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ABSTRACT
Although disinfection procedures are widely implemented in food environments, bacteria can
survive and present increased virulence/resistance. Since little is known about these phenomena
regarding biofilms, this study aimed to investigate the effect of chemical disinfection on biofilm-
derived cells of Salmonella Enteritidis. Using a reference strain (NCTC 13349) and a food isolate
(350), biofilm susceptibility to benzalkonium chloride (BAC), sodium hypochlorite (SH) and
hydrogen peroxide (HP) was evaluated and biofilms were exposed to sub-lethal concentrations
of each disinfectant. Biofilm-derived cells were characterized for their biofilm forming ability,
antibiotic resistance and expression of virulence-associated genes. Except for a few instances,
disinfectant exposure did not alter antibiotic susceptibility. However, SH and HP exposure
enhanced the biofilm forming ability of Salmonella Enteritidis NCTC 13349. After BAC and HP
exposure, biofilm-derived cells presented a down-regulation of rpoS. Exposure to BAC also
revealed an up-regulation of invA, avrA and csgD on Salmonella Enteritidis NCTC 13349. The
results obtained suggest that biofilm-derived cells that survive disinfection may represent an
increased health risk.

Abbreviations: AMP: Ampicillin; BAC: Benzalkonium chloride; cDNA: Complementary deoxyribo-
nucleic acid; CEF: Cefotaxime; CFUs: Colony Forming Units; CIP: Ciprofloxacin; CLO:
Chloramphenicol; CV: Crystal violet; DNA: Deoxyribonucleic acid; HP: Hydrogen peroxide; LB:
Luria Bertani Broth Miller; LBA: Luria Broth Agar; MBEC: Minimum Biofilm Eradication
Concentration; MIC: Minimum Inhibitory Concentration; NRT: No Reverse Transcriptase control;
NTC: No Template Control; OD: Optical density; RNA: Ribonucleic acid; rRNA: Ribosomal ribo-
nucleic acid; SH: Sodium hypochlorite; TET: Tetracycline
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Introduction

Microbial contamination is an ongoing food safety
concern, which has a great impact in public health
and causes economic loss (Carrasco et al. 2012).
Many reported foodborne outbreaks have been caused
by Salmonella, with many of these being due to
Salmonella Enteritidis (S. Enteritidis) the most com-
mon serotype associated with human cases (EFSA and
ECDC (European Food Safety Authority and
European Centre for Disease Prevention and Control)
2018). This bacterium causes a foodborne infection,
salmonellosis, which is a self-limiting disease that
does not usually require antibiotic therapy. However,
in the most severe salmonellosis cases the main
choices for antibiotic therapy are fluoroquinolones,
third generation cephalosporins and ampicillin (Kit
et al. 2011).

The persistence of bacteria in food processing areas
is often associated with their biofilm forming ability.
Indeed, Salmonella biofilms are a major problem for the
food industry in food processing areas, owing to the
ability of Salmonella to colonize all sorts of abiotic food
contact surfaces (Giaouris et al. 2012; Steenackers et al.
2012). Moreover, cells can detach from these biofilms
and quickly spread contamination through the process-
ing line, causing cross-contamination (Moore et al.
2007). Despite sanitation procedures, pathogens may
prevail due to specific characteristics of the biofilm life-
style, which makes the bacteria more tolerant to several
antimicrobial agents (Corcoran et al. 2014; Giaouris
et al. 2012; Papavasileiou et al. 2010). Thus, despite the
diversity of disinfectants available, previous studies have
shown that bacteria can survive treatments, which can
also be related with an increased resistance to antibiotics
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in a “cross-resistance” phenomenon (Condell et al.
2012). Therefore, it is important to study the mecha-
nisms that are involved in resistance, concerning both
disinfectants and antibiotics. Moreover, this subject
deserves particular attention due to the possibility that
resistance to disinfectants may be related to additional
virulence profiles, such as alterations in the expression
of virulence genes (Giaouris et al. 2013; Rodrigues et al.
2011; Wang et al. 2010). However, little is known about
these phenomena concerning biofilms, which is alarm-
ing due to the increased resistance to disinfectants of
cells within biofilms (Papavasileiou et al. 2010; Corcoran
et al. 2014). Furthermore, the up-regulation of virulence
genes in biofilm-surviving cells that have been treated
with disinfectants is a subject that deserves special atten-
tion, because surviving cells may compromise food
safety and potentiate the public health risk (Rodrigues
et al. 2011). Additionally, the screening of different gene
expression profiles caused by disinfection will help to
elucidate the possible role of antimicrobial resistance
mechanisms in virulence.

In this context, the purpose of the present work was to
characterize S. Enteritidis biofilm-derived cells from two
different strains after exposure to chemical disinfectants,
with regard to their susceptibility to antibiotics, biofilm
forming ability, and virulence gene expression, in order to
infer what may occur if these cells are released from bio-
films and come into contact with a host or a surface.

