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ABSTRACT

Objectives: Salmonella is one of the main dangerous opportunistic microorganisms, and it can persist in viable but noncultur-
able (VBNC) state in different foodstuffs, water, human or animal organisms etc. Thus it is important to know more about this
form of bacterial existence.

Methodology: In this study Salmonella Typhimurium 79 strain was used, in which RP4 plasmid was introduced. Prior to enter-
ing nonculturability inducing conditions cells of the strain were preincubated in one of the substrates that are typical sources
of Salmonella contamination. Several additives and conditions were evaluated in order to revert nonculturable Salmonella into
vegetative state.

Results: Influence of preincubation in different substrates on speed and totality of entry into nonculturable state was determined.
It was shown that preincubation in soil had the greatest impact on the Salmonella population. Control population, preincubated in
nutrient broth, was the slowest to enter nonculturable state. Tested reversion factors had effects at different concentrations. The
most efficient, though the slowest, way to revert Salmonella was to incubate VBNC cells in 0.9% NaCl.

Conclusion: Obtained data reveal some reasons for strain differences in speed of formation of VBNC cells. Reversion was
achieved using several supplements and conditions.
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INTRODUCTION reactive oxygen concentration, exposure to white or UV light

(Oliver, 2005; Shenghua Zhang, 2015). Every factor shifts

The viable but nonculturable (VBNC) state is defined as a state  p,cteria into VBNC state with different speed, intensity, and
in which microorganisms are metabolically active but lack  1,,nches various genetic mechanisms. (Bukharin O.V. et al,

the ability to reproduce on routine culture media after stress. 2005) It is important to learn how bacteria enter VBNC state
(Oliver, 2005) If bacteria in VBNC state can revert to physi- i, different nature objects.

ologic activity, they will be considered alive and will have o

metabolic activity. (Oliver, 2000; Pakhomov Yu, et al., 2016) Bacteria in VBNC state don’t reproduce on standard culture
Many bacteria, including human pathogens, can enter into the ~Media (Ollyer, 2019)' Itis th? main problem in resegrck.l -
VBNC state in presence of unfavorable environmental condi- ~contamination of different objects, e.g. foodstuffs, drinking
tions. (Roszak D. B. et al, 1984; Oliver J.D. 2010) Transition ~Water, human clinical specimens, etc. with nonculturable
of pathogenic microorganisms into a resting state is one of the ~ Dacteria.

basic mechanisms permitting the preservation of an infectious

causative a'gen't i.n the environment during .interepidemic sea- METHODOLOGY

sons or maintaining endemic area. (Bukharin O.V. et al, 2005)

Cells enter VBNC state as a response to some form of natural ~ Strains and culture conditions

stress, such as starvation, incubation outside the temperature  For experiments Salmonella enterica serotype Typhimu-
range of growth, elevated osmotic concentrations (seawater),  rium 79 was used with a plasmid RP4 that has resistance
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genes for ampicillin, tetracycline and kanamycin. Microbe
was precultured in 100 ml of nutrient broth with 100 pg/
ml of ampicillin and 50 pg/ml of kanamycin for 24 hours
twice and then a population was produced on the same me-
dium for 20 hours. Samples of possible Salmonella sources
were inoculated with this population in an amount of 1%
of the medium. These samples were: wet soil (substrain S),
tap water (W), fresh vegetable salad (cucumbers, tomatoes,
black olives, bell pepper and sunflower oil; substrain V) and
minced chicken (P). They were not sterilized in any way to
keep them natural as much as possible. Fresh nutrient broth
without antibiotics (C) was chosen as the control substrate.
All the samples were incubated for 7 days. Incubation condi-
tions were mimicked those of natural sources of Salmonella.
Water and soil samples were stored at room temperature,
foods — at 0°C in the refrigerator and control media — in ther-
mostat at 37 °C. After incubation bacteria were isolated from
samples on nutrient agar with the same amounts of antibiot-
ics. Salmonella were transferred into 200 ml of commercial
artificial sea water (ASW). This medium was purchased in a
local aquarium store, prepared according to manufacturer’s
instructions and sterilized for 15 minutes at 121°C. ASW’s
flasks with Salmonella were incubated in stationary condi-
tions at room temperature in the darkness. Samples were
taken periodically and plated on nutrient agar without antibi-
otics and on nutrient agar diluted fivefold.

