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Survival, Elongation, and Elevated Tolerance of Salmonelia
enterica Serovar Enteritidis at Reduced Water Activity

JASPER KIEBOOM,T HARSHI D. KUSUMANINGRUM,: MARCEL H. TEMPELAARS, WILMA C. HAZELEGER,
TJAKKO ABEE, anp RIJKELT R. BEUMER*

Laboratory of Food Microbiology, Department of Agrotechnology and Food Sciences, Wageningen University, P.O. Box 8129,
6700 EV Wageningen, The Netherlands

MS 05-578: Received 15 November 2005/Accepted 27 May 2006

ABSTRACT

Growing microorganisms on dry surfaces, which results in exposure to low water activity (a,,), may change their normal
morphology and physiological activity. In this study, the morphological changes and cell viability of Salmonella enterica
serovar Enteritidis challenged to low a,, were analyzed. The results indicated that exposure to reduced a,, induced filamentation
of the cells. The amount of filamentous cells at a,, 0.94 was up to 90% of the total number of cells. Surviving filamentous
cells maintained their membrane integrity after exposure to low a,, for 21 days. Furthermore, cells prechallenged to low a,,
obtained with an ionic humectant, demonstrated higher resistance to sodium hypochlorite than control cells. These resistant
cells are able to survive disinfection more efficiently and can therefore cause contamination of foods coming in contact with
surfaces. This points to the need for increased attention to cleaning of surfaces in household environments and disinfection

procedures in processing plants.

Salmonella enterica serovar Enteritidis is the most im-
portant cause of Salmonella infections associated with the
consumption of shelled eggs and poultry in Europe (25)
and the United States (27). Cross-contamination directly
from raw poultry to ready-to-eat products or indirectly
through contaminated surfaces or niches in the household
kitchen is the predominant mode of infection (9). In gen-
eral, microorganisms often experience environmental
stresses, such as nutrient starvation, osmotic shock, or tem-
perature variation during transmission. The risks associated
with cross-contamination of Salmonella Enteritidis from
surfaces have been recognized because this microorganism
has the ability to survive on stainless steel surfaces for
hours or days, depending on the initial counts and the pres-
ence of food residues (77, 13). On surfaces, the cells are
exposed directly to the air that may lead to water removal
from the cells and adjustment of cytoplasmic solvent com-
position. Osmotic stress is one consequence of the initial
stage of the air-drying of cells on surfaces (4, 20, 22). Little
is known about the response of Salmonella Enteritidis to
dry or drying surfaces or surfaces with low water activity
(ay,) (e.g., a, < 0.96) and the consequences of cellular ad-

* Author for correspondence. Present address: Laboratory of Food Micro-
biology, Department of Agrotechnology and Food Sciences, Wageningen
University, PO. Box 8129, 6700 EV Wageningen, The Netherlands. Tel:
+31 (317) 48 32 13; Fax: + 31 (317) 48 49 78; E-mail:
rijkelt.beumer @ wur.nl.

¥ Present address: TNO Defence, Security and Safety, Business Unit Bi-
ological and Chemical Protection, PO. Box 43, 2280 AA Rijswijk, The
Netherlands.

* Present address: Laboratory of Food Microbiology, Department of Food
Technology and Human Nutrition, Faculty of Agricultural Engineering
and Technology, Bogor Agricultural University, PO. Box 220, Bogor
16002, Indonesia.

aptation on these surfaces to subsequent stress exposure,
such as disinfection with sodium hypochlorite. Hypochlo-
rite 1s generally used as chemical sanitizer because of its
efficient action against a wide variety of microorganisms.

Mattick et al. (/8) have shown that filamentous cells
were formed by three wild-type strains of Salmonella En-
teritidis in low a,, broth. Lowering of a,, values to 0.95 was
achieved by addition of sucrose, glycerol, and sodium chlo-
ride (NaCl). With the latter compound in the medium, the
elongated cells appeared to be longer and more numerous
(18). Furthermore, in another study, it has been shown that
air-dried Salmonella cells become more tolerant to heat
(12).