Materials and methods

Bacterial strains and culture conditions

To evaluate the behavior of different strains from dis-
tinct sources, two S. Enteritidis strains were used (one
food isolate – 350; and one reference strain – NCTC
13349). Bacteria were preserved at –70 �C in stocks of
culture media with 20% glycerol, and for each experi-
ment strains were sub-cultured on Luria Broth Agar
plates (LBA; Liofilchem) for 24h, at 37 �C. Bacterial sus-
pensions were prepared by inoculation into Luria
Bertani Broth Miller (LB; Liofilchem) for 18h at 37 �C
in a shaker (120 rpm) incubator (NB-205Q, N-Biotek).
Cells were harvested by centrifugation at 9,000 rpm, for
5min at 4 �C (5430R Centrifuge, Eppendorf), and
washed twice with 0.9% sodium chloride sterile solution
(saline solution; Panreac Qu�ımica). Subsequently, cell
numbers were adjusted to �1�108 CFU ml�1, corre-
sponding to an optical density (OD) of � 0.1 at
640nm, as confirmed by colony forming unit (CFU)
counts after plating on LBA. This bacterial suspension
served as the inoculum for subsequent assays.

Biofilm formation

Biofilm formation was assessed using microtiter
plates under optimized conditions, and each assay
was performed in triplicate. Briefly, in each well of a
96-well flat-bottom polystyrene microtiter plate
(Orange Scientific) a bacterial inoculum was added
to LB medium to obtain a 1�105 CFU ml�1 concen-
tration in a final volume of 200 ml per well. Culture
plates were incubated at 37 �C with shaking
(120 rpm) for three days, with medium renewal every
24 h.

Biofilm susceptibility to disinfectants

Disinfectants and neutralizer preparation
Three disinfectants were tested: sodium hypochlorite
(SH) 10–15% available chlorine (Sigma-Aldrich),
hydrogen peroxide (HP) 50% wt/v solution in water
(Sigma-Aldrich), and benzalkonium chloride (BAC)
(Sigma-Aldrich). Disinfectant working solutions were
always prepared fresh before each application. After
exposure of the biofilms to the disinfectants the
disinfectants were inactivated by a universal neu-
tralizer composed of 0.05% L-histidine (Sigma-
Aldrich), 0.05% L-cysteine (Sigma-Aldrich), and
0.1% reduced glutathione (Sigma-Aldrich). This
solution was prepared in ultrapure water, sterilized
by filtration and preserved at �20 �C (Carson et al.,
2009). A fresh solution was prepared for each use,
with a ratio of 1 volume of neutralizer to 40 vol-
umes of LB.

Minimum biofilm eradication concentration
assay (MBEC)
Biofilm susceptibility to disinfectants was evaluated by
determining the MBEC) (Ceri et al. 1999). Briefly,
three day-old biofilms were washed with saline solu-
tion to remove free cells. Thereafter, different concen-
trations of disinfectants were prepared in LB and
added to the biofilms. After an overnight incubation
(18 h) at 37 �C with shaking (120 rpm), the culture
medium was discarded, biofilms were washed with
saline solution and submerged in LBþneutralizer
solution for 5min. Biofilms were then scraped from
the wells with the aid of sterile micro spatula, plated
onto LBA and incubated for 24 h at 37 �C.
Determination of MBECs was based on CFUs enu-
meration, and corresponded to the disinfectant con-
centration that lead to the complete eradication of the
biofilm (no surviving cells).
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Prolonged exposure of biofilms to Sub-lethal
chemical disinfection
To assess the effect of exposure of biofilms to sub-
lethal chemical disinfection, biofilms were formed as
described above but using 24-well polystyrene plates
(Orange Scientific), in order to obtain a larger
amount of biomass, and incubated for 6 additional
days (a total of 9-days incubation). In these six add-
itional days, disinfection agents at half MBEC were
applied on the first, second, fourth and sixth day,
while on the third and fifth day only LB medium was
added to the wells to study what may happen in the
food industry when insufficient sanitation takes place.
For the S. Enteritidis NCTC 13349 strain, a final con-
centration of 0.04, 0.44 and 0.3% for BAC, HP and
SH respectively, and for the food isolate S. Enteritidis
350 strain, a final concentration of 0.4 and 0.06% for
HP and SH was applied on the disinfection challenge
days. In the specific case of S. Enteritidis 350 exposed
to BAC, it was necessary to apply a concentration
lower than half MBEC (0.04%) because the number
of cells that survived prolonged exposure was not suf-
ficient to perform subsequent assays (<5 Log).
Simultaneously, identical assays were performed with-
out exposure to disinfectants (controls). After incuba-
tion for 9 days, biofilms were washed with saline
solution, and a solution comprising LB, neutralizer,
and Tween 1% (Fisher Scientific International, US)
was applied to neutralize the disinfectants and to help
disrupt the biofilms. To ensure a more effective biofilm
removal and cell dispersion, culture plates were placed
in an ultrasonic bath (Sonicor model SC-52, UK) oper-
ating at 50,000Hz, for 10min, and then biofilms were
scraped with a sterile micro spatula. Biofilm cells were
harvested by centrifugation at 9,000 rpm (5430R
Centrifuge, Eppendorf), 10min, 4 �C, and resuspended
in 5ml of saline solution. Serial dilutions of the bacter-
ial suspensions obtained were plated onto LBA, to con-
firm cell concentration by CFU enumeration. Samples
to be used in quantitative Real-Time Polymerase Chain
Reaction (qPCR) assays were collected, immediately
resuspended in 500ll of RNAlaterVR solution (Sigma-
Aldrich), and stored at �70 �C. All these experiments
were performed in triplicate, in at least three independ-
ent assays.

