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ABSTRACT

The objective of this work was to investigate tfffea of stress conditions frequently encountered
in food-associated environments on virulence-aasedi characteristics of eight strains lakteria
monocytogenes. Strains were grown at low (11 °C, cold stress) aptimal (37 °C) temperatures and in
high NaCl concentrations (6% NaCl, 11 °C; cold-osmsiress) and tested for their ability to invade
human intestinal epithelial Caco-2 cells. Resultsndnstrate that the correlation between exposure to
cold stress and increased invasion phenotypedmatependent as strains investigated exhibitdfdreifit
behaviours, i.e. exposure to cold stress conditiesslted in a significant increase of invasiorelevin
five out of the eight strains tested, when compaoegtowth under optimal conditions. On the othandh
when these cold-adapted cells were subsequentlyniged to high salt concentrations and low
temperature, their enhanced ability to invade Caewas lost. Surprisingly, saturated fatty acidsABF
and branched chain fatty acids (BCFA) decreasednwhemonocytogenes were exposed to stress
conditions as opposed to what has been observether studies, therefore highlighting that further
studies will need to deepen in the understandintheflipid metabolism of these strains. The effafct
stress conditions on the survival of three seledtednonocytogenes strains through anin vitro
gastrointestinal (GI) tract digestion model wadHar investigated. The exposure to cold-osmotiesstr

increased the survival of one strain through thér&it.

Keywords: Listeria monocytogenes, cold-stress, salt-stress, invasion, gastro-imaistract
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1. Introduction

Human listeriosis, caused by the consumption ofifocontaminated withisteria monocytogenes, is
in the top five most commonly reported zoonoseseurtide surveillance of the European Union (EU),
presenting the highest case fatality rate, i.eB%W3(EFSA, 2018). This bacterium has the abilitgtoss
human intestinal, blood-brain and fetal-placentalriers. Clinical manifestations associated with
listeriosis include gastroenteritis (non-invasivieedse), bacteraemia, meningitis, miscarriage,eaithd
(Swaminathan and Gerner-Smidt, 2007).

To survive and propagate both inside and outsidehtist,L. monocytogenes exhibits resistance to
many chemical and physical stresses including thiityato grow and survive at refrigeration
temperatures and to withstand osmotic and acidésstconditions, (Chihib et al., 2003). It's aRilib
grow at refrigeration temperatures is of particidancern in refrigerated ready-to-eat foods whimh a
consumed without any further heat treatment, ssathaeses, deli meats or smoked seafood (Dedai et a
2019). Ready-to-eat foods have been associatedsentral outbreaks in recent years (Allam et al1.82
Angelo et al., 2017; Burall et al., 2017; Magalhéeal, 2015).

Overcoming multiple gastrointestinal barriers, sashthe acid conditions of the stomach and the bile
salts and protease-rich conditions of the duodersithe first step ih.. monocytogenes infection process
(Gahan and Hill, 2005). Subsequently, the pathogdheres to and invades the human intestinal
epithelium, and spreads to neighbouring host délEsmnon et al., 2006). Gastrointestinal survival or
invasiveness, can be measured usingtro model assays mimicking the human digestive systedhrtlze
infection process using the human enterocyte-ligk lme Caco-2 (Cunha et al., 2016; Garner et al.,
2006). Previous reports have shown that exposuke rabnocytogenes to stress conditions often leads to
expression of virulence genes and increased vicalémin vitro and animal models (Garner et al., 2006;
Kazmierczak et al., 2003; Olesen et al., 2009; &ual., 2004). Fatty acids (FAs) represent a major
constituent in the cytoplasmic membrane of a badteell and are also involved in cell adaptation t

environmental stresses. It has been shown thadticars in temperature (Annous et al., 1997; Zhal.et
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2005) and pH (Giotis et al., 2007) induce importamdifications in membrane FAs profile &f
monocytogenes.

The purpose of this work was to investigate theaffof cold and osmotic stress conditions on
virulence-associated traits of selectednonocytogenes strains, namely, on invasion of Cacells and
survival through the Gl tract, by employingvitro model systems. Differences in growth kinetics and

membrane lipids profile upon growth under optinvad atressfull conditions were also investigated.

