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Abstract Quorum sensing regulates a variety of pheno-
types in bacteria including the production of virulence fac-
tors. Salmonella spp. have quorum sensing systems medi-
ated by three autoinducers (Al-1, AI-2, and AI-3). The
Al-1-mediated system is incomplete in that the bacterium
relies on the synthesis of signaling molecules by other
microorganisms. This study aimed to evaluate the influence
of the Al-1 N-dodecanoyl-DL-homoserine lactone (C12-
HSL) on the growth, motility, adhesion, and biofilm for-
mation of Salmonella enterica serovar Enteritidis PT4 578
on a polystyrene surface. Experiments were conducted at
37 °C in anaerobic tryptone soy broth supplemented with
C12-HSL and/or a mixture of four synthetic furanones, at
the concentration of 50 nM each. The planktonic growth,
adhesion, swarming, and twitching motility were not
altered in the presence of C12-HSL and/or furanones under
anaerobic conditions. However, C12-HSL induced biofilm
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formation after 36 h of cultivation as determined by quan-
tification of biofilm formation, by enumeration of adhered
cells to polystyrene coupons, and finally by imaging the
presence of multilayered cells on an epifluorescence micro-
scope. When furanones were present in the medium, an
antagonistic effect against C12-HSL on the biofilm devel-
opment was observed. The results demonstrate an induc-
tion of biofilm formation in Salmonella Enteritidis by Al-1
under anaerobic conditions. Considering that Salmonella
does not produce Al-1 but respond to it, C12-HSL synthe-
sized by other bacterial species could trigger biofilm for-
mation by this pathogen in conditions that are relevant for
its pathogenesis.

Keywords Adhesion - Autoinducer - Biofilm -
Cellular communication - Furanone

Introduction

Salmonella is one of the most common foodborne patho-
gens frequently associated with illness, hospitalization, and
deaths worldwide (Finstad et al. 2012; Nunes et al. 2013;
Chironna et al. 2014). In Brazil, the phage type 4 is the
most prevalent in infections caused by Salmonella enterica
serovar Enteritidis, commonly transmitted by poultry meat
and eggs (Irino et al. 1996; Nunes et al. 2003; Santos et al.
2003). The high virulence of this pathogen is related to the
presence of up to 23 pathogenicity islands (SPIs), coding
for many virulence factors (Humphrey et al. 1996, 1998;
Hensel 2004; Ong et al. 2010; Hayward et al. 2013). Some
of these factors such as those related to invasion and type
IIT secretion system have been described as being regulated
by the mechanism of cell-cell communication known as
quorum sensing (Fuqua et al. 1994; Choi et al. 2007).
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Quorum sensing (QS) leads to differential gene expres-
sion in response to changes in the population density
among microbial cells or microbial and host cells (Fuqua
et al. 1996, 2001; Keller and Surette 2006). In Salmo-
nella spp., the QS mechanism can be mediated by three
types of autoinducers (Al), called Al-1, AI-2, and AI-3
(Walters and Sperandio 2006). The AI-1 communication
system is used by gram-negative bacteria, and in Salmo-
nella, this system is incomplete since it does not contain
a homologous luxI gene which codes for the Al-1 syn-
thase, and hence, the bacterium is unable to produce its
own acyl homoserine lactone (AHL) signal. However, the
pathogen presents a protein known as SdiA, a transcrip-
tional regulator homologous to LuxR, which detects AHLs
produced by other microorganisms that are able to freely
diffuse through membranes (Michael et al. 2001; Smith
and Ahmer 2003; Parker and Sperandio 2009; LaSarre and
Federle 2013; Papenfort and Bassler 2016). The interac-
tion between SdiA of Salmonella and the AHLs produced
by enterobacterial species in an animal model has already
been tested. Smith et al. (2008) showed that SdiA of Sal-
monella Typhimurium was activated during the transit
through the gastrointestinal tract of turtles colonized with
Aeromonas hydrophila, an AHL producer bacterium. How-
ever, this protein was not activated in chicken, cow, guinea
pig, mice, pig, and rabbit for reasons that may be related
to the microbiota of these animals which may not produce
appropriate AHLs able to activate SdiA. On the other hand,
Dyszel et al. (2010a) showed that SdiA of Salmonella
Typhimurium was activated during the transit through
mice colonized with Yersinia enterocolitica, another
AHL producer. Cloning of yenl gene of Y. enterocolitica,
a luxI homologue, in Salmonella Typhimurium provided
a greater and immediate fitness advantage to the patho-
gen in mice (Dyszel et al. 2010a). Although it responds to
the presence of AHLs, the function of SdiA is not com-
pletely known in Salmonella (Dyszel et al. 2010a, b;
Sabag-Daigle et al. 2012; Steenackers et al. 2012).

