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A B S T R A C T   

Pulsed Electric Fields (PEF) technology is regarded as one of the most interesting alternatives to current food 
preservation methods, due to its capability to inactivate vegetative microorganisms while leaving the product’s 
organoleptic and nutritional properties mostly unchanged. However, many aspects regarding the mechanisms of 
bacterial inactivation by PEF are still not fully understood. The aim of this study was to obtain further insight into 
the mechanisms responsible for the increased resistance to PEF of a Salmonella Typhimurium SL1344 variant 
(SL1344-RS, Sagarzazu et al., 2013), and to quantify the impact that the acquisition of PEF resistance has on 
other aspects of S. enterica physiology, such as growth fitness, biofilm formation ability, virulence and antibiotic 
resistance. WGS, RNAseq and qRT-PCR assays indicated that the increased PEF resistance of the SL1344-RS 
variant is due to a higher RpoS activity caused by a mutation in the hnr gene. This increased RpoS activity 
also results in higher resistance to multiple stresses (acidic, osmotic, oxidative, ethanol and UV-C, but not to heat 
and HHP), decreased growth rate in M9-Gluconate (but not in TSB-YE or LB-DPY), increased ability to adhere to 
Caco-2 cells (but no significant change in invasiveness) and enhanced antibiotic resistance (to six out of eight 
agents). This study significantly contributes to the understanding of the mechanisms of the development of stress 
resistance in Salmonellae and underscores the crucial role played by RpoS in this process. Further studies are 
needed to determine whether this PEF-resistant variant would represent a higher, equal or lower associated 
hazard than the parental strain.   

1. Introduction 

Pulsed Electric Fields (PEF) technology consists in the application of 
short-duration (1–100 μs) high electric field pulses (10–50 kV/cm) to 
food products placed between two electrodes (Heinz et al., 2001). This 
technology has been under research for decades as a potential alterna
tive to thermal treatments for the preservation of different food prod
ucts, and data obtained to date demonstrate that PEF can inactivate 
vegetative cells of bacteria and yeasts at temperatures below those used 
in thermal processing (Álvarez et al., 2006), thus potentially allowing 
for a high degree of food safety while minimizing quality and nutritional 
losses. 

However, despite decades of effort and despite the substantial body 
of information available concerning microbial inactivation by PEF, the 
mechanisms of microbial inactivation and, especially, of resistance 
acquisition to this technology still remain largely unknown. Thus, 

although permeabilization of cellular envelopes as a result of the 
application of PEF (also called “electroporation” or “electro
permeabilization”), is believed to be the principal mechanism of mi
crobial inactivation by this technology (Barbosa-Cánovas et al., 1999; 
Ho and Mittal, 1996; Kinosita et al., 2012; Mañas and Pagán, 2005; 
Pavlin et al., 2007; Tsong, 1991; Weaver and Chizmadzhev, 1996), the 
molecular mechanisms of pore formation and resealing in bacteria are 
almost completely unknown. It is assumed that bacterial membrane 
electroporation occurs essentially as depicted for artificial membranes, 
for eukaryotic cells, or in molecular dynamic simulations (El Zakhem 
et al., 2006; Pavlin et al., 2008; Sözer et al., 2017; Tarek, 2005). How
ever, little is known, for instance, about the manner in which the com
plex structure of bacterial envelopes exerts an influence on the 
electroporation phenomenon, or about the potential contribution of 
other phenomena to inactivation after exposure to PEF, such as oxida
tive damage (Marcén et al., 2019; Pakhomova et al., 2012). 
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Similarly, factors determining the differences in resistance to PEF 
among bacterial species and/or strains, as well as the influence of 
growth and treatment conditions on bacterial survival, are far from 
being completely understood. The structure, composition and physical 
state of membranes and envelopes are presumed to play a major role in 
bacterial resistance to PEF but results obtained to date are, in many 
cases, inconclusive. Hence, various authors have hypothesized that the 
differences in PEF resistance among cells grown and treated at different 
temperatures would be related to differences in the fluidity of their 
membranes; results in the literature are nevertheless contradictory 
(Cebrián et al., 2016a). Similarly, Chueca et al. (2015) demonstrated 
that PEF-treated cells activate a response involving components and 
functions directly associated with the cytoplasmic membrane: this in
dicates that mainly the cell envelope is the element most affected during 
the inactivation process. This confirms the observed cellular require
ment of energy for the repair sublethal damage to the cytoplasmic 
membrane caused by PEF treatments, probably related to the synthesis 
of new lipids (García et al., 2005). The role of the outer membrane and of 
other envelope characteristics, such as surface charge, has also been 
studied (Arroyo et al., 2010; Golberg et al., 2012), but is poorly 
understood. 

In addition, little is known about the ability of bacterial cells to 
develop homologous and cross-resistance to PEF; neither is much known 
about the impact that the development of PEF resistance can exert on 
other aspects of bacterial physiology. Regarding the first issue, only a 
few papers have dealt with it (Arroyo et al., 2012; Cebrián et al., 2012), 
although it seems that the phenomenon of homologous and 
cross-resistance would be of much less relevance against PEF than in the 
case of other technologies, such as heat treatments (Cebrián et al., 
2016b). The information available regarding the second topic is even 
more scarce, although a recent study has investigated the impact of PEF 
on S. enterica virulence (Sanz-Puig et al., 2019). 