2. Materials and methods

2.1. Bacterial strains, storage conditions and inoculum preparation

In this study, a 4b serotype clinical strain, LB¥%2, from a large listeriosis outbreak linked te th
consumption of contaminated artisanal cheese ptiegented a high case fatality rate (36.7%; Magalha
et al., 2015) was selected. Seven additional straiere selected to be compared in terms of stress
response (Table 1). Stock culturesLofmonocytogenes strains were kept in tryptic soy broth with 0.6%
(w/v) yeast extract (TSBYE, LabM, Bury, UK) supplenmed with 20% (v/v) of glycerol at -80 °C. To
prepare inoculum for growth assays, frozen stoc&eevaseptically streaked onto brain heart infusion
(BHI; Biokar Diagnostic, Beauvais, France) agaitg8aand incubated at 37 °C overnight. Subsequently,
one colony of eachListeria strain was inoculated separately into 5 ml of BBiokar) broth and

incubated overnight at 37 °C.

2.2. inlA sequencing

The L. monocytogenes strains were screened for the presence of prematap codons (PMSCs) in the
inlA gene, which encodes a protein critical for ineasiof Caco-2 cells. The full-length inlA was
amplified with a previously described PCR assaygfiihgale et al., 2005), using the KAPA HiFi

HotStart DNA Polymerase (KapaBiosystems, Massadtaisdnited States) following manufacturer’s



85 recommendations. PCR products were purified usieg@RS PCR & Gel Band Purification Kit (GRISP;

86 Porto, Portugal) and sequenced on the ABI 3730Xurdfins MWG Operon, Germany). Nucleotide

87 sequences were proofread and aligned using Gentgiausoftware (Biomatters ApS, Aarhus, Denmark).

88

89  2.3. Growth of L. monocytogenes under cold and osmotic stress conditions

90

91 For cold and osmotic stresses a temperature of AifCa salt concentration of 6% (w/v) were

92  selected, respectively, which are within the ramafespening temperatures (between 5 to 12 °C)taad

93 final salt concentration (between 2.3 to 8.9 %)rafst Portuguese artisanal cheeses manufactured by

94 traditional methods (Alves et al., 2003; Freitasl &falcata, 2000). Specifically, the salt conceirat

95 selected has been used by other authors in sistilss response studies (Bergholz et al., 201@sttn

96 etal, 2017Ringus et al., 2012), and a temperature of 11 °€wgad because the combination of this salt

97  concentration and lower cold temperatures (e.g: 8 ¥C) resulted in a decrease of growth ratesaand

98 pronounced increased in the time necessary to teacttationary state (data not show).

99 Each strain was cultured under three growth camuiti optimal growth conditions (BHI, at 37 °C);
100 cold-stress (BHI, incubated at 11 °C); and cold-@smstress [BHI plus 6% (w/v) NaCl, at 11 °C]. For
101 each strain, from a stationary-phase culture’ [d@lony forming units (cfu)/mL], a cell suspension
102 adjusted to an optical density at 600 nm ¢gJDof 0.6 was prepared in BHI. Thereafter, aliquait200
103  pL were used to inoculate 50 ml flasks containing0of either pre-warmed (37 °C) or pre-cooled (11
104 °C) BHI broth, resulting in TOcfu/mL starter cultures. All flasks were shaketeafinoculation and
105 immediately incubated in static conditions at 37(8@timal) or 11 °C (cold-stress). In the cold-osmo
106 stress, bacterial cells were first adapted to gnaattll °C using the same culture conditions asrithes!
107 above for the cold-stress. Subsequently, upon entoy early stationary phase (@gof 0.8), a cell
108 suspension adjusted to an g¢= 0.6 was prepared, and an aliquot of pQ0vas transferred into 20 mL

109 of pre-cooled (11 °C) BHI broth supplemented wi% §w/v) NaCl, homogenised by shaking and
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immediately incubated at 11 °C under static coowiti After incubation at the respective temperature
cell-growth was monitored by measuring §until the cultures entered into early stationanase, i.e.
after ca. 12 h incubation for optimal conditionsdaafter ca. 5 and 7 days for cold- and osmotiesstr

respectively. Samples were then taken to be imrtedgiased in further tests.

2.4. Invasion of Caco-2 cells

The eight strains were grown as previously deedrilm section 2.3. Subsequently, 1 mL aliquot
was centrifuged (7008 g, 5 min) and the pellet re-suspended in phosph&ftered saline (PBS, pH=7.4;
Sigma-Aldrich St. Louis, MO, USA). Caco-2 (tumorrdeed human colorectal epithelial cell line)
invasion assays were performed as previously destidy Nightingale et al. (2005) using Caco-2 cells
(ECACC 86010202) grown in T75 flasks using Eagleimimal essential medium (EMEM) (Lonza,
Verviers, Belgium) supplemented with 20% foetal ibevserum (FBS, Lonza), 1% sodium pyruvate
(Lonza) and 1% non-essential amino acids (Lonzad, iacubated at 37 °C under a 5% (v/v) .CO
atmosphere. In each invasion assay a standardatabpcontrol strain (which encodes a full-lengitd)
and an uninoculated BHI broth were included asrotmtAt least three independent invasion assays we
performed for each strain and growth condition. Thasion efficiency was calculated by dividing the
number of bacteria that invaded the cells by ti@ fmumber of bacteria initially inoculated, muliga by

100.