The possible antimicrobial effect of the solution
comprising LB, neutralizer and Tween had been pre-
viously tested as follows: the biofilms were submerged
in that solution and then sonicated, finally, a sample
of the suspension was plated out in order to compare
the number of viable biofilm cells with the controls
(viable cells from biofilms not subjected to the

neutralizer action). A significant reduction in bacterial
numbers was not observed (data not shown).

Evaluation of antibiotic susceptibility
The antibiotic susceptibility of biofilm-derived cells
exposed to disinfectants and from controls was
assessed by determining their Minimum Inhibitory
Concentration (MIC) (Jorgensen and Ferraro 2009).
To compare the susceptibility of different lifestyles,
MIC was also determined using planktonic cells not
subjected to a disinfection challenge. Different antibi-
otics were tested: ampicillin (AMP; Sigma-Aldrich),
ciprofloxacin (CIP; Sigma-Aldrich), cefotaxime (CEF;
Aplichem, Germany), chloramphenicol (CLO; Sigma-
Aldrich), and tetracycline (TET; Sigma-Aldrich). All
antibiotic stock solutions were prepared at a concen-
tration of 0.512%, sterilized by filtration and stored at
�70 �C. MIC values were determined by microdilu-
tion, using flat-bottom polystyrene microtiter plates,
according to EUCAST (EUCAST - The European
Committee on Antimicrobial Susceptibility Testing
2019a). Briefly, all bacterial suspensions were adjusted
to 1�105 CFU ml�1 in each well. Microtiter plates
were incubated at 37 �C, 120 rpm, for 24 h. MIC was
determined visually and confirmed by OD reading at
640 nm. All experiments were performed in triplicate,
in at least three independent assays.

Evaluation of biofilm formation ability

Biofilm forming ability was evaluated by crystal violet
(CV) staining (Agarwal et al. 2011). Cells from bio-
films exposed or not-exposed to disinfectants were
allowed to form biofilms on flat-bottom polystyrene
microtiter plates, as described above. After 3 days,
medium was removed and biofilms washed with
saline solution to remove unattached cells. To fix the
biofilms, absolute methanol was added to each well
for 15min. Afterwards, culture plates were allowed to
dry at room temperature and biofilms were then
stained with 1% CV solution for 5min, washed with
saline solution to remove the excess of CV solution
and left to dry. Finally, to solubilize the CV bound to
the biofilm, 33% acetic acid was added, and the OD
was measured at 570 nm (SunriseTM, Tecan). All
experiments were performed in triplicate, for at least
three independent assays.

Genetic expression analysis

Genetic expression analysis on both biofilm cells
either exposed or not-exposed to disinfectants was
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performed by the quantitative Real-Time Polymerase
Chain Reaction (qPCR).

Selected genes
The genes selected were either involved in S. Enteritidis
virulence, pathogenicity or stress-response. The genes
selected were the stress-response gene rpoS, (O’Neal
et al. 1994) and the virulence genes csgD (Latasa et al.
2005), avrA (Ben-Barak et al. 2006) and invA (Gal�an
et al. 1992). The reference gene used was 16S rRNA
(ribosomal ribonucleic acid). Primers used for gene
expression analysis were designed using software Primer
3 (Rozen and Skaletsky 2000). The specific functions of
these genes and their primers sequences are presented
in Table 1. Primer specificity and effectiveness had pre-
viously been tested (data not shown). Two negative con-
trols, a No Reverse Transcriptase control (NRT) and a
No Template Control (NTC) were included to validate
the reactions.