In a previous study, we reported the isolation of a PEF-resistant 
Salmonella enterica ser. Typhimurium SL1344 (SL1344-RS) strain ob
tained after repeated rounds of PEF treatment and outgrowth of survi
vors (Sagarzazu et al., 2013). This increased PEF resistance was 
accompanied by increased resistance to certain other agents including 
hydrogen peroxide and acidic pH, and was associated with the entry of 
S. enterica cells into stationary growth phase. Altogether, results strongly 
suggested that the greater PEF-resistance of the variant SL1344-RS could 
be related to the general stress sigma factor RpoS, since the latter is 
preferentially expressed in the stationary phase of growth; moreover, 
RpoS activity leads to an acquisition of tolerance to a variety of stresses 
(Hengge-Aronis, 1996). However, this hypothesis awaits validation. 
Thus, our study’s aim was to obtain further insight into the mechanisms 
responsible for the increased stress resistance of Salmonella Typhimu
rium strain SL1344-RS, as well as to quantify the impact that the 
acquisition of PEF resistance has on other aspects of S. enterica physi
ology, such as growth fitness, biofilm formation ability, virulence, and 
antibiotic resistance. 

2. Materials and methods 

2.1. Bacterial strains and culture conditions 

Salmonella enterica serovar Typhimurium SL1344 and a PEF-resistant 
variant of the same strain (SL1344-RS) (Sagarzazu et al., 2013) were 
used in this study. Strains were maintained frozen at − 80 ◦C in cryovials 
for long-term preservation. Cultures were grown in tryptic soy broth 
(Oxoid, Basingstoke, UK) supplemented with 0.6% w/v yeast extract 
(Oxoid; TSB-YE) in 96-well microtiter plates and incubated at 37 ◦C 
under static conditions as described in Guillén et al. (2020). 

2.2. Resistance treatments 

2.2.1. Sodium chloride resistance treatments 
Resistance to osmotic medium was evaluated in TSB-YE supple

mented with 30% w/v of sodium chloride (VWR International; NaCl). 
Treatments were carried out at 37 ◦C, and the initial concentration was 
of approximately 107 CFU/mL. After the selected contact time of up to 
32 h, serial dilutions were prepared and pour-plated for survival counts 
as described below. 

2.2.2. High hydrostatic pressure (HHP) treatments 
HHP treatments were carried out in a Stansted Fluid Power S-FL-085- 

09-W (Harlow, London, England) apparatus (Ramos et al., 2015). The 
pressure-transmitting fluid was a mixture of propylene glycol and 
distilled water (50/50, v/v). An automatic device was employed to set 
pressure and time during the pressurization cycle. Cell suspensions were 
prepared at a cell concentration of approximately 107 CFU/mL in 
citrate-phosphate McIlvaine buffer of pH 7.0. Samples were packed in 
plastic bags, which were sealed without headspace and introduced in the 
treatment chamber. Treatments were applied at 300 MPa for different 
treatment times up to 30 min, and temperature never exceeded 40 ◦C. 

2.2.3. Ultraviolet C light (UV–C) treatments 
UV-C treatments were carried out in microtiter plates under static 

conditions. Microtiter plates were coated with 1 layer of a microplate 
sealing film (BREATHseal, Greiner bio-one, Frickenhausen, Germany) 
and placed at a distance of 22.50 cm from a 32 W UV-C lamp (VL-208G, 
Vilber, Germany). Radiation intensity was measured by means of a UVX 
radiometer (UVP, LLC, Upland, CA). Under these experimental condi
tions, intensity of 0.47 ± 0.02 mW/cm2 was attained. The treatment 
medium was citrate-phosphate McIlvaine buffer of pH 7.0, and the 
initial concentration was of approximately 107 CFU/mL. Treatment 
times of up to 180 s were applied and temperature never exceeded 40 ◦C. 

2.2.4. Recovery after different treatments and survival counting 
After treatments, samples were adequately diluted in Buffered 

Peptone Water (Oxoid; BPW) and plated on the recovery medium, 
tryptic soy agar with 0.6% w/v yeast extract (Oxoid; TSA-YE). Plates 
were incubated for 24 h at 37 ◦C, after which the number of colony- 
forming units (CFU) per plate was counted. 

2.2.5. Survival and modeling curves 
Survival curves were obtained by plotting the logarithm of the sur

vival fraction (log10 N/N0) versus treatment time (h for NaCl treatments; 
min for HHP, and s for UV-C treatments). Since deviations from linearity 
were frequently observed in survival curves, the Geeraerd inactivation 
model-fitting tool GInaFiT was used to fit experimental data and to 
calculate inactivation kinetic parameters (Geeraerd et al., 2005). 
Equations (1) and (2), respectively, were used to fit those curves which 
showed shoulder and tailing phenomena. 

Nt = N0⋅ exp− Kmax ⋅t⋅
[

expKmax ⋅Sl

1 + (expKmax ⋅Sl − 1)⋅ exp− Kmax ⋅t

]

Eq. 1  

Nt = (N0 − Nres)⋅ exp− Kmax ⋅t + Nres Eq. 2  

In these equations, Nt represents the number of survivors, N0 the initial 
count, and t the treatment time. 

Survival curves were obtained in triplicate on independent working 
days and model fitting was performed on each of the three replicates 
separately. 

This model describes the survival curves by means of three param
eters: shoulder length (Sl), defined as the time before exponential inac
tivation begins; inactivation rate (Kmax), defined as the slope of the 
exponential portion of the survival curve; and Nres which describes re
sidual population density (tail). The traditional decimal reduction time 
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value (D-value) can be calculated from the Kmax parameter using 
Equation (3). 