The AI-2 system, which is used by both gram-positive
and gram-negative bacteria, is found in Salmonella where
the signal molecule is synthesized by LuxS and internalized
via products of the Isr operon (Xavier and Bassler 2005).
The AI-3 system allows communication between bacte-
ria and their mammalian hosts, and in Salmonella the sig-
nal molecule AI-3 is sensed by the products of the gseBC
operon and gseE gene (Hughes and Sperandio 2008). Both
systems are involved in the regulation of pathogenicity fac-
tors in Salmonella (Widmer et al. 2007; Moreira et al. 2010;
Liu et al. 2014). The influence of QS on adhesion and bio-
film formation has been studied in different serovars of S.
enterica such as Salmonella Typhi (Prouty et al. 2002; Liu
et al. 2014), Salmonella Enteritidis (Chorianopoulos et al.
2010) and nine other serovars (Wang et al. 2013). However,
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conflicting and incomplete results have been observed as
highlighted next.

The establishment of a biofilm involves cell motil-
ity, adhesion, cell growth and microcolony formation,
synthesis of exopolysaccharides, and other extracellular
substances which are governed by a complex regulatory
network according to the surfaces, environmental condi-
tions, and signals, as well as biofilm maturation which is
a process regulated by QS (Stepanovi¢ et al. 2003; Kearns
2010; Steenackers et al. 2012; Kalai Chelvam et al. 2014).
Stepanovié et al. (2003) showed that strains of Salmonella
Enteritidis were able to form stronger biofilms on poly-
styrene surface when incubated for 24 h at 35 °C under
5-8% of CO, in comparison with other atmospheric con-
ditions. On the other hand, biofilm formation was lower
under anaerobic conditions. These data corroborate with
those found by Lamas et al. (2016) in which the biofilms
formed on polystyrene by Salmonella Enteritidis, Salmo-
nella Infantis, Salmonella Newport, and Salmonella Typh-
imurium were smaller in anaerobiosis after 24 h of incu-
bation at 37 °C when compared to these structures formed
in microaerobiose and aerobiose conditions. Besides, the
expression of genes involved in the biofilm formation such
as ¢sgD and adrA and in the quorum sensing mechanism
such as sdiA and [uxS was reduced under microaerobiosis
and anaerobiosis. However, Campos-Galvao et al. (2015b)
found that under anaerobic condition, Salmonella Ente-
ritidis was able to form more biofilm in the presence of
AHLs on polystyrene with increased expression of biofilm-
related genes such as IpfA, fimF, fliF, and glgC.

Biofilm formation in Salmonella is an important patho-
genicity mechanism that represents great concern for the
food industry, once cells from the biofilm can contaminate
foods during processing due to difficulties related to its
eradication (Burmglle et al. 2010; Hgiby et al. 2010; Jensen
et al. 2010; Srey et al. 2013). The search for inhibitors of
biofilm formation or development has been the target of
several studies, and furanones are considered as potential
agents against Salmonella biofilms. The inhibitory effect
of different furanones on biofilm formation by Salmonella
Typhimurium (Janssens et al. 2008), Salmonella Agona
(Vestby et al. 2013) and Salmonella Enteritidis (Campos-
Galvao et al. 2015b) was already reported. Furanones are
antagonistic compounds to QS Al-1 and AI-2 in gram-neg-
ative bacteria, since they present structural similarity to the
autoinducers due to the homoserine lactone ring, but hin-
der transcriptional regulation by a mechanism still not fully
understood (Rasmussen et al. 2000; Zhu and Winans 2001;
Hentzer et al. 2002, 2003; Manefield et al. 2002; Janssens
et al. 2008; Vestby et al. 2013). Although the antagonistic
effect of furanones on AI-1 QS system was observed on
the biofilm formation by Salmonella Enteritidis, the initial
stages of adhesion as well as some important aspects of the
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biofilm development over time were not evaluated (Cam-
pos-Galvao et al. 2015b).

Thus, our study aimed to evaluate the influence of the
Al-1 and its combination with furanones on planktonic
growth, swarming and twitching motility, as well as adhe-
sion and biofilm formation by S. enterica under anaerobic
conditions in order to mimic a more relevant condition,
such as the gut environment, in which this microorganism
expresses pathogenesis.

Materials and methods
Bacterial strain

Salmonella enterica serovar Enteritidis phage type 4
(PT4) 578, isolated from chicken meat, was provided by
Fundagdo Oswaldo Cruz (FIOCRUZ, Rio de Janeiro, Bra-
zil) (Campos-Galvio et al. 2015a, b). Cultures were stored
at —20 °C in Luria-Bertani (LB) broth (Miller 1972) sup-
plemented with 20% (v/v) of sterilized glycerol.