Reversion of nonculturable cells

For reversion Salmonella in VBNC state for 8 month (C)
was used. Stimulating supplements were inulin (powder,
“Ryazanskie Prostory”, Russia), Helianthus tuberosus pow-
der with 70% inulin content (powder, “Eco-Pro”, Russia),
vitamin C (ascorbic acid) (injection 50mg/ml, “Escom”,
Russia), vitamin PP (nicotinic acid) (injection 10mg/ml,
“RENEWAL”, Russia) and blood-substitute Aminopeptid
(liquid, “Samson-Med”, Russia). Every supplement was
added to nutrient broth at different concentrations: for inulin
or Helianthus tuberosus powder it was 0.1%, 1% or 10%;
for vitamin C or vitamin PP it was 0.01%, 0.05% or 0.1%;
for blood-substitute it was 5%, 10% or 20%. Control was
inoculated in nutrient broth without any supplements. The
samples with and without supplement were inoculated with
1% Salmonella culture from one. Then they were incubated
for 48 hours in thermostat at 37 °C. Every 24 hours, tests
were taken and bacterial VBNC state was analyzed. Also in
order to revert cells of all substrains suspensions were serial-
ly diluted in 0.9% NaCl up to 108, Diluted populations were
incubated for 96 hours. Samples were taken periodically for
CFU/ml assessment.

Viability and culture ability assays
For every sample (the first or the second part) viability and
culturability were monitored. Total cell counts (TCC) were

performed in Goryaev-Thoma counting chamber. Portions of
viable cells were assessed under a luminescence microscope
(OPTON, 8x40-time magnification) after staining with Live\
Dead® double staining kit (Baclight™). Bacteria were plat-
ed on nutrient agar, plates were incubated in thermostat at
37 °C for 24 hours and CFU/ml values were defined. The
number of VBNC cells was calculated as difference between
amounts of viable cells and CFU/ml.

STATISTICAL METHODS

The data was analyzed by parametric statistical methods.

RESULTS

Initial cell concentrations for all populations were about
4x107 cells/ml. During first week CFU/ml value lowered
by one order of magnitude for all samples except C. At this
point the lowest index was observed for the sample W (Ta-
ble 1). After 3 weeks of incubation the lowest CFU/ml value
was noted for the sample P — 3 orders of magnitude lower
than initial value. In other populations it dropped by 2 orders
of magnitude. Sample showed C the highest CFU/ml value
for the first 3 months of incubation After 9 weeks popula-
tion S exhibited only singular colonies which means that it
is almost totally nonculturable. After 3 months this substrain
started exiting nonculturable state.

Viability was tested using a luminescence microscope. It was
shown that cells retained their viability for at least 8 months.
Total cell counts remained relatively constant throughout the
entire observation period (Table 2). However it was noted
that in all populations cells became smaller and fluorescence
grew dimmer. (Fig. 1)

Since it was shown that some microorganisms are able to
resuscitate from nonculturable state when stressful factor is
withdrawn (Su C-P. et al. 2013) we tried to use normal sa-
line (isotonic protein-free poor medium) to resuscitate our
bacteria.