D − value = 2.303/Kmax Eq. 3  

2.3. Maximum growth rate determination assays 

Growth fitness characterization assays were carried out in three 
different media: TSB-YE, Luria-Bertani (LB) broth supplemented with 
100 μM 2-2′dipyridyl (DPY), an iron chelator, and minimal medium, 
M9-broth, supplemented with 20 mM gluconate as the principal carbon 
source in the intestine (Bleibtreu et al., 2013). Growth rates were 
calculated in triplicate on independent working days, and were carried 
out following the protocol described by Guillén et al. (2022). Model 
fitting was performed on each of the three replicates separately. The 
growth curves thereby obtained were fitted with the Baranyi and Rob
erts model (Baranyi and Roberts, 2000): 

Yt = Y0 + μ’⋅At −
Ymax − Y0

M
⋅ln

[

1 − e− M +

(

e− M⋅
Ymax − Y0 − μ’⋅At

Ymax − Y0

)]

Eq. 4  

At = t − λ⋅
[

1 −
1
h0

⋅ln
(

1 − e− h0 ⋅ t
λ + e

− h0 ⋅

(
t
λ− 1

)
)]

Eq. 5  

where Yt is the log10 of cell concentration at time t (CFU/mL); Y0 is the 
log10 of the initial cell concentration (CFU/mL); Ymax is the log10 of 
maximum cell concentration (CFU/mL); μ′ is growth rate (log10/h); λ is 
the lag phase (h); and M and h0 are curvature parameters. These latter 
two parameters, M and h0, were considered constant values (set at a 
value of 10) as suggested in Baranyi and Roberts (2000). Curve fitting 
was carried out using GraphPad PRISM® (GraphPad Software, San 
Diego, CA, USA) statistical software. 

The maximum specific growth rate was calculated from the growth 
rate, in log10 scale, using Equation (6). 

μmax = μ’⋅ln (10) Eq. 6  

2.4. Virulence assays 

The human colon carcinoma Caco-2 cell line (TC7 clone) was kindly 
provided by Dr. Edith Brot-Laroche (Université Pierre et Marie Curie- 
Paris 6, UMR S 872, Les Cordeliers, France) at passage 25 and used in 
experiments at passage 30–35. Cells were maintained in 75 cm2 flasks at 
37 ◦C in a humidified atmosphere containing 5% CO2. Cells were grown 
in Dulbecco’s Modified Eagle’s Medium + Gluta-MAX™ (DMEM, Invi
trogen, France) supplemented with 10% Fetal Bovine Serum (FBS, 
Invitrogen, France), 1% Minimal Essential Medium with Non-Essential 
Amino Acids (MEM NEAA 100X, Invitrogen, France), and 1% antibi
otics (penicillin/streptomycin, Invitrogen). Once the cells reached 80% 
confluence, they were dissociated with 0.05% Trypsin-1 mM EDTA 
(Invitrogen) and seeded at a density of approximately 15,000 cells per 
well in 96-well tissue culture plates (Nunc, France) containing 200 μL of 
complete medium per well. Plates were incubated in humidified atmo
sphere containing 5% CO2 at 37 ◦C for 15–17 days to attain fully 
differentiated cell layers. Culture medium was replaced every two days, 
and cell confluence was confirmed by optical microscopy. Adhesion and 
invasion assays were performed following the protocol described in 
Guillén et al. (2022). Adhesion and invasion rates were calculated as the 
percentage of adhered or invading bacteria, respectively, in relation to 
the initially inoculated bacterial population. 

2.5. Biofilm formation ability assay 

Biofilm formation ability was evaluated in a 96-well microtiter plate 
as described in Guillén et al. (2022). For each replicate experiment, four 

wells were inoculated for each strain and negative controls, i.e., four 
uninoculated wells, were also included. In order to establish meaningful 
comparisons, the area under the curve (AUC) was calculated as 
described in Espina et al. (2015). Briefly, the absorbance at 580 nm vs 
time (up to 72 h, with measurements every 24 h) was plotted for each 
strain and the AUC values were calculated using GraphPad software 
following the trapezoid rule, according to which the total area is the sum 
of all rectangular trapezoids, each defined by two adjacent absorbance 
values with respect to the area under the curve (in the y axis) and the 
time between those measurements (in the x axis). The formula we 
applied was: 

AUC =
∑n− 1

i=1

xi⋅(yi + yi+1)

2
Eq. 7  

where xi is the time between measurements in hours, yi is the absorbance 
value at 580 nm for each measurement, and n is the total number of 
measurements. 

2.6. Antibiotic resistance assays 

The minimum inhibitory concentration (MIC) of seven antibiotics 
representative of different classes (ampicillin, cephalexin, chloram
phenicol, kanamycin, nalidixic acid, oxytetracycline, and sulfanilamide) 
against the two S. enterica strains was determined by Broth Dilution 
Susceptibility Tests as described in Guillén et al. (2022). The range of 
concentrations used to determine the MICs of an antibiotic was 0–512 
μg/mL, except for sulfonamides, for which the range was 0–4096 μg/mL. 
MICs were then determined as the lowest concentration of antibiotic 
that completely inhibited growth (optical absorbance equal to or lower 
than non-inoculated wells) of each strain after 24 h of cultivation at 
37 ◦C. 

2.7. Whole genome sequencing (WGS) and identification of mutations 

Total genomic DNA (gDNA) from the parental S. Typhimurium 
SL1344 strain and the PEF-resistant variant (SL1344-RS) was extracted 
using a DNeasy Tissue kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. 