2.5. Fatty acid analysis

The eight strains were grown as previously deedrib section 2.3. except that, as it was necessary

to obtain a significant amount of cells for FA arss, an inoculum of 4 mL was used to inoculatela 1

sterile flask containing 400 mL of BHI or BHI plés0% NacCl. Thereafter, cells were pelleted (7,8@)
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10 min, 4 °C), rinsed twice with PBS, and storeeB@t°C. For the quantification of total fatty axid-A),

100 mg of sample (pellet) were accurately weighedl @nalysed as described by Pimentel et al. (2015).
Briefly, for FA quantification, samples were addtm 100 uL of tritridecanoin (1.34 mg/mL) and
undecanoic acid (1.5 mg/mL) prior to derivatizatidhen 2.26 mL of methanol were added, followed by
1 mL of hexane and 240l of sodium methoxide in methanol (5.4 M). Samplesre vortexed and
incubated at 80 °C for 10 min. After cooling in,ide25 mL of Dimethylformamide (DMF) were added
prior to 1.25 mL of sulphuric acid in methanol (3.Mhe samples were vortexed and incubated at 60 °C
for 30 min. Finally, after cooling, 1 mL of hexameas added, and the samples were vortexed and
centrifuged (1250 x g; 18 °C; 5 min). The uppekelagontaining methyl esters (FAME) was collected fo
further analysis. The samples were prepared atiledsiplicate.

FAME were analysed as described by Fontes et28llg) in a gas chromatograph HP6890A
(Hewlett-Packard, Avondale, PA, USA), equipped watHflame-ionization detector (GLC-FID) and a
BPX70 capillary column (60 m x 0.32 mm x 0.2%; SGE Europe Ltd, Courtaboeuf, France). Analysis
conditions were as follows: injector temperatur® 28, split 25:1, injection volume dL; detector (FID)
temperature 275 °C; hydrogen was carrier gas & @€i; oven temperature program: started at 60 °C
(held 5 min), then raised at 15 °C/min to 165 °€ldhl min) and finally at 2 °C/min to 225 °C (h&ld
min). Samples were injected at least in duplic&gpelco 37, FAME from CRM-164 and FAME mix
(Sigma-Aldrich, St. Louis, MO, USA) were used fdentification of FA. GLC-Nestlé36 was assayed for
calculation of response factors and detection arzhiification limits (LOD: 0.79 ng FA/mL; LOQ: 2.64

ng FA/mL).

2.6. Smulation of the gastrointestinal tract

For this assay three strains displaying differeintilent phenotypes upon exposure to stress

condition were selected, specifically Lm 2542, LBD2, and Scott A. The survival through a simulated

Gl digestion was evaluated by the standardisedcsiatvitro digestion method suitable for food
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according to Minekus et al. (2014); this model dibss a three-step procedure simulating digestive
progress in the mouth (oral phase), stomach (gagtnase) and small intestine (intestinal phase).
Gastrointestinal solutions, including syntheticivaalfluid (SSF), synthetic intestinal fluid (SIFynd
synthetic gastric fluid (SGF), and enzymatic solos were prepared as detailed inith&itro digestion
protocol (Minekus et al., 2014). The concentratisese calculated for a final volume of 500 mL fack
simulated fluid, and pre-warmed at 37 °C in a whtth before use. The strains were grown as
previously described in section 2.3 and 1 mL altguaf each cell suspension (approximately1D®
cfu/mL) were transferred into a sterile 50 mL gldksk containing 4 mL of low fat Ultra-High
Temperature (UHT) milk and incubated for 1 h at°Cl Subsequently, the oral, gastric and intestinal
phases were simulated following the methodologyidiesd by Minekus et al. (2014). At various time
intervals, viable cell counts were determined bgparing serial decimal dilutions in sterile PBS,iahh
were subsequently plated (in duplicate) onto BHaragising the drop count technique (Miles et al.,
1938), and incubated at 37 °C for 24 h. Resultsreperted as the mean of cfu/mL observed in two

independent experiments.