The following dynamics were noted for resuscitation of Sal-
monella in our experiment: after 6 hours there was no notice-
able difference when compared to cells in artificial seawater.
After 24 hours for samples C and S 2 orders of magnitude
increase in culturability was noted (from 3.62+0.32x10° to
5.13£0.49x107 and from 3.724+0.34x10° to 3.12+0.29x10°
respectively. For samples V and P difference was 1 order
of magnitude from 1.6+0.15x10° to 1.7+0.15x10” and from
1.3+0.12x10° to 5.94+0.52x10° respectively. There was no
noticeable increase for the sample W at this point (Table 3).
After 48 hours CFU/ml value increased by 2 more orders
of magnitude for C and V and by 3 more orders of magni-
tude for S, P and W. After 96 hours resuscitation process was
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completed. Increased CFU/ml values after resuscitation may
be explained by some amount of cellular growth and division
of resuscitated cells even in poor environment of normal sa-
line. After incubation for 96 hours in normal saline cells re-
gained bright fluorescence that was noted in the beginning of
the experiment which means that their metabolism probably
returned to normal state and DNA decondenced. It was also
noted that cells of S variant did not divide as actively as the
rest of studied variants. It should be noted that we incubated
Salmonella as serial decimal dilutions up to 10® and noted
active growth after 24 — 96 hours in samples from tubes that
showed singular or no colonies when plated immediately af-
ter dilution. Therefore such increase in numbers of CFU/ml
cannot be attributed to division of remaining culturable cells.

For reversion Salmonella of population C was used which
had been in VBNC state for 8 months. The amount of live
bacteria was initially 99%, the amount of bacteria in VBNC
state was 97+2%.

The content of inulin at 1% in nutrient broth Sa/monella re-
version appeared on the first day —37% (CFU/ml - (1,7£0,21)
x108, TCC/ml - (2,68+0,19)x10%) cells in VBNC state, con-
trol —90% (CFU/ml — (1,5+0,16)x107, TCC/ml — (1,48+0,11)
x10%). (Fig. 2, a) At 48 hours the number of bacteria in VBNC
state was decreased to 13% (CFU/ml — (1,7+0,26)x10°, TCC
—(1,96+0,13)x10°), control — 80% (CFU/ml — (1,6+0,68)
x108, TCC/ml — (8,6+0,57)x10%). At other concentrations
significant differences were not observed. The content of 1%
Helianthus tuberosus powder in nutrient broth Salmonella
reversion was registered only on the second day (48 hours)
—7% (CFU/ml — (4,1+0,87)x10°, TCC/ml — (4,4+0,31)x10°)
cells in VBNC state, control — 81% (CFU/ml — (3,4+0,43)
x10%, TCC/ml — (1,8+0,13)x10° ). (Fig. 2, b) At other con-
centrations significant differences were not observed. The
content of 0.01% vitamin PP in nutrient broth Salmonella
reversion was happened on the second day (48 hours) — 13%
(CFU/ml - (1,01£0,15)x10°, TCC/ml — (1,16+0,1)x10°) cells
in VBNC state, control — 82% (CFU/ml — (2,0140,29)x108,
TCC/ml — (1,1+0,1)x10°). (Fig. 2, ¢) At other concentrations
significant differences were not observed. At all concentra-
tions vitamin C or blood-substitute Aminopeptid positive ef-
fect was not found for Salmonella reversion of the VBNC
state in the vegetative cells. (Fig. 2, d)

DISCUSSION

Obtained data suggest that preincubation of S. enterica Typh-
imurium 79 in different substrates before entry into stressful
environment influences its speed of entry into nonculturable
state. Preincubation in soil had the biggest influence on the
microorganism. However, with time bacteria adapted to the
stressful environment of the artificial seawater and numbers
of CFU/ml stabilized. Sample S exhibited the least CFU/ml

value in the second half of the incubation period. At the same
time sample C incubated in rich optimal environment of nu-
trient broth had the highest culturability for the first three
months. These differences caused by environmental condi-
tioning in our opinion shed some light on question why there
is a strain difference in speed and sometimes even possibil-
ity of entry into nonculturable state (Chaveerach P., 2003,
Masuda Y., 2004).