The genomes of the resistant variant and of the parental strain under 
study were sequenced by the STAB VIDA firm (Portugal) in an Illumina 
Hiseq 4000 platform, using 150bp paired-end reads. The resulting reads 
were then subjected to a trimming process using the CLC Genomic 
Workbench version 12.0. The quality of data thereby obtained was 
determined by Phred quality score for each cycle using the FastQC 
program (v3.4.1.1) (Andrews, 2010). The high-quality sequencing reads 
were then mapped (length and similarity fractions of 0.8 each) against 
the Salmonella enterica subsp. enterica serovar Typhimurium SL1344 
reference genome (Kröger et al., 2012). After mapping, we applied a 
variant calling algorithm to detect the variants that satisfied the re
quirements specified by the following filters: minimum frequency =
35%, minimum quality (Phred) = 20, minimum coverage = 20, mini
mum count = 5, and direction filtering. Detection of insertions and 
deletions was also performed by means of an InDels detection tool using 
the following criteria: minimum number of reads = 5 and P-value 
threshold = 0.0001. Sequences were deposited in the NCBI Sequence 
Read Archive (BioProject PRJNA814285). 

2.8. RNA extraction and cDNA synthesis 

RNA of parental S. Typhimurium SL1344 strain and its PEF-resistant 
variant (SL1344-RS) was isolated by phenol-chloroform extraction with 
a subsequent cleanup procedure using the RNeasy Mini Kit (Qiagen) 
(Atshan et al., 2012). Cells were pelleted by centrifugation at 8000×g for 
3 min in a 4 ◦C refrigerated centrifuge. The pellet was re-suspended in 
100 μL of RNase-free water. The tube was vigorously vortexed for 3 min 
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and 100 μL of acid phenol was added with chloroform (1:1). It was then 
vortexed for 1 min and incubated at 70 ◦C for 30 min. The vortex process 
was repeated periodically every 5 min. Next, the tube was centrifuged at 
12,000×g for 10 min and 100 μL from the aqueous (top only) phase was 
transferred into a new tube. 700 μL of lysis buffer were added into the 
aqueous phase and the subsequent steps were carried out according to 
the manufacturer protocol of RNeasy Mini Kit (Quiagen). The samples, 
once purified, were treated with DNase to remove residual DNA using 
the Rapidout Removal Kit (Thermo Fisher Scientific, Massachusetts, 
USA), also following manufacturer’s instructions, and extracted RNA 
samples were frozen at − 80 ◦C until complementary DNA (cDNA) 
synthesis. 

The RNA previously isolated was converted to cDNA using the Su
perscript IV Reverse Transcriptase kit (Invitrogen, Carlsbad, USA) using 
random hexamer primers following the protocol described by the 
manufacturer. Once the cDNA was obtained, it was stored at − 80 ◦C 
until RNAseq and qPCR assays were carried out. 

2.9. RNA sequencing (RNA-seq) 

RNAseq assays were performed by the STAB VIDA firm (Portugal) in 
an Illumina Novaseq platform, using 150bp paired-end reads. The li
brary construction of cDNA molecules was carried out using a Ribosomal 
Depletion Library Preparation Kit. After sequenciation, the high-quality 
sequencing reads were mapped (length and similarity fractions of 0.8 
each) against the Salmonella enterica subsp. enterica serovar Typhimu
rium SL1344 reference genome (GenBank: Accession No. FQ312003.1) 
(Kröger et al., 2012) and analyzed using CLC Genomics Workbench 
12.0.3. Gene expression was normalized by calculating reads per kilo
base per million mapped reads (RKPM), given by dividing the total 
number of reads by the number of mapped reads (in millions) x the 
length in kilobases (Mortazavi et al., 2008). Differential expression 
analysis (parental vs SL1344-RS) was carried out using a multi-factorial 
statistical analysis tool based on a negative binomial model that uses a 
generalized linear model approach influenced by the multi-factorial 
EdgeR method (Robinson et al., 2010). The differentially expressed 
genes were filtered using standard conditions (Fold change ≥2 or ≤ − 2 
and FDR p-value ≤0.05) (Raza and Mishra, 2012; van Iterson et al., 
2010). Further control of the Family-Wise Error Rate (FWER, false 
positives) was carried out by applying the Bonferroni correction (p <
0.05). RNASeq data presented in this article were deposited in the NCBI 
Sequence Read Archive (BioProject PRJNA814285). 

2.10. Quantitative reverse transcription polymerase chain reaction (qRT- 
PCR) 

Afterwards, expression of three RpoS-dependent genes (katE, katN 
and otsB) of SL1344-RS and the parental strain was determined using 
Quantitative Reverse Transcriptase PCR (qRT-PCR). rpoZ was used as a 
reference gene for qPCR normalization (Lévi-Meyrueis et al., 2014). 

qPCR amplification was performed using the GoTaq qPCR Master 
Mix (Promega, Madison, USA) and the primers described in Table 1. The 
qPCR assays were carried out with a CFX Connect Real-Time System 
(Bio-Rad Laboratories, Hercules, USA) using a protocol of 5 min at 94 ◦C 
for GoTaq enzyme activation, followed by 44 cycles at 94 ◦C for 10 s and 
40 s at a temperature of 55 ◦C for acquisition of annealing, elongation 

and fluorescence data. A melting curve between 65 ◦C and 90 ◦C was 
obtained after the last amplification cycle, and at a temperature tran
sition rate of 0.5 ◦C/s. All amplification reactions were run in triplicate. 