Preparation of inoculum

Tryptone soy broth (TSB; Merck, Germany) was prepared
under O,-free conditions with a CO, filled dispensed into
anaerobic bottles that were sealed with butyl rubber stop-
pers and then autoclaved (anaerobic TSB) (Lima et al.
2009). Before each experiment, cells were cultivated into
anaerobic bottles containing 20 mL of anaerobic TSB for
24 h at 37 °C in a static-model anaerobic chamber (Coy
Laboratory, USA) containing a mixture of H, (3.0-5.0%)
and CO, (95.0-97.0%). Then, 1.0 mL was transferred into
10 mL of anaerobic TSB and incubated at 37 °C in anaero-
bic chamber. After 4 h of incubation, exponentially grow-
ing cells were harvested by centrifugation at 5000g at 4 °C
for 10 min (Sorvall, USA), washed with 0.85% saline, and
the pellet resuspended in 0.85% saline. The inoculum was
standardized to 0.1 of optical density at 600 nm (ODg,.,)
(approximately 10’ CFU mL™!) using a spectrophotometer
(Thermo Fisher Scientific, Finland).

HSL and mixture of furanones

N-dodecanoyl-DL-homoserine lactone (C12-HSL; PubChem
CID: 11565426; Fluka, Switzerland) was suspended in
acetonitrile (PubChem CID: 6342; Merck, Germany) at a
concentration of 10 mM and further diluted to a working
solution of 10 uM in acetonitrile. A mixture of 3-methyl-
2(5H)-furanone (PubChem CID: 30945; Sigma-Aldrich,
Germany),  2-methyltetrahydro-3-furanone  (PubChem
CID: 18522; Sigma-Aldrich, Germany), 2(5H)-furanone
(PubChem CID: 10341; Sigma-Aldrich, Germany), and

2,2-dimethyl-3(2H)-furanone (PubChem CID: 147604,
Sigma-Aldrich, Germany) was suspended in acetonitrile
at a concentration of 10 mM each and further diluted to a
working solution of 10 uM in acetonitrile. Control experi-
ments were performed using acetonitrile, since C12-HSL
and furanones were suspended in this solvent. The final con-
centration of acetonitrile in the media was always less than
1% (v/v) to avoid interference in the growth and response of
Salmonella to C12-HSL or furanones (Michael et al. 2001).
The C12-HSL and TSB were chosen based on the results
of Campos-Galvao et al. (2015b) who have shown a better
effect of this AHL on biofilm formation by Salmonella Ente-
ritidis, over other AHLs and culture media that were tested.

Effect of HSL and furanones on the planktonic growth
of Salmonella

To evaluate the effect of C12-HSL alone and combined
with the mixture of furanones on the planktonic growth of
Salmonella, bottles containing 20 mL of anaerobic TSB
supplemented with 110 uL of C12-HSL and/or the mix-
ture of furanones were inoculated with 2 mL of the stand-
ardized inoculum. The final concentration of C12-HSL
and the mixture of furanones in the anaerobic TSB was
50 nM. Bottles were incubated at 37 °C for up to 8 h in
anaerobic chamber. In established time points, the optical
density of the cell suspension was determined at 600 nm
using a spectrophotometer (Thermo Fisher Scientific,
Finland).

Determination of swarming and twitching motility

The swarming and twitching motility were performed
on anaerobic TSB added with 0.7 or 1% (w/v) of agar,
respectively (Reimmann et al. 2002; Sperandio et al. 2002;
Kearns 2010). Twenty milliliters of the media were sup-
plemented with 100 pL. of C12-HSL and/or the mixture
of furanones. The final concentration of C12-HSL and the
mixture of furanones in media was 50 nM. For swarming
motility, 5 pL of the standardized inoculum were placed
on the center of the media, and for twitching motility, an
inoculum of 10 pL was used. After the aliquot had dried,
plates were incubated at 37 °C in anaerobic chamber. The
diameter of the colonies was determined after 2, 7, 12, 18,
24, 36, 42, and 48 h of incubation.