RNA (ribonucleic acid) extraction
Total RNA was extracted using PureLinkTM RNA
Mini Kit (Invitrogen), and RNA purification was per-
formed by On-column PureLinkTM DNase treatment
(Invitrogen), both according to manufacturer’s proto-
cols. Purified RNA was analyzed regarding concentra-
tion (ng ll�1) and purity (absorbance ratios A260/
A280 and A260/A230) using a NanoDrop device
(NanoDrop 1000 Spectrophotometer, V3.6.0, Thermo
Fisher Scientific, Inc.).

cDNA (complementary deoxyribonucleic
acid) synthesis
To ensure equivalent starting amounts of RNA were
available to be converted to cDNA and hence
providing a reliable comparison of gene expression
between different samples, dilutions were performed
in RNase-free water. RNA concentrations were
adjusted to match the least concentrated sample value.
A minimum concentration of RNA template of 12 ng
ll�1 was required to proceed with cDNA synthesis.

cDNA synthesis was performed using iScriptTMcDNA
Synthesis Kit (Bio-Rad). A final reaction volume of
20 ll contained 4ll of 5xiScript Reaction Mix, 1 ll of
iScript Reverse Transcriptase, and 15ll of RNA tem-
plate, according to the recommended proportions.
The complete reaction mix was incubated in a ther-
mocycler (MyCyclerTM Thermal Cycler, Bio-Rad)
with a specific reaction protocol: 5min at 25 �C,
30min at 42 �C and 5min at 85 �C.

qPCR

qPCR was performed on a CFX96TM Real-Time PCR
Detection System Bio-Rad system (Bio-Rad
Laboratories, Inc.), and each sample was run in tripli-
cate. Standardization of cDNA concentration for each
qPCR run was performed based on the adjustment of
RNA concentration prior to cDNA synthesis, as
explained in the section on cDNA. Moreover, to avoid
oversampling that impairs qPCR, prior to a qPCR run
each cDNA sample was diluted 1:20. Primer concen-
trations were prepared according to the manufac-
turer’s indications and then diluted 1:10. A total of
20 ll of reaction mixture contained 2 ll of diluted
cDNA, 1 ll of each primer (10 lM), 10ll of 2 �
SSoFastTM EvaGreenVR Supermix (Bio-Rad
Laboratories, Inc.), and 6ll of nuclease-free water.
Optimized thermal cycling conditions were per-
formed: 3min of initial denaturation at 95 �C, fol-
lowed by 40 cycles of 10 s denaturation at 95 �C, 10 s
annealing at 57 �C (concerning primers efficiency pre-
viously determined), and 15 s extension at 72 �C. At
the end of each run, a melt curve was performed with
readings from 65 �C to 95 �C, at every 1 �C, for 5 s to
confirm that only the desired products were ampli-
fied. The negative controls NRT and NTC were
included to validate the reactions. For every different
gene analysed, NTC was incorporated to detect pos-
sible primer dimers formation and/or reagent con-
tamination. Moreover, the NRT control enabled
erroneous signals due to genomic DNA

Table 1. Genes and primers used for the assessment of gene expression analysis by qPCR.
Gene Function Sequence (5’-3’) Product size (bp)

16S rRNA Component of the 30S small subunit of
ribosome (reference gene)

F: CAGAAGAAGCACCGGCTAAC R:
GACTCAAGCCTGCCAGTTTC

167

avrA Cellular invasion and inflammatory response
of hosts against infection

F: GAGCTGCTTTGGTCCTCAAC R:
AATGGAAGGCGTTGAATCTG

173

invA Cellular invasion F: ATCGAGATCGCCAATCAGTC R:
CGCTGCCGGTATTTGTTATT

167

rpoS Starvation survival F: GAATCTGACGAACACGCTCA R:
CCACGCAAGATGACGATATG

171

csgD Initial adhesion and biofilm formation -
biosynthesis of major extracellular
matrix components

F: GCCTCATATTAACGGCGTGT R:
TCGCGATGAGTGAGTAATGC

177
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contamination to be identified. All the Cq values of
these controls were 10 or more cycles apart from the
correspondent test sample, confirming the absence of
contamination with genomic DNA or from qPCR
reaction components, respectively.

Gene expression analysis
Data were analyzed using Bio-Rad CFX ManagerTM

version 1.6 (Bio-Rad Laboratories, Inc.) and a relative
quantification method, Pfaffl analysis, which describes
changes on the expression of target genes relative to a
reference gene. Moreover, this method considers the
reaction efficiencies of both target and reference genes
(Pfaffl 2004). Each reaction was performed in tripli-
cate and mean values of relative expression were ana-
lyzed for each target gene. Fold-change values <1
indicate a decrease in expression, ¼ 1 no change in
expression and >1 indicates increase in expression
levels relative to the control cells. Moreover, despite
the existence of statistical differences (�; p< 0.05),
only differences above 2-fold relative to 1, which rep-
resents the control sample, were interpreted as being
biologically significant (†) (Kabir et al. 2015).

Statistical analysis

Data analysis was performed using GraphPad PrismVR

(GraphPad Software, Inc., San Diego, CA, USA).
Biofilm formation results were compared using the
Kruskal-Wallis test and Dunn’s multiple comparisons
test. qPCR results were compared using multiple t-
tests. All tests were performed with a confidence level
of 95%.