We believe that after three months of incubation in artificial
seawater there was some adaptation to the osmotic stress and
numbers of CFU/ml somewhat stabilized and never dropped
below 4.5x10* except for the sample S. Incubation in stress-
ful conditions without aeration did not result in notable cell
death. This is an expected result since oxidative stress is one
of the major factors that promote entry into nonculturable
state (Kong [.-S. et al., 2004).

Dwarfing of bacterial cells is one of the properties of noncul-
turable cells (Oliver J.D. 2010) and dimming of fluorescence
may be due to slowed metabolism and condensing of cell
DNA which makes it less available for DNA binding dyes.

In our experiments we observed some spontaneous resus-
citation of bacterial cells. This phenomenon is most clearly
visible for the sample S. This is probably due to presence of
some stimulating agents from a minute portion of lyzed cells
or cell adaptation to stressful environment.

After removing osmotic stress, we observed complete resus-
citation in all sample populations. Increased CFU/ml values
after resuscitation (compared to total viable counts in flasks
with artificial seawater) may be explained by some amount
of cellular growth and division of resuscitated cells even in
poor environment of normal saline. After incubation for 96
hours in normal saline cells regained fluorescence as bright
as that was noted in the beginning of the experiment which
means that their metabolism probably returned to normal
state and DNA decondenced. It was also noted that cells of S
variant did not divide as actively as the rest of studied vari-
ants and the control population was the most active. It should
be mentioned that we incubated Salmonella in normal saline
as serial decimal dilutions of artificial seawater up to 10°®
and noted high CFU counts after 24 — 96 hours in aliquots
from tubes that showed singular or no colonies when plated
immediately after dilution. Therefore, such increase in num-
bers of CFU/ml cannot be attributed to division of remaining
culturable cells.

Helianthus tuberosus powder or inulin at 1%, and 0.01%
nicotinic acid in nutrient broth significantly accelerated
the reversion of Sa/monella from VBNC into active state.
Probably small concentrations are insufficient to produce
a positive effect, but large doses may manifest the inhibi-
tory effect. During incubation with different concentrations
of blood-substitute Aminopeptid or ascorbic acid we did not
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Table 1: Dynamics of CFU/ml values of different variants of Salmonella enterica serotype Typhimurium 79 dur-
ing 8 months of incubation in artificial seawater.

3,93+0,35%107
3,25+0,29%107

3,82+0,3%107

2,82+0,25%107

3,86+0,27%107

2,52+0,18x107

3,7%0,31x107

2,87+0,24X107

3,75%0,31x107

3,29+0,28x107

2 3,06+0,27%107 1,75+0,14x107 8,8+0,8x10° 2,2+0,18x107 2,33+0,19X107

7 1,17+0,1xX107 3,06£0,21x10° 1,98+0,15x10° 2,75%0,23%x10° 4,1£0,34%10°
15 4,21%+0,37x10° 1,54%0,12X10° 1,18+0,09x10° 2,52+0,21x10° 3,64+0,3x10°
20 9,25+0,83x10° 2,4%0,19X10° 5,58+0,44x10% 1,83+0,15x10° 9,26+0,76x10*
41 6,05+0,54x10° 1,2£0,09x10* 1,57+0,12X10° 6,75+0,56x10* 5,39+0,44x10%
69 7,86+0,7x10° o 5,38+0,43%10° 6,97+0,57x10° 3,13+0,26x10*
85 6,08+0,54%103 2,4+0,16X10" 3,8+0,28x%103 5,5+0,47x10* 2,08+0,17x105
19 5,8+0,46x105 3,48+0,26x10* 6,7+0,49x10° 3,45+0,3X10° 1,28+0,1x10°
148 1,15+0,09x10° 8,76+0,52x103 7,72%£0,64x103 8+0,69x10* 8,6+0,72x10*
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173
207