Quantification of adhesion potential and biofilm
formation on polystyrene

In order to quantify the adhesion potential and biofilm
formation of Salmonella, 2 mL of anaerobic TSB sup-
plemented with 11 pL of CI12-HSL and/or the mix-
ture of furanones was inoculated with 200 uL of the
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standardized inoculum and transferred to a 96-well micro-
titer plate. The final volume at each well was 200 uL, and
the final concentration of C12-HSL and the mixture of
furanones in the anaerobic TSB was 50 nM. Plates were
incubated at 37 °C for 36 h in anaerobic chamber with
replacement of the medium, inoculum and tested solutions
every 10 h (Ryall et al. 2008; Guerrieri et al. 2009). After
26 and 36 h of incubation, the optical density of total cells
was determined at 600 nm. Then, the culture supernatant
was discarded, and the surface-attached cells were stained
with 200 wL of 0.1% (w/v) crystal violet for 30 min. Sub-
sequently, the crystal violet was removed and the plate was
washed three times with water. After air drying for 15 min
at 40 °C, the attached cells were determined at 590 nm
with the microtiter plate reader by addition of 200 pL of
95% (v/v) ethanol (Pimentel-Filho et al. 2014). Data were
expressed as the ratio between the absorbance of crystal
violet extract of adhered cells (ACVEAC) and the optical
density of total cells (ODTC) (Viana et al. 2009).

Quantification of planktonic and adhered cells
on polystyrene

Polystyrene coupons (18 mm x 10 mm x 1 mm) and
stainless steel rods were first cleaned by washing with lig-
uid neutral detergent and water followed by rinsing with
distilled water and then immersing in 1% (w/v) sodium
hydroxide in ultrasound bath for 1 h, in order to remove fat,
and rinsed again with sterile distilled water. Subsequently,
they were immersed in 92% (v/v) ethanol in ultrasound
bath for 30 min, rinsed with sterile distilled water and air-
dried under UV light. Sterility of coupons was assessed
by submerging a coupon in anaerobic TSB and checking
medium turbidity after 48 h of incubation at 37 °C.
Polystyrene coupons were fixed by metal rods at the
edge of anaerobic bottles containing 10 mL of anaerobic
TSB supplemented with 55 pL of C12-HSL and/or the
mixture of furanones. The final concentration of C12-HSL
and the mixture of furanones in anaerobic TSB was 50 nM.
Medium was inoculated with 1 mL of the standardized
inoculum and then incubated at 37 °C for 36 h in anaerobic
chamber with replacement of the culture medium, inocu-
lum, and tested solutions every 10 h (Ryall et al. 2008;
Guerrieri et al. 2009). For planktonic cells quantification,
after 2, 7, 26, and 36 h of incubation, 1 mL of the superna-
tant was diluted, plated on plate count agar (PCA; Himedia,
India), and colonies were enumerated following incubation
at 37 °C in anaerobic chamber. For adherent cells quanti-
fication, the polystyrene coupons were removed from the
anaerobic bottles after 2, 7, 26, and 36 h of incubation and
washed with 1 mL of phosphate-buffered saline (PBS, pH
7.4) in order to remove the loosely attached cells. Then, the
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coupons were placed in a tube containing 2 mL of sterile
PBS (pH 7.4) and subjected to the action of ultrasound for
30 min to remove the strongly attached cells. The suspen-
sion was homogenized, and an aliquot was diluted, plated,
and incubated as previously described.

Monitoring of adhesion and biofilm formation
on polystyrene by microscopy

To monitor Salmonella adhesion and biofilm formation on
polystyrene surface, assays were carried out using the same
experimental design as previously described for quantifica-
tion of planktonic and adhered cells. After 2, 7, 26, and 36 h
of incubation, coupons were removed from the anaerobic
bottles, washed with 1 mL of PBS (pH 7.4), air-dried at room
temperature, and fixed for 3 min with Kirkpatrick’s solution
(isopropyl alcohol:chloroform:formaldehyde—6:3:1). Then,
coupons were washed again with PBS, stained with 0.04%
(w/v) of acridine orange solution for 5 min, washed, and
dried at room temperature in the dark. After 1 h of staining
in the dark, coupons were observed using epifluorescence
microscope (Olympus, model BX50, Japan) at 1000 times
amplification using WB?2 filter (460-490 nm).