Results and discussion

Susceptibility of S. Enteritidis biofilms to
disinfectants

The compounds chosen for this work represented dif-
ferent kinds of disinfectants commonly used in the
food industry and also enabled the effect of different
interaction mechanisms with bacterial cells to be
investigated. Although MIC is a standard procedure
to quantify the susceptibility of planktonic cells to
these agents, MBEC testing should be considered
when analyzing biofilms (Ceri et al. 1999; Allan et al.

2011). Hence, the biofilms’ susceptibility to BAC, HP
and SH were assessed, with MBEC values being pre-
sented in Table 2. These results show that, while S.
Enteritidis biofilm cells from the reference strain
(NCTC 13349) were more susceptible to benzalko-
nium chloride, biofilm cells from the food isolate
(350) were more susceptible to sodium hypochlorite.
Earlier studies focused on planktonic Salmonella
enterica reported MIC values of 0.0015, 0.01 and
0.02% for BAC, HP and SH, respectively (DeQueiroz
2004; Mangalappalli-Illathu et al. 2008; Fazlara and
Ekhtelat 2012). In the present work, the MBEC values
obtained were much higher than these reported MIC
values, which reflects the higher tolerance of biofilm
cells compared to their planktonic counterparts and is
in agreement with several pervious studies (Chylkova
et al. 2017; Gonz�alez et al. 2018; Joseph et al. 2001;
Scher et al. 2005). The lower susceptibility of these
biofilms to oxidizing agents, compared to planktonic
cells, may be related to the neutralization of these
compounds by organic matter found in biofilms.
Moreover, components of the biofilm matrix such as
cellulose, which is one of the major components of
Salmonella’s biofilm matrix (Gerstel and R€omling
2003), may also act as a diffusion barrier (Stewart
et al. 2001). The production of cellulose allows the
development of a biofilm matrix of tightly packed
cells covered in a hydrophobic network (Peng 2016).
A previous study has shown that cellulose-deficient
mutants were more sensitive to chlorine treatments
(Solano et al. 2002), proving the relevance of cellulose
production in the survival of S. Enteritidis.

Furthermore, all the MBEC values determined
were much higher than the recommended concentra-
tions to be used for the disinfection of food contact
surfaces (Table 2). These results suggest that, even
when the recommended concentration of each disin-
fectant is applied (FDA, 2019), cells may persist in
food processing areas. Moreover, through continuous
exposure to sub-lethal concentrations of these agents,
cells can develop resistance to them. There is evidence
that some harmful bacteria found in food are becom-
ing increasingly resistant to disinfectants, due to the
increasing use of these compounds in the food indus-
try and their frequent exposure to sub-lethal concen-
trations, which leads to bacterial adaptive resistance
(Condell et al. 2012). So the use of these agents

Table 2. MBEC value and recommended use concentration of each disinfectant (%).
Salmonella Enteritidis BAC HP SH

NCTC 13349 0.08 0.8 0.6
350 0.16 0.8 0.12
Recommended use concentration in food contact surfaces (FDA, 2019) 0.02 0.02–0.03 0.02
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should be revised, especially concerning disinfection
of surfaces that are likely to be colonized by biofilms,
in order not to trigger resistance caused by exposure
to sub-lethal concentrations.

Antibiotic susceptibility of S. Enteritidis cells
derived from biofilms exposed to disinfectants

Based on MBEC values, biofilms were periodically
exposed to sub-lethal concentrations of each disinfect-
ant, to study what may happen in the food industry
when insufficient sanitation takes place. In order to
simulate what can happen if cells from biofilms sub-
jected to different disinfectants were released and
cause human infection that requires antibiotic ther-
apy, these cells were characterized with regard to their
susceptibility to antibiotics commonly used to treat
salmonellosis. Therefore, the analysis of antibiotic sus-
ceptibility can indicate whether the exposure to chem-
ical agents affects the response of biofilm-derived cells
to antibiotics and, eventually, if they would become
resistant to them. Likewise, the susceptibility of plank-
tonic cells not exposed to disinfectants was also deter-
mined to compare possible differences on antibiotic
susceptibility between planktonic and biofilm-derived
cells. MIC results are presented in Table 3, concern-
ing S. Enteritidis NCTC 13349 and S. Enteritidis 350.
In general, the results show that, before exposure to
disinfectants, planktonic cells and biofilm-derived
cells of both strains were equally susceptible to the
antibiotics tested (Table 3). The only exception was
for CIP and CEF, for the NCTC 13349 strain, and for
CEF and TET, for the 350 strain, in which biofilm-
derived cells were less susceptible than planktonic
cells. The lower susceptibility of cells within bacterial
biofilms to antibiotics has previously been extensively
reported (Papavasileiou et al. 2010). In this study, the
MIC values of planktonic and biofilm-derived cells

were quite similar, which may be related to the dis-
sociation of the biofilms and subsequent analysis of
the susceptibility of free-living cells, instead of cells
within the cohesive bacterial community (Table 3).
Since these cells were biofilm-derived cells and not
biofilm cells, most biofilm features linked with a
lower susceptibility towards antimicrobial agents were
not present, and the results show that detached bio-
film cells may not be as tolerant to antibiotics as
when they are within a biofilm community.

