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1Laboratoire de Biotechnologie et Techniques Nucléaires, Centre National des Sciences et Technologies Nucléaires,
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Salmonella is a pathogen transmitted by foods and it is one of the most important target bacteria in food irradiation studies. Few
works were carried out on the effectiveness of gamma radiation against biofilms formed by this bacterium. Salmonella can form a
biofilm on differentmaterial surfaces.The physicochemical properties of surfaces and environmental factors influence the adhesion
of this pathogen.The present study investigated the effect of gamma radiation (1 and 2 kGy) and temperature (28∘C and 37∘C) on the
development of SalmonellaHadar biofilm on polyvinyl chloride (PVC), glass, cellophane paper (CELLO), and polystyrene (POLY).
The obtained results indicated that biofilm production is surface and temperature dependent. In addition, biofilm formation
decreased significantly after gamma irradiation at either 1 or 2 kGy doses. However, the agfD and adrA genes expression did not
demonstrate significant decrease. This work highlighted that gamma radiation treatment could reduce the biofilm formation of
Salmonella enterica serovar Hadar on different food contact surfaces.

1. Introduction

Biofilm is known as sessile microbial communities attached
to substances and interfaces and to each other [1]. Bacterial
cells, in biofilm, are embedded into a matrix which forms
a physicochemical barrier against different environmental
conditions. The biofilm generation depends on substrate
type (hydrophobicity), bacterial cells (flagellar formation and
motility), and environmental conditions such as temperature
that plays a crucial role in the phenotypic change from
planktonic form to sessile one [2]. Hu et al. [3] indicated that
Curli fibers (aggregative fimbriae) and agf genes (known as
csg) are involved in biofilm formation. Also, bcsA, bcsB, bcsZ,
and bcsC genes’ coding for cellulose synthesis plays a crucial
role in biofilm formation. Moreover, fimbriae production
is coregulated by a LuxR-type regulator gene, agfD, acting

indirectly on adrA gene for regulating cellulose production
[4]. Several studies reported the ability of Salmonella spp. to
develop biofilm on several materials (plastic, glass, stainless
steel, and so on) and its resistance regarding antimicrobial
agents under this physiological state [5, 6]. Salmonella spp.
can produce biofilm on nutrient broth liquid-air interface
[7, 8]. Salmonella spp. cultivated on Luria Bertani agar plates
supplemented with Congo red express a phenotype known as
“rdar” (red, dry, and rough) morphotype [7].

It was demonstrated that the agfD gene is necessary
for the biofilm maturation and is responsible for all major
matrix constituent’s expression regulation [9]. Other studies
indicated that this gene might be influenced by different
stimuli [10].

Ionizing radiation (X-ray, gamma ray, and electron beam)
is well-known as an effective method for destroying spoilage
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and pathogenic microorganisms in foods [11]. The radiation
of D10 values (dose of radiation necessary to reduce the
population by 1 log10, or 90%) of various Salmonella strains
was 0.65 kGy [12]. In addition, it was demonstrated that D10
value is depending on the isolates and substrate [13]. The
first action of ionizing radiation is via oxygen and hydroxyl
radicals, produced when the high-energy photons (X-ray and
gamma) or electrons (electron beam) break water molecules
[14].These radicals harm cell membranes, protein structures,
and nucleic acid strands. Irradiation also requires an orderly
transfer of radiant energy into products and bacteria.Wehave
previously described the effects of stress conditions (gamma
radiation and static magnetic field) on S. Hadar. [13, 15]. In
this work, we investigated the effect of ionizing radiation
(gamma rays), temperature, materials, and the expression of
agfD and adrA genes on SalmonellaHadar biofilm formation.

2. Material and Methods

2.1. Bacterial Strain and Growth Conditions. Salmonella
enterica serovar Hadar was supplied by Pasteur Institute
(Tunisia). It is a high antibiotic and radio resistant foodborne
isolated from Turkish meat. Salmonella spp. were routinely
cultivated on nutrient broth at 37∘C for 24 hours.

2.2. Gamma Irradiation. Irradiation treatments were per-
formed at the Tunisian semi-industrial Co60 gamma irra-
diation facility at a dose rate of 100Gy/min. Doses were
measured by the standard Fricke dosimeter. Irradiation was
performed in 10ml polyethylene tubes. Bacterial suspensions
were irradiated at 1 and 2 kGy at room temperature (25∘C).
Control samples, nonirradiated, followed all the performed
assays.

2.3. Biofilm Formation on Glass Tubes Assay. In order to
investigate biofilm formation on glass tubes, pellicle forma-
tionwas examined on an overnight culture incubated for 48 h
at 28∘C or 37∘C, after gamma irradiation at 1 and 2 kGy doses
according to the protocol proposed by Michal et al. [16].