Molecular docking of SdiA protein of Salmonella
Enteritidis PT4 578

The structural modeling of SdiA protein of Salmonella
Enteritidis PT4 578 as well as the molecular docking
with potential ligands was performed by using the CLC
Drug Discovery Workbench 2.5 (http://www.clcbio.com/
products/clc-drug-discovery-workbench/)  software  as
described by Almeida et al. (2016). In order to generate
the structure, the sequence of SdiA protein deposited on
the National Center for Biotechnology Information (NCBI;
http://www.ncbi.nlm.nih.gov/; GenBank: AGZ95694.1)
was modeled on the tridimensional structure of SdiA pro-
tein “4Y13” from Enterohemorrhagic Escherichia coli
(EHEC) (Nguyen et al. 2015) deposited on RCSB Protein
Data Bank (RCSB PDB; http://www.rcsb.org/pdb/home/
home.do). Then, the molecular docking of SdiA of Sal-
monella Enteritidis PT4 578 was performed with the puta-
tive ligands C6-HSL (PubChem CID: 3462373), C12-HSL
(PubChem CID: 11565426), 3-methyl-2(5H)-furanone
(PubChem CID: 30945), 2-methyltetrahydro-3-furanone
(PubChem CID: 18522), 2(5H)-furanone (PubChem CID:
10341), and 2,2-dimethyl-3(2H)-furanone (PubChem CID:
147604). Each ligand generates a score which mimics the
potential energy change when the protein and the ligand
come together. Lower scores (more negative ones) corre-
spond to stronger binding while less negative or even posi-
tive scores indicate weak or non-existing bonds.
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Fig. 1 Growth of Salmonella Enteritidis PT4 578 in the presence of
C12-HSL and/or a mixture of furanones. Salmonella was anaerobi-
cally cultivated in TSB at 37 °C for 8 h in the presence of acetonitrile
(open cycle); 50 nM of C12-HSL (crossed line); 50 nM of C12-HSL
combined with a mixture of four furanones at 50 nM each (closed
square); and only in the presence of the mixture of furanones (closed
triangle). Error bars indicate standard error

Statistics

Experiments were conducted in three biological replicates.
All data were subjected to analysis of variance (ANOVA)
followed by Tukey’s test using the Statistical Analysis Sys-
tem and Genetics Software® (Ferreira 2011). A p value
less than 0.05 (p < 0.05) was considered to be statistically
significant.

Results and discussion

The effect of 50 nM of C12-HSL and/or furanone mix
on the planktonic growth of Salmonella Enteritidis PT4
578 in TSB was evaluated anaerobically at 37 °C for
8 h (Fig. 1). The presence of C12-HSL in the medium
did not interfere on the pathogen’s growth during 8 h
of incubation. The maximal optical density at 600 nm in
the presence of C12-HSL (0.173 +£ 0.014) did not differ
(p > 0.05) to the control treatment (0.169 £ 0.004). Simi-
lar results were found by Campos-Galvao et al. (2015a)
for Salmonella Enteritidis grown in LB broth in the pres-
ence or absence of different AHLs at a concentration of
100 nM, such as N-hexanoyl-DL-homoserine lactone
(C6-HSL), N-octanoyl-DL-homoserine lactone (C8-HSL),
N-decanoyl-DL-homoserine lactone (C10-HSL), and C12-
HSL. The concentration of C12-HSL used in this study
is much higher than the required to induce the expression

Fig. 2 Swarming motility (a—d) and twitching motility (e-h) of Sal-
monella Enteritidis PT4 578 after 48 h at 37 °C in anaerobic chamber.
Salmonella was inoculated on anaerobic TSB added with 0.7% (w/v)
(a—d) and 1.0% (w/v) (e-h) of agar supplemented with acetonitrile
(a, d); 50 nM of C12-HSL (b, f); 50 nM of C12-HSL combined with
the mixture of four furanones at 50 nM of each one (¢, g); or the mix-
ture of four furanones at 50 nm of each one (d, h)

of sdiA, the transcriptional regulator which detects AHLs
produced by other microorganisms. According to Michael
et al. (2001), in Salmonella Typhimurium, the concentra-
tion can be as low as 1 nM depending on the AHL evalu-
ated. On the other hand, the cell-free supernatants (CFS)
of Y. enterocolitica and Serratia proteamaculans contain-
ing AHLs, AI-2 among other unknown metabolites affected
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the growth of different phage types of Salmonella Enter-
itidis and Salmonella Typhimurium in aerobic conditions
(Dourou et al. 2011). Wang et al. (2013) also showed that
the growth rate of nine serovar of S. enterica during the
exponential phase decreased in the presence of the CFS
of Pseudomonas aeruginosa containing AHLs and other
unknown metabolites.

Aiming to study the phenotype regulated by Al-1, the
planktonic growth of Salmonella Enteritidis PT4 578 was
also evaluated in the presence of a mixture of furanones.
Furanones are structurally analogous to AHLs but able
to inhibit quorum sensing gene regulation (Rasmussen
et al. 2000; Zhu and Winans 2001; Hentzer et al. 2002,
2003; Manefield et al. 2002).The mixture of furanones
composed of 50 nM of each did not interfere on the bac-
terial growth, and the maximal optical density at 600 nm
(0.175 £ 0.006) was similar (p > 0.05) to the control treat-
ment (0.169 £ 0.004) (Fig. 1). Janssens et al. (2008) also
reported that the growth of Salmonella Typhimurium was
not influenced by addition of 50, 60, and 100 uM of differ-
ent furanones after 12 h of incubation in TSB at 16 °C.