The mRNA levels for the genes of interest were quantified from the Ct 
value, which is the PCR cycle number that generated a common signal 
for each gene in the exponential phase of amplification. To correct for 
sampling errors, the levels of expression of each gene, as determined 
from their Ct values, were normalized to the level of rpoZ gene. The 
relative expression of the genes investigated in each resistant variant 
was compared to that for parental cells and the fold change in tran
scription was calculated using 2− ΔΔCt (Pfaffl, 2001). 

2.11. Statistical analysis 

All determinations were carried out in triplicate on different working 
days. Standard deviations (SD) and statistical analyses (ANOVA and 
Tukey tests; p-value <0.05) were calculated using GraphPad PRISM® 
statistical software (GraphPad Prism version 8.00 for Windows, 
GraphPad Software, San Diego, California, USA). 

3. Results and discussion 

3.1. Genetic characterization of the PEF-resistant variant 

First, we performed a WGS analysis of the parental strain SL1344 
available in our laboratory. This allowed us to identify four single 
nucleotide variations (SNVs) in comparison with the reference genome 
of this same strain in GeneBank (Accession No. FQ312003.1) (Kröger 
et al., 2012). Those SNVs are listed in Table S1. It should be noted that 
heterogeneity among the genomes of supposedly identical microbial 
strains/cultures has already been widely reported and discussed (Dor
man and Thomson, 2020). In any case, our results highlight the rele
vance (even more so, the necessity) of periodically 
revisiting/re-sequencing the genome of microbial strains stored and 
used in different laboratories, especially when experimental evolution 
and/or mechanistic studies are being carried out. 

Secondly, WGS analysis of the PEF-resistant variant SL1344-RS was 
performed to identify the genetic changes responsible for the phenotypic 
changes observed by Sagarzazu et al. (2013). We then compared the 
genomes of strains SL1344 and SL1344-RS. As can be observed in 
Table 2, two SNVs were found. 

The first SNV was found in the hnr gene at position 902 bp, resulting 
in the substitution of a Leucine (Leu) by a Proline (Pro). This protein, 
Hnr, regulates the turnover of the alternative sigma factor σS (RpoS) by 
promoting its proteolysis (Zhou and Gottesman, 1998), and it also 
controls which mRNAs are destroyed by stimulating polyadenylation 
(Carabetta et al., 2009). RpoS is regarded as the master regulator of the 
general stress response in many Gram-negative bacteria, including 
S. enterica (Battesti et al., 2011; Hengge, 2011; Lago et al., 2017; 
Österberg et al., 2011). Therefore, any change in hnr has the potential of 
affecting RpoS activity and, consequently, the stress resistance of Sal
monella Typhimurium cells. Given the fact that this variant displayed a 
higher resistance to different stresses, Sagarzazu et al. (2013) had 
already speculated that this might be connected with increased RpoS 
activity. Conversely, the lack of the stationary-phase inducible sigma 
factor RpoS has been shown to result in decreased resistance to PEF 
(Somolinos et al., 2008). In the case of PEF, cell membrane damage 
appears to be a major contributor to cell death; it has been suggested 
that proteins synthesized under the control of sigma factor RpoS are 
responsible, among other functions, for repairing most of the cell 
membrane damage caused by PEF treatment (Somolinos et al., 2008). 
This would suggest that the expression of sigma factor RpoS is related to 
a protective effect of the cell envelope. We verified this hypothesis via 
transcriptomic and phenotypic assays. as described below. 

The second SNV was, apparently, a reversion of a mutation found 
when comparing the genome of the parental strain, S. Typhimurium 

Table 1 
Primer sequences used in Real-Time PCR to quantify the expression of RpoS- 
dependent genes.  

Gene target Forward primer (5’ -to- 3′) Reverse primer (5’ -to- 3′) 

rpoZ CGAAGAAGGTCTGATTAAC GACGACCTTCAGCAATA 
katE GGCGTCTGTTCTCTTAT CTGGAAGTTATGGTAGGG 
katN TGAGTCATCTGGAAATTAT CGATAAAGTTCCGCTTC 
otsB TTAACCGTATCCCCCGAACTC CCGCGAGACGGTCTAACAAC  
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SL1344, with that of the reference strain in yggW gene at position 804 
bp, resulting in a silent mutation. Although the function of YggW, also 
named HemW in E. coli, is poorly understood, it probably acts as a heme 
chaperone (Haskamp et al., 2018). It cannot be excluded that, instead of 
a reversion, this difference in the yggW gene between the parental and 
the PEF-resistant strain would be due to the fact that this variant had 
been isolated from a culture of the parental strain that had not harbored 
that mutation. In any case, since this was a silent mutation, no pheno
typic change would be associated with it. Therefore, the phenotypic 
changes observed in the strain S. Typhimurium SL1344-RS would be 
solely linked to the mutation found in hnr. 

3.2. Comparative global gene expression analysis (RNAseq) 

In order to determine the impact of the observed genetic changes on 
Salmonella physiology and to acquire a deeper insight into the mecha
nisms leading to its increased stress resistance, we studied and compared 
the transcriptomes of the parental and the PEF-resistant variant using 
RNA sequencing. We identified a total of 147 genes differentially 
expressed in the parental strain and the PEF-resistant variant (p < 0.05), 
of which 22 were highly significant (p < 0.001) (see Supplementary 
Material). After applying the Bonferroni correction factor – which, 
despite reducing the number of true discoveries, reduces the number of 
false positives – six genes showed differential expression levels (>2 fold, 
p < 0.05) when comparing the parental and the PEF-resistant variant 
(Table 3). 

