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Abstract

Aims: Exposure of Listeria monocytogenes to osmotic stress can induce

increased resistance to subsequent lethal exposure to cell envelope stressors,

such as nisin and bile salts. We wanted to determine if similar cross-protection

phenotypes could occur when L. monocytogenes strains were treated with

osmotic stress and exposed to sublethal levels of the cell envelope stressor, bile.

Method and Results: Growth phenotypes were measured for six L.

monocytogenes strains exposed to 6% NaCl, 0�3 and 1% bile in BHI. To evaluate

cross-protection, cells were pre-exposed to 6% NaCl, followed by exposure to

BHI+1% bile for 26 h and vice versa. Significant increases in k (lag phase) and

doubling time were observed under salt and bile stresses compared with BHI

alone. Average k and Nmax (maximum cell density) in 0�3 and 1% bile for all

strains were significantly lower than that in 6% NaCl. Pre-exposure to 6% NaCl

followed by exposure to 1% bile significantly increased k (P < 0�05), whereas pre-
exposure to 1% bile followed by exposure to 6% NaCl led to formation of

filamentous cells, with no changes in cell density over 26 h.

Conclusions: Variation in growth characteristics was observed among strains

exposed to bile. Exposure to osmotic stress did not lead to increased resistance

to bile. Exposure to bile significantly impacted the ability of L. monocytogenes

to adapt to grow under osmotic stress, where cells did not multiply but

formed filamentous cells.

Significance and Impact of the Study: Pre-exposure to a cell envelope stress

and subsequent exposure to an osmotic stress appears to pose a significant

stress to L. monocytogenes cells.

Introduction

Listeria monocytogenes is a saprotroph that can cause lis-

teriosis in susceptible humans and animals through con-

sumption of contaminated foods (Freitag et al. 2009).

Globally, L. monocytogenes is estimated to cause 23 150

illnesses, 5463 deaths and a loss of 172 823 DALYs (dis-

ability-adjusted life year) annually (de Noordhout et al.

2014). In the United States, L. monocytogenes is estimated

to cause 1591 illnesses, 1455 hospitalizations and 255

deaths annually (Scallan et al. 2011). Infections in

humans are predominantly acquired via oral exposure,

and L. monocytogenes must be able to survive transit

through the gastrointestinal tract to reach the initial site

of infection in the intestinal epithelium (V�azquez-Boland

et al. 2001).

The robust stress adaptive mechanisms employed by L.

monocytogenes contribute to its ability not only to survive

but grow under a variety of suboptimal conditions (Cole

et al. 1990; Chan and Wiedmann 2009; Bergholz et al.

2012; Hingston et al. 2017). These conditions include

those that L. monocytogenes may encounter in the extra-

host as well as in the host environment. For example,

growth of L. monocytogenes has been observed at pH of

4�1 (Cornu et al. 2006), at salt concentrations >10%
(Shabala et al. 2008) and in bile extracted from porcine

gall bladders (Dowd et al. 2011). During its passage

through the gastrointestinal system, L. monocytogenes
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encounters acidic stress, osmotic stress, bile stress and

low availability of oxygen. As L. monocytogenes may expe-

rience these stresses sequentially during GI transit, expo-

sure to one of these stresses has the potential to increase

resistance to a subsequent stressor.

Phenotypes evident of cross-protection have been

observed for L. monocytogenes exposed to a range of

stressors. For example, exposure to low pH and organic

acids can increase resistance to compounds that target

the cell envelope, such as lauric arginate, poly-lysine and

nisin (van Schaik et al. 1999; Kang et al. 2015; Shen et al.

2015). Prior exposure to low pH, however, did not lead

to cross-protection against bile, which can also be consid-

ered a cell envelope stressor (White et al. 2015). Osmotic

stress has the potential to provide increased resistance to

subsequent lethal levels of bile (Begley et al. 2002) possi-

bly because adaptation to both stresses are known to

involve sigB- and SigB-regulated genes (Begley et al. 2005;

Zhang et al. 2011; Bergholz et al. 2012).