2.7. Growth curves

To determine if individual fitness advantages,@mts of growth rates, is correlated with enhanced
bacterial virulence, three strains displaying d#fe virulent phenotypes upon exposure to stress
condition were selected, specifically Lm 2542, Lfk92, and Scott A. The strains were grown as
previously described in section 2.3 and aliquot (Al) of the culture broths were taken at timeinals
of every other hour during 24 h for growth at ogtirnonditions and every day, during 4 and 6 days fo
cold and cold-osmotic stress, respectively. Baatenowth was determined by @@ measurement and
by plating appropriate serial dilutions on BHI agaedium, in duplicate, by the drop count technique

(Miles et al., 1938). Colonies were enumeratedr dfteubation at 37 °C for 24 h and cfu/mL values
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calculated. The results are expressed as the nfeams three independent experiments with two
replicates. The growth curves obtained for eacwtir@ondition were fitted using the logistic furosti

A
1+ e k(—0)

logN =
Where N is the microbial load expressed as cfu/trtinge t (h), A is the curve's maximum value, kijh-
is the growth rate or steepness of the cubvfh) is the time-value of the sigmoid's midpointia the

natural logarithm base (also known as Euler's numbe

2.8. Satistical analysis

A one-way analysis of variance (ANOVA) was used dompare differences in invasion
efficiencies and survival through the GI tract betw different strains grown under optimal or stress
conditions. For fatty acid analysis Levene’s teaswapplied to verify the homogeneity of the varesc
Student’s T-test to compare means of two groupsoaedway ANOVA for three or more groups. Tukey
post hoc test was used to determine differencdsiniroups. The level of significance was set 860.
All calculations were carried out using the softevd€aleidaGraph (version 4.04; Synergy Software,

Reading, PA).

3. Results

3.1. Effect of cold and cold-osmotic stress on Listeria monocytogenes ability to invade Caco-2 epithelial

cells

The ability of the eight.. monocytogenes strainsto invade Caco-2 cells following growth under

optimal (BHI, at 37 °C), cold-stress (BHI, at 11),°@nd cold-osmotic stress conditions (BHI plus 6%
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NaCl, at 11 °C) is presented in Fig. 1. In ordeagsure that attenuated Caco-2 cell invasion phpest
were the result of the different culture conditi@applied to each strain, and not due to prematioe s
codon (PMSC) mutations imlA responsible for impaired cell invasiamlA of all strains was amplified
and screened for PMSC mutations; all strains ptedefull-lengthinlA. No statistical differences were
observed in invasion efficiencies (P > 0.05) betwke monocytogenes strains grown under optimal
conditions. Separate ANOVAs preformed for eachistslhowed that growth at 11 °C resulted in a
significant increase of invasion levels in fiveagtis (Lm 2542, 07FPF0776, L312, CLIP 80459 and Lm
2682), while the other three strains (Lm 2594, E&@nd Scott A) presented no differences in
invasiveness levels, when compared to growth uogeémal conditions. Seven- to eight-fold increase i
invasion efficiencies was recorded for Lm 2542, BGP76 and L312. When the cells were exposed to
cold-osmotic stress conditions invasion efficienoigere similar (P > 0.05) to those observed when th
strains were grown at optimal conditions for aHiss, except CLIP 80459, Lm 2594 and Scott A that

exhibited a significant decrease in their invasa@n(P < 0.05).

3.2. Sress-induced membrane fatty acid composition changes in selected Listeria monocytogenes strains

For a better comprehension of the possible alteratin the cellular fatty acid composition of
different strains ol.. monocytogenes exposed to different stress conditions (i.e. caid aold-osmotic
stress), their FA profile was compared to thathaf strains grown in optimal conditions (37 °C). lful
length data of FA analysis for each strain is gigersupplemental material (Table S1). The domiRant
identified in all the strains were C8-30H, C14:htakso-C17:0, anteiso-C15:0, C13Me, C12-20H, iso-
C17:0 and iso-C16:0. When the strains were growB7a®C, the total FA concentration varied from
7064.10 ng/mg pellet (strain Lm 2542) to 9605.88my (strain Lm 2594). The growth in both cold
stress and cold-osmotic stress resulted in a gtgnif decrease of the concentration of total FA of the
strains tested (Lm 2542, Lm 2594, 07PF0776, L31X® Seott A). For strain CLIP80459, only the cold-

osmotic stress caused a reduction in the total di#centration. This reduction was observed wherinstra

10
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EGD-e was induced with cold stress. None of thesstconditions affected the total FA concentratibn
strain Lm 2682.