In this study, as a model for dry or drying surfaces,
we investigated the morphological changes and cell viabil-
ity of eight wild-type strains of Salmonella Enteritidis of
different phage types after exposure to reduced a,, at dif-
ferent temperatures. Agar surfaces with reduced a,, ob-
tained with NaCl, were used as a model to study the re-
sponse of bacteria to low a,. The cross-protection against
hypochlorite solutions as a result of prechallenge to reduced
a,, was studied in suspension tests.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Six human iso-
lates of Salmonella Enteritidis (1438 [phage type, PT, 13], 1439
[PT 4], 1444 [PT 25], 1391 (PT 21], 1389 [PT 1] and 1514 [PT
28]), a chicken isolate (1138, PT 28), and a chicken meat isolate
(1448, PT 4) were obtained from the National Institute of Public
Health and the Environment, The Netherlands. The stock cultures
were maintained at —80°C in cryovials (Greiner Bio-One GmbH,
Frickenhausen, Germany) containing a stationary-phase culture in
brain heart infusion (BHI; Difco, Becton Dickinson, Sparks, Md.)
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broth with 25% (vol/vol) glycerol (Fluka-Chemica, Buchs, Swit-
zerland) and glass beads (diameter, 2 mm; Emergo, Landsmeer,
The Netherlands). Strains were precultured by transferring one
glass bead to 10 ml of BHI broth, followed by overnight incu-
bation (20 to 22 h) at 37°C.

Survival in environments with reduced a,,. Survival at low
a,, was studied on tryptone soy agar (TSA; Oxoid, Basingstoke,
UK) containing 4, 6, and 8% NaCl (Merck, Darmstadt, Germany)
in petri dishes, resulting in a,, of 0.97. 0.95, and 0.94, respectively.
The a,, was measured with a water activity meter (Novasina, Zu-
rich, Switzerland) that was based on the relative vapor pressure.
A total of 50 pl of the appropriate dilutions of the preculture in
peptone saline solution (PSS; NaCl R.5 g/liter and neutralized bac-
teriological peptone [Oxoid] 1 g/liter) was applied on agar sur-
faces with a spiral inoculation apparatus (Eddy Jet; ITUC, Barce-
lona, Spain), and the plates were sealed with parafilm to avoid
evaporation of water during incubation at 25 and 37°C. The col-
ony counts were determined when the visible colonies were ob-
served: after 2, 4, or 6 days, depending on the a,, of the media
and the incubation temperature. The recovery percentages were
calculated as quotients of the colony counts at reduced a,, and
those on TSA without additional humectants.

On sterilized glass surfaces (2 by 7 cm?), 0.2 ml of overnight
culture of Salmonella Enteritidis diluted in fresh BHI broth to a
concentration of approximately 10° CFU/ml was applied and
spread with a sterile loop, then incubated at 25 and 37°C in petri
dishes. Microscopic examination of the glass surfaces with a Zeiss
standard 20 light microscope was performed 24, 48, and 72 h after
incubation.

Morphology changes. The morphology changes of the cells
(i.e., cell elongation) were observed by viewing the cells from
agar plates prepared on a microscopic slide with a X100 phase
contrast objective of a Zeiss standard 20 light microscope. Images
recorded by a Sony Hyper HAD, CCD-Iris/RGB color video cam-
era. A Protocol computer system (Synoptics Ltd., Cambridge,
UK) was used to generate digital photomicrographs. The percent-
ages of elongated cells, calculated from the total cells, were de-
termined by the direct microscopic count procedure with a Biirker-
Tiirk counting chamber (Schreck, Hofheim, Germany). Results are
displayed as averages from two experiments with five observa-
tions for each experiment. Because under optimal growth condi-
tion Salmonella Enteritidis cells were found to be between 2 to 3
pm in length, cells longer than two times the maximal length (i.e.,
6 pm) were considered to be elongated cells.