Bile is composed of cholic acid and chenodeoxycholic

acids that are synthesized from cholesterol in hepatocytes

and conjugated with glycine or taurine before secretion

from the liver. The pH of bile in gall bladder is 7�0–8�5,
however, in the small intestine a lower pH of 4�0–7�0 is

observed when it mixes with the food containing the gas-

tric juice. Several studies have shown that bile can have

antimicrobial properties at lower pH, whereas growth of

L. monocytogenes is observed to occur in bile at neutral

pH, such as in the gall bladder (Dowd et al. 2011; White

et al. 2015). In addition, anaerobic conditions can

increase survival of L. monocytogenes during exposure to

bile stresses (Sewell et al. 2015; White et al. 2015; Wright

et al. 2016).

Listeria monocytogenes strains are grouped into 13 sero-

types, 4 lineages and many clonal complexes. However,

90% of listeriosis in humans are caused by serotypes 1/2b

and 4b (lineage I) and 1/2a (lineage II) (Zhang et al.

2003) with lineages III and IV consisting of isolates from

ruminants, environment and sporadic cases of foodborne

illnesses (Zhang et al. 2003; Orsi et al. 2011; Haase et al.

2014). Several studies have investigated differences in

stress tolerances among these groups (Ward et al. 2008;

Orsi et al. 2011). For example, it was previously observed

that lineage I strains were able to grow significantly faster

than lineage II strains under salt stress (Bergholz et al.

2010), and that L. monocytogenes serotype 4b strains were

more salt tolerant than serotypes 1/2a and 1/2b (Ribeiro

and Destro 2014). In another study, tolerances to cold

(4°C), salt (6%) and pH (5�0) were investigated for a

total of 166 isolates to examine associations among stress

tolerances, serotypes and clonal complexes (Hingston

et al. 2017). On average, serotypes 1/2a and 1/2b were

found to be more resistant to cold (4°C) than serotypes

4b and 1/2c but no significant differences were observed

between different serotypes under salt stress 6%. In the

same study, however, there were multiple clonal com-

plexes among which significant differences in stress toler-

ances could be observed for all stresses (Hingston et al.

2017). These studies show that stress tolerances may vary

among different strains belonging to serotypes, lineages

and clonal complexes.

It has been observed that pre-exposure to salt provides

resistance against other stresses. For example, exposure to

salt stress leads to cross-protection against low tempera-

ture (Schmid et al. 2009) and bile salts (Begley et al.

2002). Pre-exposure to NaCl has also shown increased

resistance against nisin, another cell envelope stressor

(Bergholz et al. 2013). However, the effect of salt and bile

stresses on growth kinetics of L. monocytogenes strains has

not been characterized. Variation in phenotypic charac-

teristics among L. monocytogenes have been studied under

salt stress and nisin stress (Bergholz et al. 2010; Bergholz

et al. 2012; Malekmohammadi et al. 2017), whereas it is

lacking under various concentrations of bile. The objec-

tives of this study were to (i) characterize the growth

parameters of multiple L. monocytogenes strains exposed

to salt and bile stress, and (ii) examine if cross-protection

occurs upon pre-exposure to salt and treatment with bile

and vice versa.

Materials and methods

Bacterial strains

Six L. monocytogenes strains, three each from lineage I

(G6054, FSL J1-0194 and H7858) and lineage II (FSL R2-

0559, J0161 and FSL F2-0515), were obtained from the

Food Safety Lab at Cornell University (Table 1). Strains

were stored at �80�C in brain heart infusion broth

(BHI) with 15% glycerol.

Growth and survival assays

The six strains were obtained from �80°C freezer stocks

and were streaked for isolation onto Brain Heart Infusion

Table 1 Listeria monocytogenes strains used in this study

Strains Serotype Lineage Clonal complex

G6054 1/2b I CC3

FSL J1-0194 1/2b I CC88

H7858 4b I CC6

FSL R2-0559 1/2a II CC11

J0161 1/2a II CC11

FSL F2-0515 1/2a II NA

‘NA’ indicates not available.
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agar (BHIA) plates and incubated at 37°C overnight. For

each strain, an isolated colony was transferred to 5-ml

BHI broth and incubated at 37°C without shaking for

16 h. This culture was inoculated into flasks containing

75 ml of (i) BHI, (ii) BHI with 6% sodium chloride

(NaCl) (BD Difco, Franklin Lakes, NJ), (iii) BHI with

0�3% bile and (iv) BHI with 1% bile (porcine bile extract;

Sigma-Aldrich, St Louis, MO) at pH 7�0 to obtain a final

L. monocytogenes concentration of ~104 log CFU per ml.

The flasks were incubated nonshaking at 37°C for 26 h.