The combination of C12-HSL and furanones was
able to reduce (p < 0.05) the maximal optical density to
0.150 & 0.003 after 8 h of incubation, when compared to
the other evaluated treatments (Fig. 1). However, this treat-
ment did not differ (p > 0.05) when other cultivation tech-
nique as well as other times was evaluated (Fig. 4) which
leads us to conclude that there is no significant difference
among the treatments.

The effect of C12-HSL and furanones, added individu-
ally or combined, was evaluated on the swarming and
twitching motility of Salmonella Enteritidis PT4 578 in
anaerobic conditions. These tests were performed since
bacterial motility is an important virulence factor and the
initial adhesion of bacteria to the surface can be facilitated
by cell motility (Kearns 2010; Kalai Chelvam et al. 2014).
Neither swarming nor twitching motilities were observed
following the applied treatments (Fig. 2); therefore, no dif-
ference in the colony diameter was detected which indi-
cates that C12-HSL has no effect on motility of Salmonella
Enteritidis PT4 578 under the evaluated conditions. In E.
coli K-12, the overproduction of the quorum-regulated
transcriptional regulator sdiA repressed genes involved in
flagellum biosynthesis, chemotaxis, and motility (Wei et al.
2001). Moreover, the presence of synthetic brominated
furanone reduced swimming and swarming motility of Sal-
monella Agona in aerobic conditions without changes in
the expression of flagella genes (Vestby et al. 2013).

The effect of C12-HSL and/or the mixture of furanones
on the adhesion potential and biofilm formation on poly-
styrene surface is shown in Fig. 3. Compared to the con-
trol treatment, no difference (p > 0.05) was observed on the
adhesion and biofilm formation on the polystyrene surface

@ Springer

ACVEAC /ODTC

Time (h)

Fig. 3 Effect of C12-HSL and/or the mixture of furanones on the
adhesion potential and biofilm formation on polystyrene surface.
Ratio between the absorbance of crystal violet extract of adhered
cells (ACVEAC) and the optical density of total cells (ODTC) of Sal-
monella Enteritidis PT4 578 exposed to C12-HSL and/or a mixture of
furanones. Salmonella was anaerobically cultivated in TSB at 37 °C
in the presence of acetonitrile (white bars); 50 nM of C12-HSL (gray
bars); 50 nM of C12-HSL combined with a mixture of four furanones
at 50 nM of each one (black bars); and only in the presence of the
mixture of furanones (scratched bars). Error bars indicate standard
error, and *means significant difference (p < 0.05)
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Fig. 4 Planktonic growth of Salmonella Enteritidis PT4 578 exposed
to C12-HSL and/or a mixture of furanones. Salmonella was anaerobi-
cally cultivated in TSB at 37 °C in the presence of acetonitrile (white
bars); 50 nM of C12-HSL (gray bars); 50 nM of C12-HSL combined
with a mixture of four furanones at 50 nM of each one (black bars);
and only in the presence of the mixture of furanones (scratched bars).
Error bars indicate standard error

by Salmonella Enteritidis PT4 578 during the first 26 h
of incubation in the presence of C12-HSL and with this
signaling molecule combined with furanones. Contrasting
with this finding, after 36 h of incubation in the presence
of 50 nM of C12-HSL, an induction on biofilm formation
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Fig. 5 Adhered cells of Salmonella Enteritidis PT4 578 on polysty-
rene surface exposed to C12-HSL and/or a mixture of furanones. Sal-
monella was anaerobically cultivated in TSB at 37 °C in the presence
of acetonitrile (white bars); 50 nM of C12-HSL (gray bars); 50 nM
of C12-HSL combined with a mixture of four furanones at 50 nM
of each one (black bars); and only in the presence of the mixture of
furanones (scratched bars). Error bars indicate standard error, and
*means significant difference (p < 0.05)

was observed (p < 0.05) (Fig. 3). When the mixture of fura-
nones was added, in addition to C12-HSL, a reduction in
the biofilm of Salmonella was observed following this incu-
bation period, indicating an antagonist effect by furanones
(Fig. 3). These results showed that biofilm formation was
stimulated by C12-HSL only after 36 h. Campos-Galvao
et al. (2015b) have shown that the addition of the 50 nM
of the C6-HSL, C8-HSL, C10-HSL, and C12-HSL in mini-
mal salts medium or TSB increased the adhesion by Salmo-
nella Enteritidis in polystyrene after 24, 48, 72, and 96 h of
incubation in anaerobic conditions, which is in agreement
with our results. However, Campos-Galvao et al. (2015b)
did not evaluate the initial stages of adhesion as was per-
formed in the present study. According to Steenackers et al.
(2012), the influence of Al on the initial cell adhesion must
be evaluated, since this step may be decisive for biofilm
formation, even though in our study it did not present a
measurable effect.