The assayed strains in the different stress-indumautlitions showed variations for the main
BCFAs (namely, iso-C15:0, iso-C17:0, iso-C16:0,e&su-C15:0, anteiso-C17:0) and unsaturated fatty
acids (i.e. C12:1, C14:1). After growth lof monocytogenes under both stress conditions (cold and cold-
osmotic), it was observed a significant decreagharconcentration of anteiso-C15, iso-C17 andisawte
C17, and an increase in iso-C15, when compared waiilnes of growth at 37 °C., except for strain Lm
2682 that showed a shift from iso-C15 to anteis&-@fter growth under cold stress. Furthermore,
exposure to stress conditions caused an incred3&a® and C12:1 fatty acid concentration in ahisis,
and C14:1 fatty acid in strains Lm 2682 and CLIPBD4cold stress). Additionally, for all the tested
strains, the highest concentration of BCFAs and St@s observed for the standard growth condition
(37 °C).

Moreover, concerning the SFAs, it was found a S§icgnit decrease in the concentration of C16:0
for all strains and C18:0, except for Lm 2682 andtSA, when exposed to both stress conditions 1ile
°C and NacCl). In the case of Lm 2682, the value€18:0 increased significantly with cold stressitir
10.02 ng/mg - growth at 37 °C to 12.34 ng/mg) amadéhtained under cold-osmotic stress conditions)(9.8
ng/mg). For the strain Scott A the concentratiorC&B:0 increased to 9.52 ng/mg with cold stress and
decreased to 6.30 ng/mg with cold-osmotic streagitions, when compared to the values obtained when
the strain was grown at 37 °C (7.96 ng/mg).

Overall, significant differences (P < 0.05) in fhrefile of FAs, namely in BCFAs iso-C15 and iso-

C16, between more and less invasive strains whpeosexl to cold-osmotic stress were observed.

3.3. Effect of cold and cold-osmatic stress on the survival of Listeria monocytogenes strains through

simulated gastrointestinal (Gl) tract conditions

11
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The three selected strains were cultured undeddisegnated conditions (optimal, cold stress and
cold-osmotic stress), further inoculated in low failk, and their survival through the GI tract was
evaluated (Fig. 3). Growth under optimal conditiamsl subsequent passage through the Gl tract model
lead to a pronounced reduction in Lm 2542 viablent® (3.5 log cycles, > 1 log cycle reduction than
observed for Lm 2594 and Scott A). Growth in cdieéss resulted in similar reduction of cell numbers
for Lm 2542 and Lm 2594 after the Gl tract passagesn compared to growth at optimal conditions,
while Scott A presented the highest reduction ¢).l&nder cold and cold-osmotic stress conditikms,
2542 had a significantly higher survival rate comgpato the optimal growth conditions (P < 0.05, Fig
3A). Inversely, exposure of Lm 2959 and Scott Ahe stress conditions resulted in lower survivédsa

relative to growth at optimum conditions (Fig. 3Bde3C).

3.4. Listeria monocytogenes growth rates at optimal conditions and at cold and cold-osmotic stress

For this assay three strains were selected basedrulance phenotype upon exposure to stress
condition, i.e., strain Lm 2542 presented a sigaift increased invasiveness after growth at cold
temperature; whereas Lm 2594 showed decreasedverass; and Scott A was chosen as a 4b serotype
reference strain that did not show changes in thasion behaviour at different temperatures of
incubation. Figure 2 shows the growth curve for e selected strains when grown at the optimal
condition and at cold and cold-osmotic stress dmmi (Fig. 2). Data obtained with fit model are
detailed in Supplemental Table 2. As expected réisalts show that since 37 °C is the optimal growth
temperature of.. monocytogenes and low temperatures and high salt concentratigmesent a stress
condition for this microorganism, the highest vald@r growth rates were obtained for cultures grawn
optimal conditions, whereas culturing under cold aald-osmotic stress, resulted in a decreasedfispec
growth rate for all strains. At optimal conditiotie growth rates observed for Lm 2542 (k=0.402/8)en
similar to those obtained for Lm 2594 (k=0.309/hjl dor Scott A (k=0.339/h). At cold-stress conditsp

Scott A growth was more severely affected by tHd temperature (k=0.017/h) and the growth rate was

12
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significantly lower than that observed for Lm 25#@2L.m 2594 (k=0.30/h and k=0.031/h, respectively),
suggesting thereby that this strain is less adafenvercome cold stress. Under cold-osmotic stress
growth rate of Scott A (k=0.016/h) was higher, bat statistically different, than those observedLim

2542 (k=0.010/h) and Lm 2594 (k=0.014/h).