2.4. Morphotypes on Congo Red Agar (CRA). The CRA
method was done according to the protocol of Freeman et al.
[17]. Media were prepared with Brain Heart Infusion (BHI)
broth at 37 g/l, sucrose at 0.8 g/l, agar-agar at 10 g/l, andCongo
red stain at 0.8 g/l. Plates of the medium were inoculated and
incubated aerobically for 24 h at 37∘C.

The biofilm positive strains produced black colored
colonies and biofilm negative strains were pink colored [17].

2.5. The Microtiter Plate (MTP) Biofilm Assay. The MTP
method was done according to the protocol of Møretrø et al.
[18].

The biofilm production was carried out on different
materials: polystyrene (POLY), polyvinyl chloride (PVC),
glass (G), and cellophane paper (CELLO). For biofilm
quantification, circular chips (1.3 cm diameter) of cellophane
paper, polystyrene, and glass slides were used.These different
materials were sterilized by autoclaving at 121∘C for 15min
then placed into 96-well plates. Irradiated Salmonella (200𝜇l
of bacterial suspension) was diluted 1 : 100 in TSB. Then

200𝜇l of this diluted suspension was transferred to each
well. Plates were incubated for 24 h at 28∘C and 37∘C. After
incubation, the broth was removed from each of the wells.
Then, chips were transferred to a new 96-well microplate.
Unfixed cells were removed by washing chips three times
with phosphate buffer saline (PBS) and biofilmwas dyed with
crystal violet (1%). For colorimetric measurement, biofilm
was resuspended in 200𝜇l of glacial acetic acid during 15
minutes andplateswere read onELISAplate readermultiscan
(Microplaque reader 680, Biorad) at a wavelength of 595 nm.
BHI medium was used as a negative control [19].

2.6. Quantification of Biofilm-Producing Genes in Salmonella.
Salmonella spp. were inoculated into (BHI) and incubated
at 28∘C or 37∘C for 48 hours. Following incubation, 1ml of
the bacterial suspension was transferred into microtubes and
centrifuged at 10,000𝑔 for 10 minutes.The pellet was used for
RNA experiments.

2.7. RNA Extraction and Quantitative Reverse Transcriptase
PCR (qRTPCR). For total RNA extraction, Trireagent Total
RNA Isolation System (Sigma) was used according to the
manufacturer’s protocol. RNA was suspended in 30𝜇l of
sterile water after 15 minutes of incubation at 55∘C. The final
concentration measurement of RNA samples was performed
using the NanoDrop ND1000 spectrophotometer (Thermo
Scientific). RNA was extracted from both of irradiated and
control samples. First strand cDNA synthesis was done using
1 𝜇g total RNA in 25𝜇l reaction mixtures containing 10mM
deoxynucleoside triphosphate, 25U of RNAsine, 5 𝜇l of a 5x
buffer, 50U of AMV-RT (Promega), and 0.5 𝜇g of random
hexamers. The reaction mixture was incubated for 10min at
25∘C and then at 42∘C for 30 minutes. Relative expression
levels of adrA and agfD genes were fixed by RT-qPCR on
cDNA achieved following the reverse transcription reaction.
Amplification of both adrA and agfD genes was performed
with primers as previously described by De Oliveira Débora
et al. [20]. We used recA as reference gene for result normal-
ization [21].

The qPCR amplifications were completed bymixing 10 ng
cDNA with 12.5 𝜇l mixture of SYBR green Supermix (Bio-
Rad) and 300 nM primers.

The fluorescence signal was revealed by a Mini Opticon
real-time PCR instrument (Bio-Rad). Data shown are the
means of three replicates.

2.8. Statistical Analysis. Average values of triplicates were
provided, and the deviation was less than 5% of each value.
Significance was estimated at a level of 𝑃 < 0.05 using
Student’s test.

3. Results

3.1. Salmonella’s Colony Morphology and Biofilm Production.
OnCRA, untreated colonies appeared like blackmorphotype
(Figure 1(a)). Concerning biofilm production assessed by
microtiter plate (MTP), the results presented in Table 1
indicated that untreated Salmonella cultures preferentially
adhere to PVC (O.D = 1.9) than to glass (O.D = 1.2). For
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Figure 1: The morphotypes of S. Hadar before and after irradiation: (a) untreated black colonies; (b) bdar morphotype (1 kGy); and (c) rdar
morphotype (2 kGy).

Figure 2: Biofilm production on glass tubes before (UT) and after
gamma radiation at 1 kGy and 2KGy doses. (−) indicates lack of
pellicles and (+) indicates the presence of pellicles. UT: untreated
bacteria.

the other materials (CELLO and POLY) adhesion is less
important. Furthermore, for all the tested material biofilm
production was enhanced at 28∘C rather than at 37∘C.

