barcina
etal. [1] concluded that one of the effects of
visible radiation on Escherichia coli cells in
fresh water is the progressive loss of their
capacity to multiply in standard bacterio-
logical media. It is well known that micro-
organisms can enter a VBNC state, and
therefore the loss of culturability of an or-
ganism should not be equated with its death
[2, 24, 29]. The results reported here are
compatible with the findings of other re-
searchers. Davies and Evison [11], working
with E. coli and Salmonella spp. exposed to
natural sunlight, found that direct counts by
the acridine Direct Viable Count method
decreased much more slowly than the
culturable counts in seawater. Likewise,
Pommepuy et al. [26], demonstrated that an
enterotoxigenic E. coli strain entered a
VBNC state, although the cells retained the
ability to produce enterotoxin after expo-
sure to natural sunlight in an estuary. How-
ever, our results differ from those of Caro
et al. [8]. In fact, the exposure of Salmo-
nella cells to UV-C and seawater led to a
progressive change in cell physiology. This
change was characterized by a rapid loss of
culturability and metabolic activity, fol-
lowed by a reduction in respiratory activity
and structural integrity and finally by a
slight degree of damage to genome integ-
rity [8]. Finally, the VBNC state is impor-
tant if VBNC cells are capable of
recovering a culturable state. One disad-
vantage of using culture medium for resus-
citation is that resuscitation of viable cells
can result in the growth of viable cells
which escape detection.

Animal systems provide a complex and
dynamic nutritional environment, the es-
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sential features of which may be difficult to
determine or to replicate in vitro. When ap-
parent recovery occurs, it is often assumed
that this is due to the resuscitation of previ-
ously “nonculturable” cells in animals.

In this context, the recovery medium
through which cells apparently return to
culturability becomes critical. Perhaps man
is a particularly good recovery medium
[10], better in practice than any available
set of laboratory media. Further studies are
therefore needed to research resuscitation
of VBNC L. monocytogenes cells after ani-
mal passage.
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