Cell viability. The cells grown at a,, 0.95 and a,, 0.94 and
incubated for 6 days at 25°C were transferred with a sterile loop
into an Eppendorf tube (Greiner Bio-One) containing 1 ml of PSS.
The cell suspensions were centrifuged (BHG-Hermle, Gosheim,
Germany) at 4,000 X g at 4°C for 5 min, and the pellets were
resuspended in PSS to a concentration ranging from 1.0 to 1.5 X
10% CFU/ml. The culturability of these cells was determined on
TSA and mannitol lysine crystal violet brilliant green agar
(MLCB; Oxoid), a selective medium for isolation of Salmonella.

The membrane integrity of the cells grown at reduced a,, was
determined with LIVE/DEAD Baclight Bacterial Viability Kits
(Molecular Probes, Inc., Eugene, Oreg.) according to the protocols
provided with the kit. This kit uses mixtures of 3.34 mM SYTO
9 green fluorescent nucleic acid stain and 20 mM of the red fluo-
rescent nucleic acid stain propidium iodide (PI). With a 1:1 mix-
ture of the SYTO 9 and PI stains, bacteria with intact celi mem-
branes stain fluorescent green, whereas bacteria with damaged
membranes stain fluorescent red. The cell suspensions were mi-
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croscopically analyzed with an Axioskop epifluorescence micrg.
scope equipped with a 50 W mercury arc lamp, a fluoresceip
isothiocyanate filter set (excitation wavelength, 450 to 490 nm;
emission wavelength, >515 nm), a X100 1.3-numerical apertyre
Plan-Neofluar objective lens, and a camera (Carl Zeiss, Ober
kochen, Germany). Photomicrographs were made with simulta-
neous light and epifiuorescence microscope, a low light intensity,
a magnification of X1,000, and an exposure time of 15 to 45 g
on Kodak 400 ASA color film. In these photomicrographs, both
the SYTO 9 and Pl-labeled cells could be counted. Depending op
the number of cells, 10 to 20 microscopic fields were counted.

Flow cytometry. The cells grown at reduced a,, labeled with
BaclLight bacterial viability kits, were analyzed with a FACSCal-
ibur flow cytometer (Becton Dickinson Immunocytometry Sys-
tem. San Jose. Calif.) equipped with a 15 mW blue light at 488
nm. air-cooled argon ion laser. The side scatter signal was used
as a trigger signal. The green fluorescence from SYTO 9-stained
cells was detected through a 515- to 545-nm band-pass filter (FL1
channel), and the red fluorescence of the PI signal was collected
in the FL3 channel (>670 nm long-pass filter). FACSFlow solu-
tion (Becton Dickinson) was used as the sheath fluid. The cells
were measured at a low flow rate corresponding to 150 to 500
cells per second, and 10,000 events were collected for further
analysis. A combination of forward scatter (FSC) and side scatter
(SSC) signals was used to discriminate bacteria from the back-
ground and to characterize the morphology of the cells. All signals
were collected by logarithmic amplifications. Data from the flow
cytometer were analyzed by WinMDI (Joseph Totter, Salk Institute
for Biological Studies, La Jolla, Calif.; available at http://
facs.scripps.edu/software html).

Cross-protection to sodium hypochlorite challenges. The
cell suspensions were prepared from the population on TSA with
reduced a,. and incubated at 25°C for 6 days to a concentration
of 1.0 to 1.5 X 108 CFU/ml, as described for examination of the
cell culturability. Sodium hypochlorite (Acros Organics, Morris
Plains, N.J.) solutions were prepared at chlorine concentrations of
4.2 mM (300 ppm) and 5.6 mM (400 ppm). The available chlorine
concentrations were confirmed by titration (/). The preparation of
the solutions and the suspension tests was carried out following
European Norm 1276 (4). Bovine serum albumin (3 g/liter from
Sigma-Aldrich. Steinheim, Germany) was used as an interfering
substance to simulate dirty conditions. The reductions of the log
numbers were determined at 10, 30, and 60 min of exposure to
hypochlorite.

Statistical analyses. Each experiment was carried out at least
twice on different days, and no fewer than two replications were
performed for each experiment. Except flow cytometry data, data
analyses were performed on the statistical software package SPSS
for Windows 95/98/NT/2000, release 10.1 (SPSS Inc., Chicago,
HL.). A P value of <0.05 was considered to be statistically sig-
nificant.