Among these six genes, five of them were up-regulated in the PEF- 
resistant variant, and one of them was down-regulated. In addition, 
five of them have been shown to be RpoS-dependent. These results 
strongly suggest that the mutation we found led to a decrease in hnr- 
dependent RpoS proteolysis, thereby indicating that this PEF-resistant 
variant displays increased RpoS activity. 

3.3. qRT-PCR analysis of RpoS activity 

In order to verify the results obtained by RNAseq, three well-known 
RpoS-regulated genes (katE, katN and otsB) were used by means of qRT- 
PCR as reporters to quantify RpoS activity. Both, i.e., katE gene, 
encoding the HPII catalase, and katN gene, encoding a non-heme 

catalase, are considered to be RpoS-dependent in S. enterica (Chen et al., 
1996; Ibañez-Ruiz et al., 2000; Robbe-Saule et al., 2001), and they also 
contribute to the prevention of oxidative stress (Visick and Clarke, 
1997). RpoS is likewise involved in the transcription of the otsBA operon 
in S. Typhimurium (Balaji et al., 2005; Lévi-Meyrueis et al., 2014), 
which plays an important role in countering osmotic stress via regula
tion of the trehalose synthesis pathway. Under high-osmolarity condi
tions, trehalose serves as an osmoprotectant. 

Fig. 1 shows the relative expression of the three genes under study 
(2− ΔΔCt) in the PEF-resistant (SL1433-RS) variant as compared to the 
parental strain. As can be observed in the graph, the three RpoS- 
regulated genes were overexpressed in the PEF-resistant variant, espe
cially otsB gene, confirming the results obtained by RNAseq. It should be 
noted that S. Typhimurium SL1344-RS also displayed a significantly 
higher catalase activity (often used as an indirect index of RpoS activity 
(see Schellhorn, 1995; Tanaka et al., 1997), as determined by Iwase et al. 
(2013) (data not shown). 

3.4. Further characterization of the stress resistance of S. Typhimurium 
SL1344-RS 

In the article in which its isolation was reported (Sagarzazu et al., 
2013), the resistant variant SL1344-RS displayed the same degree of 
heat resistance as the parental strain. However, the survival rate in 
acidic pH, especially in hydrogen peroxide and ethanol, was higher in 
this resistant variant (Sagarzazu et al., 2013). In the current study, we 
investigated whether the PEF-resistant variant was more tolerant to 
other hurdles as well. Following the procedure described in Guillén et al. 
(2020), we determined the SL1344-RS strain’s resistance to osmotic 
stress, high hydrostatic pressure, and UV-C, and compared it with that 
the parental strain, S. Typhimurium SL1344. Survival curves were ob
tained by plotting the logarithm of the survival fraction versus the 
treatment time; we then applied the non-linear Geeraerd model (Geer
aerd et al., 2000) to calculate the corresponding resistance parameters 
(N0; Sl; Kmax, Nres). The mean values obtained for these parameters and 
their standard deviation, together with the goodness-of-fit parameters, 

Table 2 
Mutations identified in the S. Typhimurium SL1344-RS strain (as compared to our S. Typhimurium SL1344 parental strain) by whole genome sequencing (WGS). All 
detected mutations were single nucleotide variations (SNV).  

Region Genes Locus tag Mutation type Amino acid change Description 

1805904 hnr SL1344_1684 c.902 T > C Leu301Pro hypothetical regulatory protein 
3284620 yggW SL1344_3079 c.804 T > C No change possible oxygen-independent coproporphyrinogen III oxidase  

Table 3 
Genes with differential expression levels after applying the Bonferroni correc
tion factor (>2 fold, p < 0.05) in the parental strain, S. Typhimurium SL1344, 
and the PEF-resistant variant as determined by RNAseq. Species in which these 
genes were shown to be RpoS-dependent are indicated in parentheses.  

Gene Fold 
change 

RpoS-dependent? Reference 

SL1344_1197 
(YhjQ) 

30.50 Yes (E. coli) Dong (2010) 

SL1344_1443 
(YmdF) 

154.31 Yes (S. 
Typhimurium) 

Oguri et al. (2019) 

yciF 91.61 Yes (S. 
Typhimurium) 

Beraud et al. (2010) 

yciE 204.80 Yes (S. 
Typhimurium) 

Beraud et al. (2010) 

katN 159.04 Yes (S. 
Typhimurium) 

Beraud et al. (2010) 

zraP − 19.37 – Appia-Ayme et al. 
(2012)  

Fig. 1. Relative expression of the three genes studied (2− ΔΔCt) in the PEF- 
resistant variant as compared to the parental strain. Error bars correspond to 
the standard deviation of the means (n = 3) and the asterisk (*) indicates sta
tistically significant differences (p < 0.05) between the parental and the 
variant strain. 
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are included in Table S2. The 2D-value parameter (the time required to 
inactivate the first 2 log10 cycles) was calculated from Equation (1) or 
(2) and used to establish meaningful comparisons between S. Typhi
murium SL1344 and PEF-resistant variant SL1344-RS, according to the 
method described in Guillén et al. (2020). 