4. Discussion

Overall, it is well established that strainsLofmonocytogenes present a high variability regarding
stress tolerance, including thermal, acid, osmaticto desiccation stresses (Bergholz et al., 2010;
Hingston et al., 2017b; Komora et al., 2017; Metaelet al., 2015; Watecka-Zacharska et al., 2013).
has also been demonstrated, whether using éithviiro or in vivo models of infection, or by monitoring
the transcription of virulence genes, that exposoigpecific environmental stress conditions, sashow
pH and high salt concentrations, often leads teesed virulence dfisteria strains (Conte et al., 2000,
2002; Garner et al., 2006; O’'Driscoll et al., 199Hesen et al., 2009; Sleator et al., 2001; Saklani
Jusforgues et al., 2000). However, these studediraited to a low number of strains, usually tear
two prototype strains and their isogenic mutangecHically aiming to fill knowledge gaps on stress
response and activation of virulence mechanismas@&muently, to date, information is lacking regagdi
the effect of different types of stress on virulerassociated traits among multiple strains Lof
monocytogenes. In this study, a possible strain-dependent eftécéxposure to food-associated stress
conditions, often used to inhibit or reduce thetéaal growth, on virulence-associated traitsLlin

monocytogenes was investigated.

4.1.The correlation between exposure of L. monocytogenes to cold stress and increased invasion

phenotype seems to be strain-dependent

13
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Presented data indicate tHat monocytogenes strains exhibit different ability to invade Caco-2
cells upon exposure to cold, specifically five afiteight strains showed enhanced invasiveness after
growth at low temperature. It is of particular cerncthat the invasiveness of some strains was-frdd 8
higher after exposure to 11 °C. However, when tlett-adapted cells were subsequently submitted to
high salt concentrations (and again incubated &C)la decrease in their ability to invade Caamels
to levels similar to those occurring at optimalwtie conditions was observed. Previous studies tegor
a significant increase in virulence bf monocytogenes strainsafter growth at 4 °C when compared to
growth at 30 °C or 22 °C, using intravenously idated mice (Czuprynsky et al., 1989; Stephens.¢t al
1991). Conversely, Garner et al. (2006) reported #train 10403S was more invasive in Caco-2 cells
when grown at 37 °C than at 7 °C. Regarding osnitiess, a number of studies have established a
relation between exposure bf monocytogenes to various concentrations of NaCl and an increase i
virulence gene expression and virulence-assocétadhcteristics (Garner et al. 2006; Olesen e2@09;

Sue et al., 2004), while others found no signiftadifferences using different virulence models met
al., 2008; Myers et al., 1993).

Thus, it is not clear yet what are the limits impeerature or in salt concentration that trigges thi
possible hyper-virulence, and also, possibly dudifferences in the strains studied, growth coondsior
virulence models of infection used, results areatwtlys concordant. The ability bf monocytogenesto
tolerate and grow at cold temperatures is one ef distinct traits of this pathogen. Furthermore,
adaptation of.. monocytogenes to low temperatures is a complex biological proaessliated through a
number of molecular mechanisms of stress respamdading general stress response proteins, adaptiv
regulatory proteins and several cellular eventstihgie not yet been fully unravelled (reviewed lagdra
and Stephan, 2006). Deciphering the molecular pegtteehind divergence in the outcome of cold (and
other food-associated stresses) adaptation amdiffgsent strains will be essential to provide asight
on which genes involved in the attachment and iovagf the intestinal epithelium Hy. monocytogenes
are activatedA recent study already highlighted that minor gendifferences can exert great impact on

stress tolerance phenotyped.ofmonocytogenes (Hingston et al., 2017b).