RESULTS

Survival in reduced a,, environments. In BHI broth
(a, 0.999). all strains formed visible colonies 2 days after
incubation at 37°C at a,, 0.97 and 0.95, whereas at 25°C,
the colonies appeared after 4 and 6 days, respectively. Strik-
ingly, at a,, 0.94 no separate colonies were formed, but
thin layer of bacterial growth appeared. The recovery per”
centages, calculated as quotients of the colonies at reduced

a,, and those on TSA without additional humectants, Wer¢ -
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broth with 25% (vol/vol) glycerol (Fluka-Chemica, Buchs, Swit-
zerland) and glass beads (diameter, 2 mm; Emergo, Landsmeer,
The Netherlands). Strains were precultured by transferring one
glass bead to 10 ml of BHI broth, followed by overnight incu-
bation (20 to 22 h) at 37°C.

Survival in environments with reduced a,,. Survival at low
a,, was studied on tryptone soy agar (TSA; Oxoid, Basingstoke,
UK) containing 4, 6, and 8% NaCl (Merck, Darmstadt, Germany)
in petri dishes, resulting in a,, of 0.97. 0.95, and 0.94, respectively.
The a,, was measured with a water activity meter (Novasina, Zu-
rich, Switzerland) that was based on the relative vapor pressure.
A total of 50 wl of the appropriate dilutions of the preculture in
peptone saline solution (PSS; NaCl R.5 g/liter and neutralized bac-
teriological peptone [Oxoid] 1 g/liter) was applied on agar sur-
faces with a spiral inoculation apparatus (Eddy Jet; ITUC, Barce-
lona, Spain), and the plates were sealed with parafilm to avoid
evaporation of water during incubation at 25 and 37°C. The col-
ony counts were determined when the visible colonies were ob-
served: after 2, 4, or 6 days, depending on the a,, of the media
and the incubation temperature. The recovery percentages were
calculated as quotients of the colony counts at reduced a,, and
those on TSA without additional humectants.

On sterilized glass surfaces (2 by 7 cm?), 0.2 ml of overnight
culture of Salmonella Enteritidis diluted in fresh BHI broth to a
concentration of approximately 10> CFU/ml was applied and
spread with a sterile loop, then incubated at 25 and 37°C in petri
dishes. Microscopic examination of the glass surfaces with a Zeiss
standard 20 light microscope was performed 24, 48, and 72 h after
incubation.

Morphology changes. The morphology changes of the cells
(i.e., cell clongation) were observed by viewing the cells from
agar plates prepared on a microscopic slide with a X100 phase
contrast objective of a Zeiss standard 20 light microscope. Images
recorded by a Sony Hyper HAD, CCD-Iris/RGB color video cam-
era. A Protocol computer system (Synoptics Ltd., Cambridge,
UK) was used to generate digital photomicrographs. The percent-
ages of elongated cells, calculated from the total cells, were de-
termined by the direct microscopic count procedure with a Biirker-
Tiirk counting chamber (Schreck, Hofheim, Germany). Results are
displayed as averages from two experiments with five observa-
tions for each experiment. Because under optimal growth condi-
tion Salmonella Enteritidis cells were found to be between 2 to 3
pm in length, cells longer than two times the maximal length (i.e.,
6 pm) were considered to be elongated cells.

Cell viability. The cells grown at a,, 0.95 and a,, 0.94 and
incubated for 6 days at 25°C were transferred with a sterile loop
into an Eppendorf tube (Greiner Bio-One) containing 1 ml of PSS.
The cell suspensions were centrifuged (BHG-Hermle, Gosheim,
Germany) at 4,000 X g at 4°C for 5 min, and the pellets were
resuspended in PSS to a concentration ranging from 1.0 to 1.5 X
108 CFU/ml. The culturability of these cells was determined on
TSA and mannitol lysine crystal violet brilliant green agar
(MLCB; Oxoid). a selective medium for isolation of Salmonella.