3.2. Effect of Gamma Radiation on Colony Morphology. For
morphotype test, before treatment colonies were black (big
biofilm producer) (Figure 1(a)). After gamma irradiation
at 1 kGy, colonies appeared like bdar morphotype of blood
agar (Figure 1(b)). However, at a dose of 2 kGy, the known
morphotype, red, dry, and rough (rdar), was detected (Fig-
ure 1(c)), independently of the material pretested.

3.3. Effect of Gamma Radiation on Biofilm Formed Glass
Surfaces. Biofilm production tested on the glass surface has
demonstrated that, in the tube test, biofilm formation was
considered as a ring of cells adhered to the glass wall at the air-
liquid interface. Our results showed that untreated S. Hadar
was able to produce biofilm on the air-liquid interface of glass

tubes. Interestingly, we noted the absence of this ring after
gamma irradiation (Figure 2). Moreover, biofilm formation
using microplate wells with glass slides was significantly (𝑃 <
0.05) affected by gamma rays; the optical density reflecting
biofilm biomass decreased from 1.5 (control) to 0.8 (1 kGy)
and 0.1 (2 kGy) (Table 1).Therefore, the ability to formbiofilm
was solely dependent on the applied gamma irradiation dose.

Results for cellophane paper are very different and biofilm
productionwas significantly (𝑃 < 0.05) reduced to 37% (from
O.D = 0.9 to O.D = 0.5) at 1 kGy and up to 94% (from O.D
= 0.9 to O.D = 0.07) at 2 kGy doses (Table 2). The biofilm
formation of polystyrene material was inhibited by 95% at
2 kGy and at 28∘C (Table 2).

3.4. Effects of Gamma Radiation on agfD and adrA Gene
Expression. The agfD and adrA genes are widely dispersed in
Salmonella genus and are always linked with the aptitude to
produce biofilms [20]. Both of analyzed genes were detected
in Salmonella Hadar. The expressions of biofilm encoding
genes agfD and adrA were calculated with respect to recA
as a reference gene. The expression of the genes agfD and
adrA showed significant upregulation after gamma radiation
(1 and 2 kGy). This increase seems to be independent of the
temperature. However, a significant dose effect was observed
at 37∘C (Figure 3).

4. Discussion

Gamma irradiation is an established technology of well-
documented safety and efficacy for inactivation of pathogenic
microorganisms such as Salmonella [22]. However, studies
into the effectiveness of irradiation on biofilm-associated cells
are lacking.

Many bacteria form aggregates at the bottom of con-
tainers and attach to the container surfaces in liquid media.
However, some bacteria such as Salmonella, Escherichia coli,
Pseudomonas fluorescent, and Vibrio cholera produce rigid or
fragile pellicle structures at air-liquid interfaces [23]. Biofilm
production by colonization of the air interface can facilitate
and contribute to gas exchange while enabling the acquisition
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Table 1: SalmonellaHadar biofilm inhibition in presence of incremental gamma radiation doses.

Materials Dose (gamma irradiation) Morphotype on CRA Test tube (glass) DO595(28∘C) DO595(37∘C)

PVC
Ut Black Nf 1.9 ± 0.00∗ 2.5 ± 0.08

1 kGy Bdar Nf 0.9 ± 0.04∗ 1.3 ± 0.05

2 kGy Rdar Nf 0.08 ± 0.00∗ 0.1 ± 0.01∗

Glass
UT Black ++ 1.2 ± 0.02∗ 1.5 ± 0.06

1 kGy Bdar + 0.6 ± 0.00∗ 0.8 ± 0.03∗

2 kGy Rdar + 0.06 ± 0.00∗ 0.1 ± 0.02∗

Cello
UT Black Nf 0.7 ± 0.01∗ 0.9 ± 0.04∗

1 kGy Bdar Nf 0.4 ± 0.00∗ 0.5 ± 0.03∗

2 kGy Rdar Nf 0.03 ± 0.00∗ 0.07 ± 0.00∗

Poly
UT Black Nf 0.4 ± 0.00∗ 0.6 ± 0.05

1 kGy Bdar Nf 0.2 ± 0.02∗ 0.2 ± 0.04∗

2 kGy Rdar Nf 0 ± 0.00∗ 0.04 ± 0.00∗

UT: untreated; Nf: not found; ∗𝑃 < 0.05.

Table 2: Inhibition (%) of SalmonellaHadar biofilm formation, after
gamma radiation exposure.