For enumeration of bacterial density, flasks were sampled

periodically at regular intervals through 26 h incubation.

Samples of 100 ll were diluted in Butterfield’s dilution

buffer and plated in duplicate on BHIA plates which were

incubated at 37°C for 24–48 h. The colonies were

counted using Q-count model 350 (Spiral Biotech, Nor-

wood, MA, USA). For cross-protection studies, strains

were (i) first exposed to 6% NaCl in BHI for 30 min at

37°C then transferred to 0�3 or 1% bile in BHI and (ii)

first exposed to BHI+1% bile for 30 min at 37°C then

transferred to BHI+6% NaCl. The 30-min pre-treatment

time was selected based on previous work showing

changes in gene expression and phenotype of L. monocy-

togenes after 20 min exposure to 6% NaCl (Bergholz

et al. 2012). Briefly, overnight culture was inoculated into

flasks containing 75 ml of BHI+6% NaCl at 1/100 000

dilution and incubated at 37°C for 30 min. After 30 min,

7�5 ml of cultures from BHI with 6% NaCl was trans-

ferred into flasks containing 67�5 ml of BHI with 0�3 and

1% bile. Similarly, all the strains were exposed to

BHI+1% bile for 30 min and then transferred to BHI

with 6% NaCl. The flasks were retrieved at regular inter-

vals and 100 ll samples were diluted appropriately in

Butterfield’s dilution buffer. The samples were plated on

BHIA plates and were incubated at 37°C for 24–48 h.

Exposure to BHI+6% NaCl after pre-exposure to

BHI+1% bile did not lead to a change in the count of L.

monocytogenes and probable injury to these cells were

investigated by enumeration of L. monocytogenes cells by

plating on Modified Oxford Listeria agar (MOX) plates

(Difco). The MOX plates were incubated at 30°C for

48 h and the colonies were counted manually.

Scanning electron microscopy

Cell morphology was investigated by taking images of L.

monocytogenes H7858 cells using scanning electron micro-

scope (SEM) at three conditions: (i) 6% NaCl with BHI,

(ii) 1% bile with BHI and (iii) pre-exposure to 1% bile

for 30 min and treatment at 6% NaCl in BHI. To obtain

higher concentration of cells for SEM imagining at an

hour post-treatment, L. monocytogenes H7858 was inocu-

lated at c. 107 in 6% NaCl in BHI and 1% bile in BHI.

For the pre-exposure study, L. monocytogenes cells were

pre-exposed to 1% bile in BHI for 30 min and treated at

6% NaCl in BHI in duplicates as previously described

but inoculated to obtain a final count of c. 106 CFU per

ml in 6% NaCl. Samples in the volumes of 75 ml were

obtained at 1 h post-treatment for all three conditions.

For SEM imaging at 22 h post-treatment, 6% NaCl in

BHI and 1% bile in BHI were inoculated at c. 104 CFU

per ml resulting in counts of c. 108 CFU per ml at 22 h.

For the pre-exposure study, duplicate samples prepared

as described as above were incubated at 37°C for 22 h.

The samples were centrifuged (Allegra X 30-R Centrifuge,

Beckman Coulter, Brea, CA, USA) at 5796 g for 10 min.

The resulting pellets were washed by suspension in 30-ml

PBS and centrifugation for another 10 min. The obtained

pellets were suspended in 1-ml PBS and transferred to a

2-ml microcentrifuge tube, which was then centrifuged at

16 000 g for 1 min. The supernatant was discarded and

the pellet was topped with 2�5% glutaraldehyde phos-

phate buffer as a fixative (Tousimis, Rockville, MD). The

supernatant was removed from the fixed pelleted bacteria

and they were resuspended in deionized water and cen-

trifuged at 11 200 g for 5 min. The wash step was per-

formed twice after which 2% osmium tetroxide (OsO4)

was added and samples were refrigerated for 2 h. The

OsO4 was removed and the bacteria were washed twice

with water as described above. After the final wash, most

of the supernatant was removed and the bacteria were

suspended in ~0�5 ml water. A few drops of each bacte-

rial suspension were pipetted on to a 10-mm round glass

coverslip and allowed to air dry at room temperature.