A general overview of all MIC results (Tables 3)
reveals that the concentrations for both strains were
very similar, and did not reveal a pattern of true
resistance after exposure to disinfectants (values were
below the respective breakpoints (EUCAST - The
European Committee on Antimicrobial Susceptibility
Testing 2019b). The only exception was for CIP, to
which a resistance pattern was observed for both
planktonic and biofilm-derived cells, before and after
disinfectant exposure. This observation is in agree-
ment with previous reports, which showed that
Salmonella enterica resistance to CIP has become a
global concern (Garc�ıa-Fern�andez et al. 2015;
Raveendran et al. 2008; Wang et al. 2017). The use of
CIP as the antibiotic of choice in treating Salmonella
enterica infections should thus be re-evaluated.

Biofilm formation ability of S. Enteritidis cells
derived from biofilms exposed to disinfectants

Cells recovered from biofilms either exposed or not
exposed to disinfectants were allowed to form biofilm
for 3 days to determine whether exposure to chemical
disinfectants altered their biofilm forming ability.
Biofilm forming ability was evaluated by CV staining,
and results are presented in Figure 1. For food isolate
350, no significant differences were observed.
However, significant differences were observed for the

Table 3. Susceptibility of Salmonella Enteritidis NCTC 13349 and Salmonella Enteritidis 350 to antibiotics (mg ml�1).

Antibiotics MIC breakpoints� AMP S � 8 R > 8
CIP S � 0.06
R > 0.06 CEF S � 1 R > 2 CLO S � 8 R > 8 TET S � 4 R > 16

NCTC 13349 Planktonic 0.5 – 1 (S) 1 – 2 (R) 0.0625 – 0.125 (S) 1 – 2 (S) 0.5 – 1 (S)
Biofilm Control 0.5 – 1 (S) 8 – 16 (R) 0.125 – 0.25 (S) 1 – 2 (S) 0.5 – 1 (S)

BAC 1 – 2 (S) 8 – 16 (R) 0.0625 – 0.125 (S) 2 – 4 (S) 0.5 – 1 (S)
HP 1 – 2 (S) 8 – 16 (R) 0.0625 – 0.125 (S) 1 – 2 (S) 0.5 – 1 (S)
SH 2 – 4 (S) 16 – 32 (R) 0.0625 – 0.125 (S) 2 – 4 (S) 1 – 2 (S)

350 Planktonic 1 – 2 (S) 8 – 16 (R) 0.0625 – 0.125 (S) 4 – 8 (S) 0.5 – 1 (S)
Biofilm Control 1 – 2 (S) 8 – 16 (R) 0.125 – 0.25 (S) 4 – 8 (S) 1 – 2 (S)

BAC 1 – 2 (S) 8 – 16 (R) 0.0625 – 0.125 (S) 2 – 4 (S) 0.5 – 1 (S)
HP 1 – 2 (S) 16 – 32 (R) 0.125 – 0.25 (S) 2 – 4 (S) 0.5 – 1 (S)
SH 1 – 2 (S) 16 – 32 (R) 0.125 – 0.25 (S) 4 – 8 (S) 1 – 2 (S)

The susceptibility test for ampicillin (AMP), ciprofloxacin (CIP), cefotaxime (CEF), chloramphenicol (CLO) and tetracycline (TET) was performed on plank-
tonic cells, biofilms cells not exposed (control) and exposed to different disinfectants of S. Enteritidis NCTC 13349 and S. Enteritidis 350.�

Reference values by which bacteria can be assigned to the three clinical categories susceptible, standard dosing regimen (S), susceptible, increased
exposure (I) and resistant (R) according to The European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2019b).
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reference strain NCTC 13349; biofilm-derived cells
exposed to HP and SH showed a greater biofilm
forming ability compared with the control (unex-
posed) cells, as well as with the food isolate 350
exposed to the same conditions (p� 0.05). Although
further studies are required to confirm this observa-
tion, oxidizing compounds may contribute to
enhanced S. Enteritidis biofilm formation, which is in
agreement with previous studies with different bacter-
ial species and chemical compounds (Capita et al.
2014). This is a relevant subject since it indicates that
the use of disinfecting agents at sub-lethal concentra-
tions may increase the ability of bacteria to produce
biofilms and potentiate their persistence in food proc-
essing areas.