The membrane integrity of the cells grown at reduced a,, was
determined with LIVE/DEAD BacLight Bacterial Viability Kits
(Molecular Probes, Inc., Eugene, Oreg.) according to the protocols
provided with the kit. This kit uses mixtures of 3.34 mM SYTO
9 green fluorescent nucleic acid stain and 20 mM of the red fluo-
rescent nucleic acid stain propidium iodide (PI). With a 1:1 mix-
ture of the SYTO 9 and PI stains, bacteria with intact cell mem-
branes stain fluorescent green, whereas bacteria with damaged
membranes stain fluorescent red. The cell suspensions were mi-
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croscopically analyzed with an Axioskop epifluorescence micrg.
scope equipped with a 50 W mercury arc lamp, a fluoresceip
isothiocyanate filter set (excitation wavelength, 450 to 490 nm:
emission wavelength, >515 nm), a X100 1.3-numerical apertyre
Plan-Neofluar objective lens, and a camera (Carl Zeiss, Ober
kochen, Germany). Photomicrographs were made with simulta-
neous light and epifiuorescence microscope, a low light intensity,
a magnification of X1,000, and an exposure time of 15 to 45 g
on Kodak 400 ASA color film. In these photomicrographs, both
the SYTO 9 and Pl-labeled cells could be counted. Depending op
the number of cells, 10 to 20 microscopic fields were counted.

Flow cytometry. The cells grown at reduced a,, labeled with
Baclight bacterial viability kits, were analyzed with a FACSCal-
ibur flow cytometer (Becton Dickinson Immunocytometry Sys-
tem. San Jose. Calif.) equipped with a 15 mW blue light at 488
nm. air-cooled argon ion laser. The side scatter signal was used
as a trigger signal. The green fluorescence from SYTO 9-stained
cells was detected through a 515- to 545-nm band-pass filter (FL]
channel), and the red fluorescence of the PI signal was collected
in the FL3 channel (>670 nm long-pass filter). FACSFlow solu-
tion (Becton Dickinson) was used as the sheath fluid. The cells
were measured at a low flow rate corresponding to 150 to 500
cells per second, and 10,000 events were collected for further
analysis. A combination of forward scatter (FSC) and side scatter
(SSC) signals was used to discriminate bacteria from the back-
ground and to characterize the morphology of the cells. All signals
were collected by logarithmic amplifications. Data from the flow
cytometer were analyzed by WinMDI (Joseph Totter, Salk Institute
for Biological Studies, La Jolla, Calif.; available at http://
facs.scripps.edu/software html).

Cross-protection to sodium hypochlorite challenges. The
cell suspensions were prepared from the population on TSA with
reduced a,. and incubated at 25°C for 6 days to a concentration
of 1.0 to 1.5 X 108 CFU/ml, as described for examination of the
cell culturability. Sodium hypochlorite (Acros Organics, Morris
Plains, N.J.) solutions were prepared at chlorine concentrations of
4.2 mM (300 ppm) and 5.6 mM (400 ppm). The available chlorine
concentrations were confirmed by titration (/). The preparation of
the solutions and the suspension tests was carried out following
European Norm 1276 (4). Bovine serum albumin (3 g/liter from
Sigma-Aldrich. Steinheim, Germany) was used as an interfering
substance to simulate dirty conditions. The reductions of the log
numbers were determined at 10, 30, and 60 min of exposure to
hypochlorite.

Statistical analyses. Each experiment was carried out at least
twice on different days, and no fewer than two replications were
performed for each experiment. Except flow cytometry data, data
analyses were performed on the statistical software package SPSS
for Windows 95/98/NT/2000, release 10.1 (SPSS Inc., Chicago,
). A P value of <0.05 was considered to be statistically sig-
nificant.