The glass coverslips were attached to cylindrical alu-

minium mounts using silver paint (Structure Probe Inc.,

West Chester, PA) and then coated with a conductive

layer of carbon in a high-vacuum evaporative coater

(Cressington 208c; Ted Pella Inc., Redding, CA). Images

and measurements were obtained with a JEOL JSM-

7600F SEM (JEOL USA Inc., Peabody, MA) operating at

2 kV. Each sample was imaged at five locations and a

minimum of 10 cells in each image were measured for

their lengths and widths. The experiment was repeated

twice for each of the three conditions described above.

Statistical analyses

The experiment at each growth condition was performed

in three replicates for each strain. The plate counts

obtained in CFU per ml were transformed into log CFU

per ml counts, which were used as input for the Baranyi

model in R ver. 3.4.2 using the ‘nlsmicrobio’ package to

obtain growth parameters: growth rate (µmax), average

lag phase (k), doubling time (DT) and Nmax (final den-

sity) (Baranyi and Roberts 1994) using the
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equation [(y(t) = ln X(t)], where x(t) is the cell concentra-

tion (CFU per ml) at time (t) and y(t) is the growth rate.

The growth parameters over 26 h for all strains were cat-

egorized by lineages providing nine data points for each

lineage at each condition. Each growth condition and lin-

eage types I and II were used as the independent variable,

whereas the growth parameters were used as the depen-

dent variables. Analysis of variance (ANOVA) was con-

ducted using Proc GLM in SAS ver. 9.4 (SAS Institute,

Cary, NC) and based on adjusted LS means, a P value of

<0�05 was used for significant statistical differences. Simi-

larly, ANOVA was conducted for measurements of lengths

and width (dependent variables) on two replicates of data

imaged at five locations at each three conditions: in 6%

NaCl, 1% bile and pre-exposure to 1% bile and treatment

with 6% NaCl at two time points (1 and 22 h post-treat-

ment) as independent variables in SAS. Based on adjusted

LS means, a P value of <0�05 was used for significant sta-

tistical differences.

Results

Increased lag phase and decreased cell densities were

observed under salt and bile stresses

Growth of all six L. monocytogenes strains in BHI broth

alone was used as a control for comparison of growth

parameters (Fig. 1a). The average doubling time in BHI

broth for lineage I and II strains was 0�65 � 0�02 and

0�66 � 0�01 h, respectively, and not significantly different

(P > 0�05). Similarly, no significant differences were

observed in average maximum cell densities for lineage I

(9�3 � 0�1 log10 CFU per ml) and II (9�2 � 0�1 log10
CFU per ml) strains in BHI broth (Table 2). However, in

BHI+6% NaCl, there was a lag phase of 6�25 � 2�49 h

for lineage I strains and 5�32 � 0�54 h for lineage II

strains (P > 0�05) with a doubling time of 1�16 � 0�11 h

for lineage I strains and 1�23 � 0�02 h for lineage II

strains (Fig. 1b, Table 2). The maximum cell densities for

both lineages in BHI + 6% NaCl were similar to that in

BHI (P > 0�05) (Table 2). Compared with growth in

BHI, all strain in BHI+6% NaCl had a significantly

greater doubling time (P < 0�05) but similar maximum

cell densities (P > 0�05) (Table 2).
Exposure to 0�3 and 1% bile in BHI resulted in signifi-

cantly shorter lag phases than those observed in BHI+6%
NaCl for all strains (Fig. 2a,b, Table 2). During exposure

to BHI+0�3% bile, similar lag phases of 1�24 � 0�43 h

(lineage I) and 1�17 � 0�49 h (lineage II) were observed

(Fig. 2a) (P > 0�05), whereas significantly longer lag

phases were observed for lineage II (3�71 � 0�76 h) com-

pared with lineage I (1�89 � 0�64 h) strains in BHI+1%
bile (Fig. 2b) (P < 0�05). However, exposure to bile led

to significantly lower maximum cell densities by c. 1–2
log CFU per ml compared with those observed in BHI

and BHI+6% NaCl (Table 2) (P < 0�05). The observed

maximum cell densities in BHI+0�3% bile were similar

for lineage I (8�4 � 0�1 log10 CFU per ml) and lineage II

(8�1 � 0�2 log10 CFU per ml) strains (Fig. 2a, Table 2)

(P > 0�05). However, the maximum cell densities in

BHI+1% bile were significantly higher for Lineage I

(7�8 � 0�6 log10 CFU per ml) than lineage II (6�5 � 0�6
log10 CFU per ml) strains (Fig. 2a, Table 2) (P < 0�05).
In contrast to the difference in maximum cell densities,

doubling times were similar for both lineages at both

concentrations of bile (Table 2, P > 0�05). However, the

doubling times for both lineages in BHI+1% bile and

only for lineage II in BHI+0�3% bile were significantly

greater than their respective doubling times in BHI+6%
NaCl (Table 2) (P < 0�05).