As can be deduced from Fig. 2, the SL1344-RS variant showed a 
higher tolerance to osmotic medium (12.90 ± 0.252 vs 9.12 ± 0.468 h) 
and to UV-C (74.02 ± 2.749 vs 66.51 ± 0.431 s) (p < 0.05), but no 
significant differences (p > 0.05) in HHP resistance were found between 
the two strains. Hence, this PEF-resistant variant would not only be more 
resistant to PEF, acid, hydrogen peroxide and ethanol, as previously 
reported (Sagarzazu et al., 2013), but it is also more osmotic and UV-C 
resistant than its parental counterpart. This is plausible, considering the 
role of RpoS as a master regulator of the general stress response in 
S. enterica and the fact that RpoS has already been shown to be essential 
for this microorganism’s optimal tolerance of desiccation, starvation, 
and acid (Lee et al., 1995; Loewen et al., 1998). The role of RpoS in 
S. enterica UV-C and PEF resistance has not yet been explored, but results 
obtained in the current study suggest that RpoS might contribute toward 
an increase in S. enterica resistance to those agents. On the other hand, it 
is not surprising that the two agents to which no change in resistance 
was observed were heat and HHP, since they share several cellular 
targets and there is a substantial overlap in microbial responses to them 
(Cebrián et al., 2016b). However, these results do not directly imply that 
RpoS activity has no influence on the resistance of S. enterica to these 
technologies. What is more, the major role played by RpoS in the 
resistance of E. coli to heat and HHP has been amply proven (Bhagwat 
et al., 2006; Charoenwong et al., 2011; Robey et al., 2001; Vidovic et al., 
2012). Similarly, RpoS also seems to play a relevant role in the resistance 
of S. enterica to heat, at least under certain conditions (Cui et al., 2019). 
We can speculate that the difference in RpoS activity required to induce 
a significant change in resistance to heat and HHP could be greater than 
the difference observed between the two strains, or that once a RpoS 
activity threshold is reached, subsequent increases would not have a 
relevant effect on heat and HHP resistance. Other potential explanations 
may exist. 

Further research is required to fully elucidate the role of RpoS in 
S. enterica resistance to all these agents. Similarly, new experiments will 
be necessary in order to determine which member/s of the rpoS regulon 
is/are responsible for the increase in resistance to each of these agents. 

3.5. S. Typhimurium SL1344-RS growth rates in different media 

Growth curves of SL1344-RS and of the parental strain were obtained 
in three different media: in TSB-YE, a nutrient-rich medium, in LB me
dium with iron limitation caused by the addition of DPY, and in a 
minimal medium containing gluconate as the sole carbon source. The 

selection of these growth media has been previously discussed in Guillén 
et al. (2022). The μmax (1/h) values calculated in the three growth media 
for SL1344 and for SL1344-RS are shown in Fig. 3; growth parameters 
and goodness-of-fit parameters are included in Supplementary Table S3. 
None of the strains displayed a statistically significant lag phase (h) 
(different from 0; p > 0.05) in any of the three media tested. Significant 
differences between the two strains were only found in M9-Gluconate, 
which is the most restrictive medium, in such a way that the parental 
strain showed a higher maximum specific growth rate (p < 0.05) (1.424 
± 0.069 vs 1.230 ± 0.056 1/h for SL1344 and SL1344-RS, respectively). 

These results are consistent with those reported for E. coli and S. 
Typhi, two microorganisms for which it has been observed that cells 
with a reduced RpoS activity can grow better in media with low levels of 
nutrients, and also seem to possess an advantage in competitive colo
nization of the intestine (Altuvia et al., 1994; Krogfelt et al., 2000; 
Sabbagh et al., 2010). In any case, it should be mentioned that the dif
ferences in growth rate were lower than 15%, thereby indicating that the 
cost of the acquisition of resistance for strain SL1344-RS was not very 
high or relevant. 

3.6. Virulence capacity of S. Typhimurium SL1344-RS 

The virulence capacity of the parental and PEF-resistant variant was 

Fig. 2. 2D-values of the parental S. Typhimurium SL1344 (SL1344) and PEF-resistant variant (SL1344-RS) to sodium chloride (30% w/v, A), to high hydrostatic 
pressure (300 MPa, B) and to UV-C (0.47 mW/cm2, C). Different letters indicate statistically significant differences (p < 0.05). Error bars correspond to the standard 
deviation of the means (n = 3). 

Fig. 3. Maximum specific growth rates (μmax (1/h)) of S. Typhimurium SL1344 
(SL1344, black) and PEF-resistant variant (SL1344-RS, orange), in TSB-YE, LB 
supplemented with 100 μM 2-2′dipyridyl (DPY) and M9-broth supplemented 
with 20 mM gluconate at 37 ◦C. Different letters indicate statistically significant 
differences (p < 0.05). Error bars correspond to the standard deviation of the 
means (n = 3). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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evaluated by determining the percentage of cells capable to adhere to 
and to invade Caco-2 cells (Fig. 4). Our results indicate that the PEF- 
resistant strain (SL1344-RS) displayed a higher capacity of adhesion to 
Caco-2 cells than the parental strain (SL1344), 5.21 vs 2.00%, respec
tively (p < 0.05), but no significant differences in terms of invasion 
ability were observed (0.19 vs 0.12%; p > 0.05). In any case, given the 
high variability of these assays, as already discussed in Mellor et al. 
(2009), these conclusions should be treated with caution. 

These apparently contradictory results may be related to the highly 
complex role played by RpoS in the virulence of S. enterica (Guillén et al., 
2021). RpoS seems to reduce the expression of certain virulence factors 
while inducing other ones: therefore, depending on the particular 
phenotypical trait and the level of expression/activity, the outcome can 
be completely different. 