238

1,56+0,12x10°
3,62+0,28%105
1,84+0,14X105

9,8+0,96x10*

9,96+0,79x103
3,72%0,29%103
7,27+0,65x10*

6,96+0,59x103

1,24%0,1X10°
2,64+0,22x10°
3,72+0,31X10*

8,56+0,76x10°

1,5+0,13x10°
1,6£0,13x10°
1,7£0,14X10°

6,75+0,66x10*

1,05+0,87%105
1,3+0,1X10°
3,39%0,29x10*

3,39+0,3x10°

Table 2: Dynamics of total cell counts during 8 months of incubation of different Salmonella enterica Typh-
imurium 79 RP4 populations.

173
207

238

3,99+0,34x107
3,62+0,28x%107
3,22%0,27x107
2,76+0,23X107
2,21+0,18%x107
2,23+0,17x107
3,10+0,26x107
2,87+0,24x107
2,48+0,21x107
2,97+0,25%107
2,41+0,2X107
2,56+0,21x107
2,62+0,23%107
2,33+0,17X107

2,71£0,25%107

3,90+0,33%107
3,32+0,25%107
2,96+0,22x107
2,76+0,59%107
2,54+0,19X107
2,80+0,21x107
2,24+0,17X107
2,53+0,19x107
2,76+0,23x107
3,08+0,24%107
2,76+0,21x107
2,96+0,28x%107
2,72+0,26x107
2,68+0,24x107

2,23+0,2X107

3,93+0,36x107

3,00+0,27x107
2,40%0,22X107
2,72+0,25%X107
3,18+0,29x107
2,58+0,23%107
2,10£0,19X107
3,60+0,33x107
2,88+0,26x107
2,70%+0,25x107
2,72+0,26x107
2,44+0,21X107
2,85+0,27%107
2,71+0,25x%107

2,45+0,22x107

3,95+0,37x107
3,50+0,32x107
3,01+0,26x107
2,40%0,21X107
2,60+0,24%107
2,56+0,23%107
2,44+0,21x107
2,85+0,27x107
1,96+0,18x107
2,74+0,26x107
2,80+0,24x107
2,95+0,28%107
3,01£0,29%107
2,54+0,24x107

2,72+0,24%107

3,85+0,36x107
3,71£0,34%107
2,60+0,25%107
2,56+0,26%107
2,66+0,2x107
2,73%0,21x107
2,20+0,17X107
3,51+0,3x107
3,20£0,27%107
2,83+0,24x107
2,60+0,2Xx107
2,95+0,28x%107
2,30+0,22x107
2,02+0,24x107

2,39+0,22x107

Table 3: Dynamics of CFU/ml value for populations of S. enterica Typhimurium 79 (RP4) during incubation in
normal saline.

3,62+0,32X10°
5,89+0,52%105
5,13+0,49x107
2,98+0,29%107

8,1+0,63x10™

3,72+0,34 X103
4,4%0,41X103

3,12£0,29X10°

1,04+0,09x10%

2,4+0,23%10°

2,64+0,24x10°
5,05+0,47x10°
3,6+0,33x10°

9,96+0,93x108

2,8+0,26x10%°

1,6+0,15x10°
1,97+0,18x10°

1,7£0,15%X107
3,87+0,36x10%

2,5+0,23X10"

1,3+£0,12X10°
4,31£0,41x10°
5,9%0,52x10°
1,23+0,11X10°

2,8+0,24%10%
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Figure 2b: Helianthus tuberosus powder effect on Salmonella
out of the VBNC state.
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Figure 2c: Vitamin PP effect on Salmonella out of the VBNC
state.
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Figure 2d: Vitamin C effect and blood-substitute Aminopeptid
effect on Salmonella out of the VBNC state.

Figure 1: Salmonella enterica serotype Typhimurium 79 cells.
Left column — cells at the first day of incubation, Right column
— cells after 8 months.
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Figure 2a: Inulin effect on Salmonella out of the VBNC state.
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