RESULTS

Survival in reduced a,, environments. In BHI broth
(a, 0.999). all strains formed visible colonies 2 days after
incubation at 37°C at a,, 0.97 and 0.95, whereas at 25°C,
the colonies appeared after 4 and 6 days, respectively. Strik-
ingly, at a, 0.94 no separate colonies were formed, but 2
thin layer of bacterial growth appeared. The recovery per”
centages, calculated as quotients of the colonies at reduced

a,, and those on TSA without additional humectants, Were .
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TABLE 1. Percentages of elongated cells (>6 um) at reduced
a,, after 6 days at 25°C, determined by direct microscopic coun-

ting®

Percentage of elongated cells at:

Strain a,, 0.95 a,, 0.94
1138 . 29 £ 6 88 £ 4
1389 24 £ 5 94 + 2
1391 40 =5 90 £ 3
1444 386 94. =2
1448 24 £ 5 93 2
1438 34 £ 4 826
1439 20 = 4 873
=3 90 ==

1514 35

o)

a Data are expressed as average = SD percentages.

in a range of 70 to 95% at a,, 0.97, and 30 to 70% at a,,
0.95. The overall recovery at 25 or 37°C was not dependent
on the temperature (P = 0.45) but was only affected by the
a,, (P = 0.01).

Morphology changes. Microscopy revealed that all
tested strains of Salmonella Enteritidis formed elongated
cells (longer than 6 pm) at a, 0.95 and a,, 0.94. At a,,
0.97, no elongated cells were found. Direct microscopic
counting indicated that at a, 0.95, the percentage of the
elongated cells was between 24 and 40%, and at a,, 0.94
between 82 and 90% of the total cell numbers (Table 1).
Particularly at 25°C and a,, 0.94, elongated cells with a size
of 50 pm or more were found (Fig. 1). Microscopical anal-
ysis of cells in liquid low a,, medium, obtained with NaCl
and glucose (data not shown), both showed the formation
of elongated cells. This suggested that reduced a,, resulted
in filamentation and that this was not due to surface effects
or the presence of high NaCl concentrations.

Our study also indicated that when an aliquot of bac-
terial suspension in fresh BHI broth was applied on glass
surfaces, elongated cells were microscopically observed af-
ter slow air-drying for 24 h at 37°C and for 48 h at 25°C.
The elongated cells were found on these glass surfaces in
low percentages (approximately 3% of the cell population),
indicating that filamentation of the cells may occur on Sal-
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monella-contaminated wet surfaces after a slow-drying pro-
cess. _

Analysis of data obtained by flow cytometry indicated
that cells challenged to a,, 0.95 showed slightly higher sig-
nals on FSC and SSC (Fig. 2B) compared with the control
cells grown on TSA (Fig. 2A). A noticeable increase of
FSC and SSC signals was observed in cell populations
grown at a,, 0.94, which resulted in a complete shift of a
population on both detector signals (Fig. 2C). These find-
ings indicated that particularly at a,, 0.94 cells with large
dimensions were observed, which was confirmed by the
microscopy analysis.

Cell viability. The culturability on TSA and MLCB of
cells prechallenged at a,, 0.95 and 0.94 at 25°C for 6 days
are shown in Figure 3. In a control experiment, we dem-
onstrated equal colony counts on MLCB and TSA, indi-
cating that the viability of cells was not affected by the
selective agents present in MLCB.

Epifluorescence microscopy of the stressed cells re-
vealed the existence of four subpopulations composed of
viable short and elongated cells as well as nonviable short
and elongated cells (Fig. 4). The viability was based on
assessment of intact or damaged membrane of individual
cells. Dead cells with damaged membrane accumulated PI
and were stained fluorescent red. At a,, 0.95 at 25°C, about
80 and 70% of the total number of the cells were still viable
after 6 and 21 days, respectively. Among the elongated
cells, the percentage of the viable cells was approximately
75% after 6 days and decreased to 50% after 21 days of
exposure (Fig. 4). At a,, 0.94, about 50% of the cell pop-
ulation lost their viability after 6 days. Exposure at a,, 0.94
resulted in more rapid loss of viability than at higher a,,.
Furthermore, when the elongated cells were recovered in
BHI broth and incubated at 37°C, the majority of the fila-
ments split up, and the separation was complete within ap-
proximately 3 h, as was observed under the microscope
(data not shown).