Pre-exposure to osmotic stress and treatment with bile

stress led to increased lag phase but similar cell densities

To determine if pre-exposure to salt stress influenced bile

resistance, L. monocytogenes strains were exposed to

BHI+6% NaCl for 30 min and then transferred to 0�3 or

1% bile in BHI at 37°C and cell densities were monitored

over time (Fig. 2c,d). Pre-exposure to 6% NaCl followed

by exposure to 0�3% bile significantly increased lag phase

for lineage II strains (2�70 � 0�61 h; P < 0�05) compared

with the length of lag phase in BHI+0�3% bile without

pre-exposure to BHI+6% NaCl. Average lag phase

(1�69 � 0�52 h) for lineage I strains was similar to those

observed in BHI+0�3% bile without pre-exposure to

BHI+6% NaCl (P > 0�05). Pre-exposure to 6% NaCl,

then treatment with 0�3% bile resulted in doubling times

of 1�43 � 0�02 and 1�48 � 0�05 h for lineage I and II

strains, respectively, (P > 0�05) which were not signifi-

cantly different from those in BHI+0�3% bile (P > 0�05)
(Table 2). Similarly, maximum cell densities of 8�5 � 0�1
(lineage I) and 8�0 � 0�3 log CFU per ml (lineage II)

measured after pre-exposure to 6% NaCl and treatment

with 0�3% bile were not significantly different than those

in BHI+0�3% bile (P > 0�05) (Fig. 2c).
Pre-exposure to 6% NaCl followed by exposure to 1%

bile did not significantly increase the length of lag phase

compared with those observed in BHI+1% bile (Fig. 2d,

Table 2) (P > 0�05). Significant differences in lag phases

between lineages I and II were observed in pre-exposure

to salt and treatment with 1% bile (P < 0�05) similar to

that in 1% bile (Fig. 2d, Table 2). Pre-exposure to 6%

NaCl followed by exposure to BHI+1% bile did not sig-

nificantly affect doubling times or maximum cell densi-

ties, which were similar to those observed in BHI+1%
bile (P > 0�05) (Fig. 2d). Significantly longer lag phase

Journal of Applied Microbiology © 2020 The Society for Applied Microbiology4

Growth phenotypes of L. monocytogenes under salt and bile stresses M.K. Shah and T.M. Bergholz



(4�76 � 0�95 h) and lower maximum cell densities

(6�3 � 0�4 log10 CFU per ml) were observed for lineage

II strains pre-exposed to BHI+6% NaCl followed by 1%

bile compared with those that were transferred to 0�3%
bile after pre-exposure (P < 0�05), whereas the values for

lineage I strains were similar (P > 0�05) (Table 2).

Pre-exposure to bile followed by exposure to 6% NaCl

exhibited a bacteriostatic effect on L. monocytogenes

To determine if pre-exposure to bile led to increased

resistance to salt stress, L. monocytogenes strains were

exposed to BHI+1% bile for 30 min at 37°C followed by

transfer to BHI+6% NaCl at 37°C and cell densities were

monitored over time (Fig. 3). Surprisingly, no changes in

cell densities were observed for all strains over 26 h with

similar counts of c. 3–4�0 log CFU per ml observed at

26 h (Fig. 3). To see if the cells were injured under this

condition, differences in L. monocytogenes counts were

determined between MOX and BHI agar plates. No dif-

ferences in counts between MOX and BHIA plates were

observed for all six strains pre-exposed to 1% bile and

treated with 6% NaCl, indicating that the cells were not

injured (Table S1). Scanning electron microscopy was
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Figure 1 Growth curves of Listeria monocytogenes strains lineage I (closed symbols) and lineage II (open symbols). Closed circle, strain G6054;

closed triangle, strain FSL J1-0194; closed square, strain H7858; open circle, strain FSL R2-0559; open triangle, strain J0161; open square, strain

FSL F2-0515. (a) In brain heart infusion broth and (b) in BHI with 6% NaCl. The error bars indicate standard deviation from three experimental

replicates for each strain.