14



337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362

4.2. Comparison of membrane lipid profiles among strains after growth under optimal, and cold and

cold-osmotic stress conditions

The results observed in this study are not fullyelated with previous studies, where it has been
shown that the decrease in temperature inducesigehan the branching of the fatty acid from iso to
anteiso, i.e., iso-C15 to anteiso-C15. Only theabéafur of strain Lm 2682 confirms and extends rssul
of other authors (Annous et al., 1997; Nicholslet2002; Chihib et al., 2003; Mastronicolis et 2005,
2006). In addition, it was verified in this resdanwork that the stress conditions (in a straintesla
effect) caused an increase in C12:0 and C12:1 #afity concentrations in all strains, and in Clttyf
acid in two strains. These alterations correlatd wiose previously reported by Annous et al. (338
Zhu et al. (2005). These authors suggested thahtoeporation of unsaturated fatty acids is on¢hef
most frequent strategies used by bacteria to iserdlae membrane fluidity in response to impacts of
environmental stresses. Alterations in the FA pedadffect membrane permeability and fluidity, whiatn
turn, seem to contribute to tolerance to low terapges and high concentrations of salt. Moreovanes
studies have suggested tthatmonocytogenes strainsincorporate BCFAs in response to environmental
stresses to increase membrane fluidity (Hingstaal.e2017a; Sun and O Riordan, 2010). However, the
results obtained in the current research work docoafirm such hypothesis as none of the assayed
strains increased the BCFAs concentration when sogoto stress conditions, as the highest
concentration of BCFAs and SFAs was observed fer dtandard growth condition. Concerning the
SFAs, an increase was observed after exposurethosi@ss conditions in two out of the eight stgain
tested; other authors observed an increase in 8Régslecrease in BCFA ieromonas spp. (Chihib et
al., 2005) andBacillus subtilis (Lopez et al., 2006) when subjected to high Na@kteatrations.

According to the results of this research, thee fagnificant differences in the profile of FAs,
namely in BCFAs iso-C15 and iso-C16, between maoie lass invasive strains when exposed to cold-

osmotic stress. Previous studies have shown thisarBCFAs improve intracellular survival and
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growth of L. monocytogenes, increasing resistance to host intracellular defen(Sun and O’Riordan,
2010). According to Sun et al. (2012) the high @mrations of anteiso-BCFAs expressed under stress
conditions byl.. monocytogenes promotes the production of Listeriolysin O (LL@)¢creases levels and
functionality of PrfA, the major transcriptional ta@tor of hly and transcription ofnlA, among other
virulence factors. The decrease of membrane fluiditthe absence of anteiso-BCFAs alters bacterial
physiology and influences the activity of PrfA, ulisng in decreased LLO production. However, thisre

a lack of studies oh. monocytogenes that relate membrane lipid changes resulting fggowth under
different environmental stress conditions with #imlity to invade Caco-2 cells. Thus, the discrejes
among the results found in this study and thoseiquely reported point to the need to deepen ithéur

studies, the relationship of lipid metabolism atrédss response &f monocytogenes.

4.3 Survival of Lm 2542 through the Gl tract digestion model is enhanced by cold and cold-osmotic stress
conditions, in comparison to optimal growth conditions, while Lm 2549 or Lm Scott A survival is poorer
or not affected

For further assays on the survival through ther@dttand growth rate, a subset of three strains
were selected based on virulence phenotype uporsarp to cold stress conditions, i.e., strain Li25
(significant increased invasiveness after growtlcatl temperature), Lm 2594 (decreased invasiveness
after growth at cold temperature); and Scott A (dat show changes in the invasion behaviour at
different temperatures of incubation).

The survival ScottA and Lm 2594 inoculated in law milk during simulated human digestion was
similar or lower after exposure to stress condgtidtiowever, Lm 2542, that previously exhibited adry
virulent phenotype when grown under cold stressweld significantly enhanced survival when subjected
to the stress conditions tested, particularly aft@d-osmotic stress exposure. The protective efiéc
cold stress was mostly noticeable at the end ofgtsdric phase. Previous studies have reported that
growth in the presence of salt had a significaféatfonL. monocytogenes survival in gastric fluid and

that its ability to survive varies according togsrienvironmental stress exposure (Cunha et al.§;201
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Garner et al., 2006; Werbrouck et al., 2008). Iiiportant to emphasize that the results of thisugition
were obtained following amn vitro digestion suitable for food according to Minekusaé (2014).
According to this model the simulation occurs iatist conditions and does not consider the gradual
acidification that normally occurs in the stomadterathe ingestion of a food nor the protectiveseffof
food against the lethal action of acids or bilessalvhich proves the difficulty in mimicking vivo
conditions. Additionally, at the beginning of thigektive process, all strains lafmonocytogenes were at
levels of 18 cfu/mL, which does not reflect real levels monocytogenes in contaminated in food
products.Nevertheless, this is a valuable method that altbvee demonstrate that the survival lof
monocytogenes to highly adverse conditions (similar to those abed in the Gl tract) is strain-dependent
and it is affected by previous exposure to stresslitions.