Effect of chemical disinfection on gene expression
in S. Enteritidis biofilm-derived cells

In order to determine if exposure to chemical disin-
fectants alters the expression of stress response and
virulence genes in biofilm-derived cells, a qPCR ana-
lysis was performed. The gene expression analysis of
invA, avrA, rpoS and csgD from biofilm-derived cells
either exposed or not exposed to disinfectants is pre-
sented in Figure 2. Despite the existence of statistical
differences (�; p< 0.05), only differences above 2-fold
relative to 1, which represents the control sample,
were interpreted as being biologically significant (†)
(Kabir et al. 2015). It was not possible to analyze gene
expression after exposure to SH because the amount

of RNA extracted was too low to proceed with the
gene expression assay. The low amount of RNA
extracted was probably due to the low number of bio-
film cells recovered, since there were only 5log CFU
ml�1 in these samples (different studies and manufac-
turers’ protocols recommend a concentration between
107–109 CFU ml�1 for optimal RNA extraction)
(Sirsat et al. 2011). Gene expression obtained after
exposure to BAC and HP showed different expression
patterns between the two strains, which may be
related to intraspecies variability. Indeed, previous
studies have also reported that the expression patterns
of specifics morphotypes are serovar specific (e.g.
R€omling et al. 2003). For HP, despite it enhancing the
biofilm forming ability of S. Enteritidis NCTC 13349
cells (Figure 1), no over-expression of csgD (which is
a gene involved in the initial adhesion and biofilm
formation (Latasa et al. 2005)), was detected (Figure
2(a)). Moreover, for the food isolate 350, exposure to
HP resulted in a decrease in csgD expression com-
pared to control biofilm-derived cells (Figure 2(b)).
This apparent disparity between CV staining and
qPCR analysis was also noticed for the effect of BAC
on gene expression. Concerning the reference strain,
S. Enteritidis NCTC 13349, although biofilm forma-
tion was not significantly altered after exposure to
BAC (Figure 1), gene expression analysis revealed an
up-regulation of csgD (Figure 2(a)). Nevertheless, a
large standard deviation associated with the fold-
change in expression was observed. Moreover, for the
food isolate 350 a down-regulation of csgD was
observed after exposure to BAC. To clarify the actual
effect that exposure to HP and BAC has on gene
expression and to correlate this with biofilm forma-
tion further analysis regarding Salmonella biofilm for-
mation is required, including the assessment of other
genes, which influence biofilm formation in this
organism, such as rbfA, ompR, rck, bcsA, misL, yidR,
spiA, sirA and ycfR (Zhang et al. 2007; Kim and Wei
2009; Wang et al. 2010; Dong et al. 2011a; Dong et al.
2011b; Kroupitski et al. 2013; Liu et al. 2014). In add-
ition to the analysis of gene expression patterns, there
are several other factors that can be assessed to better
understand the correlation between exposure to HP
or BAC and Salmonella biofilm formation, such as
biofilm-associated protein BapA, flagella, curli, cellu-
lose and fatty acids (R€omling et al. 1998; Solano et al.
2002; Barnhart and Chapman 2006, White et al.
2006), as well as plasmid-encoded fimbriae (Pef) and
the long polar fimbriae (Lpf), which also contribute
to the early steps in biofilm formation (Ledeboer
et al. 2006). It is important to note that exposure to

Figure 1. Biofilm formation by biofilm-derived cells following
exposure to different disinfectants (BAC - benzalkonium chlor-
ide; HP - hydrogen peroxide; SH - sodium hypochlorite).
Biofilm forming ability was evaluated by crystal violet staining.
Bars represent average CV OD570nm values and SDs from at
least three independent assays. Symbols indicate statistically
different values (p� 0.05) within each strain comparing to the
respective control (�) and between strains considering the
same experimental condition (†).
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BAC promoted the highest biologically significant (†)
up-regulation of genes involved in cellular invasion
(invA) and inflammatory response (avrA) (Figure
2(a)), which is a concerning fact. Indeed, an over-
expression of such genes may give the cells an
increased ability to invade intestinal epithelial cell and
inhibit inflammation, which could enhance the sur-
vival of this pathogen inside the host. The use of
BAC should, then, be reconsidered since it may
enhance the virulence and pathogenicity of S.
Enteritidis biofilm-derived cells. However, similar
invA and avrA up-regulation was not observed on S.
Enteritidis food isolate 350, which once again shows
intraspecies variability. For both strains, only the rpoS
gene showed a decreased expression with statistical
difference (�; p< 0.05) compared to control biofilm-
derived cells after HP and BAC exposure (Figure 2).
rpoS-encoded sigma factor (rS) is the master regula-
tor of the general stress response in Gram-negative
bacteria (Hengge-Aronis 1996). The general stress
response is accompanied by a significantly reduced
growth rate, which allows cells to survive long periods
of starvation and different environmental stresses
(Cohen et al. 2013). Moreover, this reduced growth
rate is associated with the appearance of persister
cells, which have been proposed to arise primarily in
biofilms and in stationary-phase cultures (Lewis 2008)
and are related to the reduced susceptibility of cells
within biofilm to several antimicrobial compounds.
However, in the current study the expression of rpoS
was down-regulated under all conditions. This result
suggests that exposure to BAC and HP did not reduce
the growth rate of the cells and, consequently, did not
promote the appearance of persister cells in S.
Enteritidis biofilm-derived cells. This is a significant

finding regarding the virulence of this foodborne
pathogen, since persister cells can exhibit multidrug
tolerance and be related to recalcitrance infections.