Table 2 Growth parameters estimated using the Baranyi model on three replicates of Listeria monocytogenes strains under various conditions

Lineage DT* (h) Maximum density (log10 CFU per ml) Lag (h) RSS†

BHI I 0�65 � 0�02 A§ 9�2 � 0�1 A NA‡ 0�07 � 0�08
II 0�66 � 001 A 9�2 � 0�1 A NA 0�05 � 0�02

BHI+6% NaCl I 1�16 � 0�11 B 9�1 � 0�2 A 6�25 � 2�49 A 0�23 � 0�11
II 1�23 � 0�02 CB 9�2 � 0�1 A 5�32 � 0�54 AB 0�20 � 0�14

BHI+0�3% bile I 1�38 � 0�02 BCD 8�4 � 0�1 BC 1�24 � 0�43 FG 0�06 � 0�02
II 1�53 � 0�09 DE 8�1 � 0�2 BC 1�17 � 0�49 G 0�09 � 0�05

BHI+1% bile I 1�63 � 0�14 EC 7�8 � 0�6 D 1�89 � 0�64 EFG 0�12 � 0�05
II 1�32 � 0�33 BCD 6�5 � 0�6 F 3�71 � 0�76 CD 0�35 � 0�25

BHI+6% NaCl to BHI+0�3% bile I 1�43 � 0�02 CDE 8�5 � 0�1 BCD 1�69 � 0�52 EFG 0�07 � 0�02
II 1�48 � 0�05 DE 8�0 � 0�3 CD 2�70 � 0�61 DEF 0�09 � 0�02

BHI+6% NaCl to BHI+1% bile I 1�61 � 0�09 E 7�4 � 0�2 DE 2�91 � 0�55 DE 0�17 � 0�09
II 1�36 � 0�28 BCD 6�3 � 0�4 F 4�76 � 0�95 BC 0�54 � 0�37

*DT is doubling time.

†RSS is residual sum of squares, reported from the Baranyi model.

‡NA indicates not applicable, lag phase was not evident.

§Within each column, different letters indicate significantly different values at adj. P < 0�05.
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conducted to examine changes in the morphology of L.

monocytogenes cells (Figs 4 and 5).

The average lengths of L. monocytogenes cells were

measured to be 1�80 � 0�13, 1�65 � 0�23, and

1�4 � 0�14 lm in BHI+6% NaCl, BHI+1% bile and pre-

exposure to 1% bile for 30 min and treatment with 6%

NaCl, respectively, at 1 h post-treatment (Figs 4 and 5).

At 22 h post-treatment, similar average cell lengths of

2�01 � 0�32 and 2�09 � 0�15 lm were measured in

BHI+6% NaCl and BHI+1% bile respectively (P > 0�05).
However, average cell lengths of 2�87 � 0�29 lm were

observed after pre-exposure to 1% bile for 30 min and

treatment with 6% NaCl, which was significantly longer

than those in BHI+6% NaCl or BHI+1% bile (Fig. 4)

(P < 0�05). Cell sizes as long as 5�12 lm were observed

after pre-exposure to 1% bile for 30 min and treatment

with 6% NaCl at 22 h post-treatment. All measurements

for width remained similar across all three conditions at

both 1 and 22 h post-treatment time points (Figs 4 and

5) (P > 0�05).

Discussion

Cross-protection phenotypes have been demonstrated in

L. monocytogenes when cells are subsequently exposed to

multiple stresses. Studies have shown that pre-exposure

to osmotic stress led to increased survival when treated

with lethal levels of cell envelope stressors, such as bile

salts and nisin (Begley et al. 2002; Bergholz et al. 2012;

Bergholz et al. 2013). Exposure to osmotic stress leads to
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Figure 2 Growth curves of Listeria monocytogenes strains lineage I (closed symbols) and lineage II (open symbols). Closed circle, strain G6054;

closed triangle, strain FSL J1-0194; closed square, strain H7858; open circle, strain FSL R2-0559; open triangle, strain J0161; open square, strain

FSL F2-0515. (a) In BHI with 0�3% bile, (b) in BHI with 1% bile, (c) in 0�3% bile in BHI after pre-exposure to 6% NaCl in BHI and (d) in 1% bile

in BHI after pre-exposure to 6% NaCl in BHI. The error bars indicate standard deviation from three experimental replicates for each strain.
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activation of a number of cellular responses, including

compatible solute transport and the general stress

response (Sleator et al. 2003). Short-term exposure to 6%

NaCl included increased transcript levels of sigB- and

SigB-regulated genes, including bsh which encodes bile

salt hydrolase (Bergholz et al. 2012). However, the poten-

tial for cross-protection to sublethal levels of bile, or the

potential for cell envelope stressors to provide cross-pro-

tection against osmotic stress has not been examined pre-

viously.