PVC Glass CELLO POLY
28∘C
1 kGy 54% 48% 37% 50%
2 kGy 96% 96% 95% 100%
37∘C
1 kGY 48% 50% 37% 57%
2 kGY 95% 94% 94% 93%
%: inhibition percentage.

10

1

ADR 37
∘CADR 28

∘CAgf 37∘CAgf 28∘C

∗
∗

Dose of 1 kGy
Dose of 2 kGy

Figure 3: Effect of gamma radiation doses (1 and 2 kGy) on
expression levels of agfD and adrA genes (∗𝑃 < 0.05).

of nutrients and water from the liquid phase [24]. The
biofilms at air-liquid interfaces can cause severe problems in
industrial water systems [25].

Slime productionwas evaluated by culture onCRAplates.
Untreated colonies were black colored. Black pigmented
colonies on Congo Red Agar indicate biofilm producer
strains.Themodification of agar ingredients can also improve

phenotypic coloration [26]. Our results showed definite
phenotypic changes following gamma radiation treatment at
doses of 1 and 2 kGy. S. Hadar expressed bdar morphotype
after 1 kGy treatment, then rdar morphotype was observed
when treated by gamma radiation 2 kGy dose. Dubravka
et al. [27] indicated that both rdar and bdar morphotypes
are tolerant to disinfectants. Rdar morphology appears more
tolerant to long-term Salmonella biofilm survival in a very dry
environment, desiccation, and nutrient lack [28]. This result
extends anterior results indicating that rdar morphotype
indicates morphological adaptation to stress conditions and
survival outside the host environment.Themorphotype bdar
has been suggested to be linked to Salmonella groups that do
not need to survive for long periods in the host environment
[29].

Biofilm production and adhesion on different surfaces
were assessed and the same parameters described above were
investigated such as (incubation temperature and gamma
radiation doses). Bacterial adherence is influenced by the
surface material, growth conditions, and the environmental
factors including temperature [30]. These environmental
factors play a vital role in the phenotypic change from
planktonic cells to the sessile form [31].

Our results suggested that polystyrene is the material
surface that presents the lower susceptibility to colonization.
PVC avoided better the biofilm production at 37∘C, followed
by glass then cellophane. The high prevalence of biofilm
production on PVC and glass at 37∘C is agonizing because
the permanency of Salmonella on these surfaces is in the
starting of industrial processing and can be a valuable source
of poultry contamination and a possible cause of foodborne
diseases. Our results are in accordance with those reported
by Hans et al. [4] who noticed that Salmonella adhered
more easily to hydrophobic materials such as PVC than to
stainless steel which is more hydrophilic. Mericarmen et al.
[32] reported higher biofilm production by Salmonella on
plastic than on stainless steel. Once a biofilm is formed,
this could be a source of contamination for foods that is
why protocols in food processing units should consider more
Salmonella’s biofilm removal. Thus, all our findings highlight
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the hypothesis that biofilm forming abilities could be reduced
with temperature decrease and increasing gamma radiation
doses. To our knowledge, such a linkage has not been
reported previously for Salmonella. However, Alonso et al.
[33] stated that gamma radiation was effective in reducing the
populations of biofilm-associated cells of Salmonella enterica.
Treatment with gamma irradiation at the end of the produc-
tion chain can be a good solution for biofilm removal. No
correlation was observed between agfD and adrA expression
and bacterial biofilm production. However, it was found
that in Salmonella CsgD (acting via agfD and adrA genes)
altered cell physiology to enable the generation of Curli, a
process not yet identified in Salmonella [34]. Zakikhany et al.
[35] identified a CsgD independent cellulose pathway, adrA
independent. Ben Abdallah et al. [36] showed that there is
no correlation between sef and pef Salmonella genes involved
in adhesion and invasion and biofilm formation. More
considerable attentionmust be given to the choice of potential
contact surfaces and cleaning procedures when considering
the efficient removal of biofilms. Indeed, biofilm formation
is strongly affected by different environmental signals via a
complex regulatory network. Comprehensive overview must
be given to the comprehension of this genetic network and
the interactions between its various components (CsgD, RpoS,
Crl, OmpR, IHF, CpxR, mlrA, BarA/SirA, Csr, PhoPQ, RstA,
Rcs, metabolic process, and quorum sensing) [4].

In summary, this work showed that Salmonella enterica
serovar Hadar could adhere and form the biofilm on indus-
trial surfaces such as polystyrene, PVC, glass, and cellophane
paper. This could be a factor to be considered for the higher
spoilage or/and disease transmission. Our study revealed
that the biofilm production is dependent on temperature
and the abiotic surface used. Moreover, gamma rays could
be considered as an effective mean for Salmonella biofilms
removal. Finally, it was proposed that agfD and adrA genes
were not actively involved in Salmonella biofilm production.
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