Ficure 2 shows dot plots of events collected by flow
cytometry of the control cells (D) and cells challenged at
a, 0.94 (E), subsequently stained with the BacLight kit.
FL1 is a measure for green fluorescence of SYTO 9—stained
cells. The control cells demonstrated low signals on SSC

FIGURE 1. Impacr of reduced water activ-
ities on cell morphology of Salmonella En-
teritidis strain 1448. (A) Control cells, (B)
cells at a,, 0.95, and (C) cells at a,, 0.94,
after 6 days ar 25°C.
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FIGURE 2. Flow cytometry analysis of low
a,. stressed Salmonella Enteritidis strain
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with high signals on FLI, indicating that almost all cells
were viable. Cells challenged at a,, 0.94 revealed a shift in
population with higher SSC signals, indicating formation of
elongated cells as also shown before in Figure 2C, and this
consisted of two populations (approximately 50% of the
total counts for each population) either with high and low
signals on FL1 (Fig. 2E). Moreover, the population with
the low FL1 signals also displayed high FL3 signals (data
not shown), indicating that these Pl-stained cells are dead.
These results confirm the findings obtained by the fluores-
cence microscopy analysis, which indicated that after ex-
posure at 0.94 for 6 days at 25°C. the majority of the cells
were elongated, and approximately 50% of the cells were
viable.

Log N (CFU/mI)

1448 1444 1439 1438 1391 1389 1138 1514

Strains

ETSA, pre-challenged at Aw0.95
OTSA, pre-challenged at Aw0.94

MLCB, pre-challenged at Aw0.25
E MLCB, pre-challenged at Aw 0.94
FIGURE 3. Culturability on TSA and MLCB agar of Salmonella

Enteritidis strains prechallenged for 6 days at 25°C at a,, 0.95
and a,, 0.94 (n = 2).
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Cross-protection to sodium hypochiorite. The toler-
ance of cells grown on TSA (control) and prechallenged at
reduced a,,, obtained with NaCl, to hypochlorite solutions
at 25°C is shown in Figure 5. Experiments showed that the
NaCl downshock by serial dilutions in PSS did not influ-
ence the results (data not shown). At a chlorine concentra-
tion of 300 ppm (4.2 mM), a 3-log reduction was observed
for control cells after 60 min of exposure. Cells that were

80
[16 days
21 days

Percentages (%)

T g

short-non long-viable long-non
viabe viable

short-

viable
FIGURE 4. Viability of Salmonella Enteritidis strain 1448 chal
lenged at ay, 0.95 ar 25°C, determined by direct microscopy count”
ing after staining with Live/Dead BacLight viability kit (n. ==&
Cells longer than 6 pm were considered as elongated cells.
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FIGURE 5. Tolerance to sodium hypochlorite of Salmonella En-
teritidis strain 1448 at (A) 300 ppm (4.2 mM) and (B) 400 ppm
(5.6 mM) (n = 3). B, Control cells; A cells prechallenged at a,,
0.97: O, cells prechallenged at a,, 0.95; [ cells prechallenged
at a,, 0.94.

prechallenged to a,, 0.95 were the most tolerant to the treat-
ment, followed by the cells challenged to a, 0.94 and 097,

At 400 ppm (5.6 mM), a higher killing efficiency was
found with the same trend. After 60 min of exposure, more
than a 5-log reduction was observed for the control cells,
whereas cells prechallenged to a,, 0.95 were reduced by
approximately 3 log units. The cells that were prechallen-
ged to a, 0.97 and 0.94 decreased by approximately 4.5
log units. Overall, the cells challenged to reduced a,, dem-
onstrated better tolerance to hypochlorite than the control
cells.

DISCUSSION

In this study, the responses of eight wild-type strains
of Salmonella Enteritidis to reduced a,, environments were
analyzed. Challenge at a,, 0.95 and 0.94 resulted in cell
elongation of all tested Salmonella Enteritidis strains.