Growth characteristics for six L. monocytogenes strains

were measured in 6% NaCl to serve as a control before

examining the potential for cross-protection from pre-ex-

posure to salt and treatment with 1% bile. In this study,

no significant differences were observed in growth charac-

teristics (growth rate, doubling time or lag phases)

between lineage I and II strains in BHI+6% NaCl. A pre-

vious study by Bergholz et al. (2010) found that lineage I

strains had significantly higher average growth rates than

lineage II strains at 37°C in BHI+6% NaCl. The collec-

tion of strains used in their study was large and hence

they could show a more representative distinction

between the two lineages. Recently, it has been observed

that variation in growth/survival characteristics may be

more accurately differentiated when examining L. mono-

cytogenes strains by clonal complexes and not by lineage

types. For example, Malekmohammadi et al. (2017)

showed that pre-exposure to 6% NaCl led to increased

survival during exposure to nisin (50 ppm) and that the

stress tolerance capabilities varied among clonal com-

plexes. Tang et al. (2015) demonstrated significant differ-

ences in growth rates in defined medium at 16°C among

clonal complexes. Similarly, Hingston et al. (2017)

observed significant differences in stress tolerance capabil-

ities by clonal complexes for a large set of L. monocytoge-

nes strains. It can be noted that significant differences in

genetic and phenotypic characteristics may be better

observed by clonal complexes than among lineage types.

However, we did observe significantly higher cell densities

and lower lag phases in BHI+1% bile for lineage I strains

compared with lineage II strains.
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Figure 3 Listeria monocytogenes counts in 6% NaCl in BHI after pre-

exposure to 1% bile in BHI. The error bars indicate standard deviation

from three experimental replicates for each strain. Closed circle, strain

G6054; closed triangle, strain FSL J1-0194; closed square, strain

H7858; open circle, strain FSL R2-0559; open triangle, strain J0161;

open square, strain FSL F2-0515.
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Figure 4 Measurements of Listeria

monocytogenes (strain H7858) cell length and

width from images obtained from scanning

electron microscopy. Black bars, cell length

after 1 h; white bars, cell width after 1 h;

dark grey bars, cell length after 22 h; light

grey bars, cell width after 22 h. The error

bars indicate standard deviation from a total

of six images obtained from two experimental

replicates.
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Figure 5 Images of Listeria monocytogenes cells (c. 106–107 CFU per ml) in 6% NaCl (a, b), 1% bile (c, d) and pre-exposure to 1% bile in BHI

and treatment in 6% NaCl in BHI (e, f); images a, c and e are from 1 h post-treatment and images b, d and f are from 22 h post-treatment. The

scale bar indicates 1 lm; images are representative of two experimental replicates imaged at three locations from each replicate.
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The majority of available data on L. monocytogenes

exposed to bile stress are survival rates or overall log

reduction in cells exposed to high concentrations of bile.

Significant variation in log reductions have been observed

between strains of L. monocytogenes and L. innocua when

treated at high concentrations of bile (30% oxgall for

5 min) (Begley et al. 2002). Another study exposed four

strains of L. monocytogenes (F2365, 10403S, EGDe and

HCC23) to 1% porcine bile in BHI broth for 6 h (Wright

et al. 2016). No apparent growth was observed within

6 h for all six strains at 1% porcine bile, and a decline in

L. monocytogenes counts was observed at 5 and 10% bile

for three of the four strains examined (Wright et al.

2016). We also used 1% bile, and monitored L. monocy-

togenes for 26 h where the observed lag phases under 1%

bile were approximately 2 h for lineage I strains and ~4
for lineage II strains. While the concentration of bile in

the duodenum is reported to be ~20 mmol l�1 (on aver-

age 12�6 and 6�9 lmoles ml�1 for glycine and taurine

conjugated bile acids, respectively) (Altman and Dittman

1968; Mallory et al. 1973), which is equivalent to ~1%
bile, variations in concentrations of bile salts can occur

by reabsorption through the intestinal epithelium poten-

tially causing changes in the concentration of bile in the

GI system (Philipp 2011; Davis et al. 2019). In this study,

we also investigated growth parameters at 0�3% bile and

in comparison to 1% bile no significant differences in

growth parameters were observed between both lineages

in 0�3% bile.