The effect of C12-HSL and furanones on the growth,
initial adhesion, and biofilm formation was also evaluated
by the enumeration of planktonic cells (Fig. 4) and adhered
cells to polystyrene surface (Fig. 5). The cultivation of Sal-
monella Enteritidis PT4 578 during 2, 7, 26, and 36 h in
anaerobic conditions showed no difference (p > 0.05) on
the planktonic cell number among the evaluated treatments
(Fig. 4). The number of adhered cells of Salmonella on the
polystyrene coupons was not different (p > 0.05) at 2, 7,
and 26 h of incubation, showing that C12-HSL has no influ-
ence on initial adhesion. Chorianopoulos et al. (2010) also
showed that the addition of the 10 uM or 100 uM of the

N-3-oxo-hexanoyl-L-homoserine lactone (3-oxo-C6-HSL)
or mixture of N-butyryl-DL-homoserine lactone (C4-HSL),
3-0x0-C6-HSL, C8-HSL, and C12-HSL in brain heart infu-
sion (BHI) broth did not influence the adhesion by Salmo-
nella Enteritidis on stainless steel. On the other hand, Liu
et al. (2014) reported that the presence of C8-HSL along
with plasmid pRST98, which contains the rck virulence
gene, increased the adhesion of Salmonella Typhi in HeLa
cells after 1 h of incubation at 37 °C with 5% CO, and also
increased biofilm formation on polystyrene after 24 h of
incubation. In other bacterial species, the initial adhesion
on the surface is not dependent on the QS system, but QS
is decisive for biofilm maturation (Parsek and Greenberg
2000; Huber et al. 2001; Lynch et al. 2002).

However, C12-HSL induced biofilm formation on pol-
ystyrene surface following 36 h of incubation in anaero-
bic conditions corroborating the findings from Fig. 3. On
this condition, an increase of approximately one log cycle
(p < 0.05) in the number of adhered cells to the surface,
compared to the control and the other treatments, was
observed (Fig. 5). It is important to highlight that the
increase in adhesion is not related to an enhanced number
of planktonic cells growing in the presence of C12-HSL,
as already shown on Fig. 4. On the other hand, the CFS
of Hafnia alvei containing AHLs, among other unknown
metabolites, negatively influenced the biofilm formation
by Salmonella Enteritidis on stainless steel after 12, 24, 48,
and 72 h of incubation in aerobic conditions (Chorianop-
oulos et al. 2010). Wang et al. (2013) also showed that the
CFS of P. aeruginosa containing AHLs and other unknown
metabolites decreased the biofilm formation by nine sero-
var of S. enterica on polystyrene surfaces after 1, 3, and
5 days of incubation in aerobic conditions. The reason for
the differences observed between our study and the above
mentioned is possibly explained by the use of culture
supernatant by those investigators instead of purified AHL
which likely generates more conclusive results.

The data of quantification of adhered cells on polysty-
rene also show an antagonist effect of the furanones along
the 36-h cultivation period, even in the presence of C12-
HSL, further confirming our previous results (Fig. 3).
Moreover, the adhesion potential and biofilm formation in
the presence of furanones alone did not differ (p > 0.05)
with the control treatment, highlighting that furanones
had no influence in this process, under the evaluated con-
ditions. However, Janssens et al. (2008) showed that the
presence of 25, 50, and 100 uM of different brominated
furanones inhibited the biofilm formation by Salmonella
Typhimurium on polystyrene after 48 h of incubation at
16 °C in aerobic conditions, when compared to the con-
trol treatment. Contrasting with our findings, the authors
reported that there was no evidence that furanones acted
on any of the known QS systems reported to be present
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Fig. 6 Adhesion by Salmonella Enteritidis PT4 578 on polystyrene
surface immersed for 2 h at 37 °C in anaerobic TSB supplemented
with acetonitrile (control treatment) (a); 50 nM of C12-HSL (b);
50 nM of C12-HSL combined with the mixture of four furanones

in Salmonella. Conversely, Vestby et al. (2013) reported
the inhibitory effect of a synthetic furanone on the biofilm
formation by Salmonella Agona on polystyrene without
bactericidal effect, but the mode of action has not been
established. These results are possibly explained by the dif-
ferences among the evaluated strains and conditions used in
these studies; however, a comparative work using different
serovars and the same conditions used in the present study
awaits further research.