3.7. Static biofilm formation ability of S. Typhimurium SL1344-RS 

The results of the static biofilm formation assay are shown in Fig. 5. 
In order to establish meaningful comparisons, we compared the AUC 
values calculated as described in the Materials and Methods section. 
Biofilm formation capacity was not altered by the development of PEF 
resistance in SL1344-RS, as no statistically significant differences (p >
0.05) were found between the resistant variant and the parental strain: 
the obtained AUC values were 2.56 ± 1.125 and 2.29 ± 0.799, respec
tively. It has been described that RpoS plays an important role in biofilm 
formation by regulating the central regulator CsgD (Simm et al., 2014). 
Nevertheless, it has also been shown that CsgD regulation is 
serovar-specific and may be partially independent of RpoS, since other 
sigma factors can maintain a certain level of biofilm formation after 
removal of RpoS (Feng et al., 2020; Römling et al., 2003). These results 
contrast with the higher capacity of adhesion to Caco-2 cells shown by 
SL1344-RS. However, although these processes are analogous, the 
involved surface characteristics and structures/metabolic pathways are 
not completely equivalent (Peng, 2016). 

3.8. Antibiotic resistance of S. Typhimurium SL1344-RS 

Finally, as can be observed in Table 4, S. Typhimurium SL1344-RS 
was more resistant to ampicillin, cephalexin, chloramphenicol, and 
oxytetracycline. Remarkably, moreover, it tolerated an eight-fold higher 
concentration of kanamycin than its parental strain. Only for two out of 
the seven tested antibiotics (nalidixic acid and sulfonamide) was the 
SL1344-RS strain just as resistant as the parental strain; consequently, it 

was not more sensitive to any of them. 
This increased antibiotic resistance of the strain displaying a higher 

RpoS activity (SL1344-RS) is consistent with previously published re
sults: a link between RpoS activity and antibiotic resistance has already 
been demonstrated in other bacterial species (Gutierrez et al., 2013; 
Mathieu et al., 2016; Murakami et al., 2005). Several authors have also 
described that sub-MICs of antibiotics or repeated exposure to stress can 
lead to an increase in RpoS activity (Álvarez-Molina et al., 2020), which, 
in turn, triggers upregulation of several genes for antibiotic resistance, 
whereas, in the absence of rpoS (ΔrpoS), those cells did not tolerate the 
same concentration of antibiotic (Dersch et al., 2017; Mathieu et al., 
2016). 

4. Conclusions 

Results obtained in this study indicate that the increased PEF resis
tance of the PEF-resistant S. Typhimurium variant SL1344-RS could be 
due to increased RpoS activity, caused by a mutation in the hnr gene. 
This increased RpoS activity also resulted in increased resistance to 
multiple stresses (acid, osmotic, oxidative, ethanol and UV-C, but not to 
heat and HHP), decreased growth rate in M9-Gluconate (but not in TSB- 
YE or LB-DPY), increased ability of adhesion to Caco-2 cells (but without 
significant changes in invasion ability), and enhanced antibiotic resis
tance (to six out of eight agents). This study provides a significant 
contribution to understanding the development of mechanisms of stress 
resistance in S. enterica, and highlights the crucial role played by RpoS in 

Fig. 4. Adhesion (A) and invasion (B) capacity to Caco-2 cells of S. Typhimu
rium SL1344 (SL1344) and its PEF-resistant variant (SL1344-RS). Different 
letters indicate statistically significant differences (p < 0.05). Error bars 
correspond to the standard deviation of the means (n = 3). 

Fig. 5. Biofilm-forming ability of S. Typhimurium SL1344 (SL1344) and PEF- 
resistant variant (SL1344-RS). Values correspond to the Area under the Curve 
calculated as described in Material and methods. Different letters indicate 
statistically significant differences (p < 0.05). Error bars correspond to the 
standard deviation of the means (n = 3). 

Table 4 
Minimum inhibitory concentrations (MIC) of S. Typhimurium SL1344 (SL1344) 
and its PEF-resistant variant (SL1344-RS). Units in μg/ml.  

Antibiotic Strain 

SL1344 SL1344-RS 

Ampicillin 4 8 
Cephalexin 8 32 
Chloramphenicol 4 8 
Kanamycin 8 64 
Nalidixic acid 8 8 
Oxytetracycline 1 4 
Sulfonamide 4096 4096  
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this process. Since increased stress resistance had a fitness cost in M9- 
Gluconate, the medium designed to simulate intestinal conditions, 
further research should be carried out to determine precisely whether 
this PEF-resistant variant represents a higher, equal, or lower associated 
hazard than the parental strain in different environments. 
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Álvarez, I., Condón, S., Raso, J., 2006. Microbial inactivation by pulsed electric fields. In: 
Raso, J., Heinz, V. (Eds.), Pulsed Electric Fields Technology for the Food Industry: 
Fundamentals and Applications, Food Engineering Series. Springer, Boston, MA, 
pp. 97–129. https://doi.org/10.1007/978-0-387-31122-7_4. 
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Occurrence and regulation of the multicellular morphotype in Salmonella serovars 
important in human disease. Int. J. Med. Microbiol. 293, 273–285. https://doi.org/ 
10.1078/1438-4221-00268. 

Sabbagh, S.C., Forest, C.G., Lepage, C., Leclerc, J.-M., Daigle, F., 2010. So similar, yet so 
different: uncovering distinctive features in the genomes of Salmonella enterica 
serovars Typhimurium and Typhi. FEMS Microbiol. Lett. 305, 1–13. https://doi.org/ 
10.1111/j.1574-6968.2010.01904.x. 

Sagarzazu, N., Cebrián, G., Pagán, R., Condón, S., Mañas, P., 2013. Emergence of pulsed 
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