We predicted that exposure to osmotic stress would

increase subsequent resistance to bile, but found that pre-

exposure to 6% NaCl followed by exposure to 1% por-

cine bile did not result in cross-protection, but rather

had an additive effect of stresses as observed by signifi-

cantly increased lag phases and decreased maximum cell

densities. These cross-protection characteristics were

observed with a 30 min pre-treatment, and while changes

in L. monocytogenes gene expression and resulting pheno-

types have been observed within 20 min of exposure to

6% NaCl, changes in protein expression of L. monocytoge-

nes have been measured after 1 h exposure to different

concentrations of bile (Payne et al. 2013; Wright et al.

2016). There is the potential that changes in growth/sur-

vival phenotypes may differ with increased amount of

pre-treatment time, and needs to be explored further.

Previously, Begley et al. (2002), explored cross-protection

phenotypes from pre-exposure to salt stress and treat-

ment with bile. In their study, exponential phase cells

were adapted to 5% NaCl, and then exposed to lethal

concentrations of unconjugated bile salts (sodium cho-

late-sodium deoxycholate) which showed increased sur-

vival of L. monocytogenes strain LO28 by 4�13 logs. They

also showed that exposure to 30% Oxgall led to increased

death rates for L. monocytogenes lacking bsh, pva and btlB

genes, indicating that these genes contribute to survival

in the presence of bile (Begley et al. 2005).

However, studies investigating cross-protection mecha-

nisms from pre-exposure to cell envelope stress and treat-

ment with osmotic stress are lacking. It is possible that

cell envelope stresses, such as bile, may form pores in the

cell membrane and subsequent exposure to osmotic stress

may lead to increased entry of Na+ inside of the cells

increasing the damage from subsequent salt exposure. In

our study, pre-exposure to 1% bile and subsequent treat-

ment with 6% NaCl led to no changes in L. monocytoge-

nes counts for all six strains over 26 h. It was

hypothesized that during this scenario, the cells may be

forming filaments. Previously, Wright et al. conducted

microscopic study on the morphological changes in L.

monocytogenes and found significant changes in the

lengths and width of all four strains when exposed to 5%

porcine bile for 1 h under aerobic conditions (Wright

et al. 2016). Similarly, L. monocytogenes ScottA and LO28

are known to form filaments when exposed to combina-

tions of stresses such as at a low pH and in the presence

of 10% NaCl (Bereksi et al. 2002). Exposure of L. mono-

cytogenes strains 10403S and FSL A1-254 to pH >9�0 also

led to production of filaments (Giotis et al. 2007). Fila-

ment formation for L. monocytogenes strain SLCC 5764

was also observed in TSB with salt concentrations above

1000 mmol l�1 and at pH >9�0 (Isom et al. 1995). Simi-

larly filament formation was observed in TSB stored at

3°C and maintained at a pH of 6�0 and at 4% NaCl (Vail

et al. 2012). Similar results were observed in our study

showing formation of filaments or elongated cells

exposed to 6% NaCl after pre-exposure to 1% bile. For-

mation of filaments in L. monocytogenes under exposure

to such stresses may from a single colony forming unit

on a media agar plate, but upon removal of the stress

under a favourable condition, such filamentous cells can

break into multiple cells providing a misleading informa-

tion on lower number of cells.

In this study, we determined that the survival and

growth characteristics varied among L. monocytogenes lin-

eages I and II strains indicating differences in stress toler-

ance capabilities. Differences in ability to withstand such

stresses may be associated with increased survival in the

GI tract potentially leading to disease. We also found that

L. monocytogenes pre-exposed to 1% bile for 30 min and

subsequent treatment at 6% NaCl led to prolonged lag

phase with no changes observed in L. monocytogenes

counts over 26 h period. From this, pre-exposure to a

cell envelope stress and subsequent exposure to an osmo-

tic stress could be a new area to further investigate for

the potential of this combination of stresses to serve as a

measure to control L. monocytogenes growth. This may be
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further investigated by pre-exposure of L. monocytogenes

to sanitizers commonly used in the food industry and

treatment with salt for the control of L. monocytogenes.
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