Mattick et al. (719) demonstrated that filamentous sal-
monellas contained regularly spaced nucleoids, which in-
dicated that cells were probably blocked in septation. It is
conceivable that the cells elongation resulted from inacti-
vation or inhibition of cell division proteins, which in turn
blocks the septation during the cell division (16, 23). It has
been reported that FtsZ is by far the best-conserved cell
division protein; it is also present in most species of bac-
teria (16, 23). Next to FtsZ, when any one of the cell di-
vision proteins in Escherichia coli, including FtsA, Ftsl,
FtsK, FtsL, FtsN, FtsQ, FtsW, and ZipA, is nonfunctional
or absent, cells grow without dividing, which leads to the
formation of filaments (3, 0).

Because not all cells were elongated, as was particu-
larly observed at a,, 0.95, the response of Salmonella En-
teritidis strains to a,, reduction occurs at the level of the
individual cell. Booth (2) suggested that response to stress
largely takes place at the single cell level and can lead to
heterogeneity in a bacterial population. This heterogeneity
is a recognized property of bacterial populations and allows
adaptation to a diversity of niches. Any protein that is re-
quired for survival is capable of contributing to the hetero-
geneity (2).

Cellular parameters essential to survival under stress
conditions are the integrity of the cell membrane, mainte-
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nance of the folding of proteins, and the integrity of the
DNA (2, 5). Discrimination between intact and permeable
cells by fluorescent stains has been used in many studies
on viability of bacteria (6). Examining the cell viability by
means of fluorescent techniques highlighted the heteroge-
neity of Salmonella Enteritidis populations in response to
challenge to low a, because both viable and nonviable
short and elongated cells were observed. The filamentation
of the cells resulted in higher signals on FSC and SSC by
flow cytometry. FSC light is laser light diffracted around
the cells and is related to cell surface area. SSC light 1s
reflected and refracted laser light; is related to the internal
complexity or granularity of a cell (6). A large population
of cells (i.e., 10,000 events) was measured by flow cytom-

“etry, which offered substantial information on the morpho-

logical heterogeneity of this particular bacterial population,
allowing sorting and subsequent characterization of fila-
mentous cells in future experiments.

Studies have demonstrated the fact that Salmonella
cells adapted to certain stress conditions show cross-pro-
tection against other stresses (17, 24). In this study, we
investigated the effect of sodium hypochlorite on cells pre-
challenged to low a, obtained with an ionic humectant.
When mixed with water, sodium hypochlorite dissociates
and forms hypochlorous acid (HOCI), an active form of
chlorine. HOCI is an effective disinfectant partly because
most microorganisms do not posses specific enzymes for
detoxification of HOCI, like they do for other oxidants such
as reactive oxygen species (74). This study indicated that
the cells prechallenged to low a, show better tolerance
against sodium hypochlorite than the control cells with ion-
ic humectant. Cross-protection to hypochlorite may be con-
ferred by the expression of the stress sigma factor rpoS and
the subsequent synthesis of stress-related proteins in the
cells exposed to low a,, (8). Moreover, the addition of the
ionic humectant NaCl may induce the accumulation of
compatible solutes such as betaine that may confer protec-
tion against the detrimental effects of sodium hypochlorite
by maintaining cellular protein conformation and enzyme
activities and supporting cell membrane integrity (7, 10,
I:5).

The survival of Salmonella Enteritidis at reduced a,—
as low as 0.94—increases the risk of cross-contamination
because these tolerant cells can come into contact with
foodstuffs placed on these surfaces. In this study, we ob-
served that the filamentation of the cells resulted in an in-
crease of the optical density in broth without apparent in-
crease in colony-forming units (data not shown), indicating
that filamentous cells form single colonies on plates. How-
ever, when these elongated cells were recovered under fa-
vorable conditions, the filaments could split up and form
numerous single cells. The possible presence of elongated
cells on surfaces should be considered a potential infection
risk because these filaments are viable for several days and
can rapidly split up under favorable conditions in food-
stuffs, resulting in a large number of viable cells. Further-
more, the existence of a population tolerant to hypochlorite
after challenge to low a,, poses an important risk for public
health. These cells can survive disinfection in processing
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plants or on household surfaces more efficiently. Therefore,
increased attention should be paid to the cleaning and dis-

infection procedures used on surfaces in these environ-
ments.
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