Although previous researchers have studied the
gene expression profile of microorganisms that have
survived disinfection (Wang et al. 2010), research on
surviving biofilm cells is scarce (Rodrigues et al.
2011). However, in view of the current results, the
up-regulation of virulence genes in cells within bio-
films after exposure to disinfectants is a matter
of concern.

BAC binds to phospholipids present in the cyto-
plasmic membrane of bacterial cells, causing a loss of
structural integrity and impairing permeability
(McBain et al. 2004). Although in this work exposure
to BAC only slightly altered the susceptibility of the
cells to the antibiotics tested (Table 3), the decreased
susceptibility of S. Enteritidis NCTC 13349 to some
antibiotics (AMP and CLO) after exposure to this dis-
infectant is in agreement with previous findings. For
example, for planktonic cells, a high degree of cross-
resistance between BAC and several biocidal com-
pounds, including CLO and b-lactam antibiotics, has
previously been reported for Salmonella Virchow
(Braoudaki and Hilton 2005). Despite the scarcity of
the information available on biofilm cells, in the cur-
rent study, the decreased susceptibility to AMP and
CLO after BAC exposure of the NCTC 13349 strain
can be related to the expression of efflux pumps sys-
tems. Indeed, a study by Mangalappalli-Illathu and
Korber (2006) showed that adaptation of S. Enteritidis
biofilms to BAC occurred with the up-regulation of
key specific proteins involved in energy metabolism,
protein biosynthesis, adaptation and detoxification,
including proteins which might act as efflux pumps.

Figure 2. Gene expression analysis of biofilm-derived cells of Salmonella Enteritidis NCTC 13349 (A) and food isolate 350 (B).
Results are shown as the fold-change in expression compared with that of control biofilm-derived cells (represented by a dotted
line). Symbols indicate statistically significant differences (�; p ˂ 0.05) and biologically significant differences (†; differences above
2-fold) of gene expression analysis on biofilm-derived cells exposed to chemical disinfectants compared to the controls, from at
least three independent assays.
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Moreover, the AcrAB–TolC efflux system appears to
direct efflux-mediated resistance to antibiotics such as
quinolones, CLO and TET (Baucheron et al. 2004).
Based on this information and the results obtained in
the present study it is possible to infer that, as occurs
in planktonic cells, an efflux pump system can be
involved in the reduction of susceptibility to antibiot-
ics of biofilm cells after exposure to BAC. Moreover,
this compound had the highest influence on virulence
gene expression (Figure 2(a)). The fact that cells
exposed to disinfectants can over-express virulence
genes is of concern, since these genes contribute to
pathogenicity and may also be related to bacterial sur-
vival on exposure to adverse environmental condi-
tions. Hence, the use of BAC should be reconsidered.
HP is a compound that produces hydroxyl free radi-
cals, which act as oxidants and react with lipids, pro-
teins and DNA, increasing the permeability of cells
(McDonnell and Russell 1999). As a chlorine com-
pound, SH may damage the outer cell membrane,
resulting in a loss of control of permeability, and also
inhibit cellular enzymes or destroy DNA (Virto et al.
2005). Concerning biofilms, constituents of the extra-
cellular matrix may play a key role in neutralizing
antimicrobial agents, which consequently results in an
increased resistance to them. In this study, these fea-
tures were also corroborated by the high MBEC val-
ues (Table 2), as well as by the increased biofilm
forming ability observed for S. Enteritidis NCTC
13349 after biofilm exposure to HP and SH (Figure
1). Although further studies are required to confirm
this observation, the analysis of the effect of disinfec-
tion on biofilm formation showed that oxidizing com-
pounds (such as SH and HP) may contribute to
enhancing the biofilm forming ability of S. Enteritidis.
This is a relevant subject, since the goal of disinfec-
tion is to eliminate pathogens, not to increase their
persistence in food environments, as can be the case
when enhancing biofilm formation.

This work shows that disinfecting agents com-
monly used in the food industry may represent a risk
for public health, since they can increase virulence of
foodborne pathogens. Although this has to be further
confirmed with in vivo studies, these findings demon-
strated that biofilm-derived cells of S. Enteritidis
exposed to disinfectants can have an enhanced biofilm
forming ability and/or an over-expression of virulence
and stress response genes, which may lead to an
increase in Salmonella pathogenicity in the case of an
eventual infection. Finally, this work concludes that it
is important to assess and understand the phenotypic
characteristics of pathogenic biofilm-derived cells after

exposure to chemical treatment since, besides ena-
bling access to the mechanisms involved in biocidal
resistance, this approach may allow the development
of alternative treatments that avoid cross-resistance
and/or induction of virulence and pathogenicity.
Hence, development of new chemical-free control
strategies involving enzyme solutions, bacteriophages,
or microbial derived antimicrobial compounds con-
tinues to be an attractive research challenge.
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