The effects of optimal, cold and cold-osmotic ssreonditions on the growth characteristics of
the three selected strains was screened and cainfesults indicated that, although major changes i
growth kinetics occurred under stress conditions2842, Lm 2594 and Scott A had near-identical
growth profiles at 37 °C and at 11 °C in combimatidth 6% NaCl; whereas at 11 °C, Scott A preseated
significantly lower growth rate. Therefore it wastmpossible to establish a link between growth unde
stress condition and the hyper-virulence phenogygebited by Lm 2542 or the survival through the Gl

tract digestion model.

Conclusion

The results obtained indicate that exposure toifipéaod-related environmental stress conditions
may increase virulence-associated traits.afionocytogenes strains. Specifically, data show a correlation
between incubation at low temperature and enhaoapdbility to invade the derived human colo-rectal
epithelial cell line Caco-2 in five out of eightrains tested. Further experiments demonstrated that
exposure to cold-osmotic stress conditions incikése resistance of orhe monocytogenes strain during

passage through the simulated Gl tract. Curremtiyy L. monocytogenes strain present in food is
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considered equally pathogenic. However, resultsifthis study support the idea that the heteroggneit

amongst strains regarding the response to stressriims of virulence potential should be taken in

consideration, and more studies are needed to afeelbetter understanding of the mechanisms that
overlap between adaptation to stress and improvederce-related characteristics in these specific
strains ofL. monocytogenes. High quality data generated by these studies dvindrease the quality and

efficiency of hazard analysis and risk assessments.
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Figure captions

Fig. 1. Caco-2 cell invasion efficiencies fr monocytogenes strains after growth at optimal conditions
(in BHI, at 37 °C;m), in cold stress (BHI, at 11°C}), and in cold-osmotic stress (BHI with 6% NacCl, at
11°C; m). Values represent average invasion efficiencigsat least three independent replicates; the

error bars indicate standard deviations.

Fig. 2. Growth ofL. monocytogenes strains Lm 2542 @), Lm 2594 (A), and Scott A @) measured by
0.D. (600 nm) and plate counts (Log CFU/mL) undetimal and stress conditions. A) standard
condition (BHI, 37 °C); B) cold stress conditionrHB 11 °C); C) cold-osmotic stress condition (BHtiw
6% NacCl (w/v), 11 °C). Values represent the meathi@fe independent replicates; the error bars atelic

standard deviations.

Fig. 3. Logarithmic reduction oE. monocytogenes strains Lm 2542 (A), Lm 2594 (B), and Scott A (C)
through different stages of the Gl tract incorpedain low fat milk for 24h after growth under: &)
optimal conditions (BHI; 37 °C); (©--) cold-stress (BHI, 11 °C); @--) and cold-osmotic stress (BHI
with 6% NacCl, 11°C). Values represent the mearhie independent replicates; the error bars inglicat

standard deviations.
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Tablel

Listeria monocytogenes strains selected for this study.

I(:Sg:jaée Origin Sample Serotype IYsg;?tlon ?;?gtrigﬁhlc Reference
Lm 2542 Human Placenta 4b 2010 Portugal Ferreiah,2018;
Magalhaes et al., 2015
Lm 2594 Food Cheese IVb* 2010 Portugal Magalh&es 2015
Lm 2682 Human Blood IVb* 2011 Portugal Magalhaealg 2014
%312 Food Cheese 4b NA Germany Chatterjee et@06 2
Kuenne et al., 2013
®CLIP 80459 Human NA 4b 1999 France Hain et al., 2201
de Valk et al., 2001
®07PF0776 Human Cardiac septal 4b NA USA McMullen et al., 2012
abscess Alonzo et al., 2011
Scott A Human Blood 4b 1983 USA Bries et al., 2011
Bradshaw et al., 1986
Fleming et al., 1985
EGD-e Animal Blood 1/2a 1924 United Kingdom Glastal., 2001

Murray et al., 1926

NA=data not available

* Molecular Serogroup IV comprises serotypes 4badd 4e, determined by Multiplex-PCR according tuiith et al., 2004.

®This strain was kindly supplied by Professor Tri@ithkraborty — Institute of Medical Microbiologystus Liebig Universitat, GieBen, Germany

® This strain was kindly supplied by Dr. Nancy Eeifag - Department of Microbiology and Immunologiniversity of lllinois at Chicago, Chicago, lllinmi

USA
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Highlights

» Stress conditions on virulence traitsLoimonocytogenes investigated

* Growth at 11 °C resulted in a significant increalsmvasiveness in five strains

» Correlation between cold stress and increasediverasss was strain-dependent
» Subsequent exposure to cold-osmotic stress redalteduced invasiveness

* SFA and BCFA decreased whienmonocytogenes were exposed to stress conditions
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