On the polystyrene surfaces immersed in anaerobic TSB
inoculated with Salmonella Enteritidis PT4 for 2, 7, and
26 h of incubation, no difference in adhesion was observed
by fluorescence microscopy following the treatments eval-
uated (Fig. 6), confirming the results found in previous
experiments (Figs. 3, 5). In these time points, only cells
individually adhered to the surface or in small clusters were
observed, without overlapping layered cells or the presence
of a fully formed biofilm structure. Images of adhered cells
on polystyrene coupons treated for 2 h with C12-HSL and/
or furanones are shown as a representative result of the three
time points which presented very similar results (Fig. 6).

In the control treatment (Fig. 7a), as well as in the
presence of furanones alone (Fig. 7d) or combined with
C12-HSL (Fig. 7c), only cells individually adhered or in
small clusters on the surface were observed after 36 h of

@ Springer

at 50 nM of each one (¢); or the mixture of four furanones at 50 nm
of each one (d). Epifluorescence microscopy images are shown at
% 1000 magnification

incubation. However, when exposed to C12-HSL for 36 h
(Fig. 7b), Salmonella was able to form biofilm which can
be observed as multilayered cells indicating the presence of
exopolysaccharide (Fig. 7a). These results corroborate with
Campos-Galvio et al. (2015b) and confirm all of our pre-
vious findings demonstrating the stimulatory effect of C12-
HSL on the biofilm formation by Salmonella in anaerobic
conditions and reveal that the presence of furanones inhibits
the biofilm development stimulated by C12-HSL (Fig. 7c),
possibly by interfering with SdiA-mediated signaling.

In order to gain insights into the molecular mechanisms
which would explain the observed phenotypes and the nature
of interactions between AHLSs and furanones with SdiA from
Salmonella Enteritidis PT4 578, we took advantage of the
recently published crystal structure of SdiA from Enterohe-
morrhagic E. coli (EHEC) (Nguyen et al. 2015). In addition,
it is important to highlight that the sdiA gene (GenBank:
KF381283) of Salmonella Enteritidis PT4 578 showed
100% similarity with Salmonella Enteritidis PT4 P125109
(Campos-Galvao et al. 2015a) and more than 69% iden-
tity with EHEC (Almeida et al. 2016). The results from the
molecular docking showed a stronger binding of C12-HSL
(a score of —65.28) than with C6-HSL (a score of —56.50).
We hypothesize that the stronger effect of C12-HSL on bio-
film formation of Salmonella Enteritidis PT4 578 is due to
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Fig.7 Adhesion and biofilm formation by Salmonella Enteritidis
PT4 578 on polystyrene surface immersed for 36 h at 37 °C in anaer-
obic TSB supplemented with acetonitrile (control treatment) (a);
50 nM of C12-HSL (b); 50 nM of C12-HSL combined with the mix-

the better binding of this ligand with SdiA, but this assertion
awaits biochemical confirmation. As it can be observed in
Fig. S1A and B, tryptophan 67 (W67) is a common residue
for interaction with AHLs and furanones. However, AHLs
can make additional bonds with SdiA, while furanones can
only bind W67. This observation explains the lower binding
affinity observed in the furanones scores —35.02, —31.35,
and —29.99 (Fig. S1C, D, and E, respectively), while the
2,2-dimethyl-3(2H)-furanone supposedly does not bind SdiA
(Fig. S1F). The antagonistic effect of furanones due to their
binding to W67 in SdiA of Salmonella Enteritidis PT4 578 is
a potential target for future mutagenic studies and so they are
the additional residues that potentially bind AHLs. It is likely
that the signaling interference observed for furanones against
C12-HSL is due to a competitive binding for SdiA.

Conclusion

The presence of exogenous C12-HSL induced biofilm for-
mation on polystyrene by Salmonella Enteritidis PT4 578
under anaerobic conditions, and quorum sensing influ-
ences biofilm maturation rather than initial adherence. This
is an indication that in the presence of another bacterium
able to synthesize this AHL, biofilm can be established by

ture of four furanones at 50 nM of each one (c); or the mixture of
four furanones at 50 nm of each one (d). Epifluorescence microscopy
images are shown at x 1000 magnification

Salmonella as a response to the quorum sensing signals.
This change in life style, from the planktonic to sessile state,
can confer a competitive advantage to the pathogen, such
as survival and adaptation to stress conditions in the envi-
ronment of the gut for instance. On the other hand, another
important result to be considered is the antagonistic effect of
the furanones since the combination of furanones with C12-
HSL inhibited biofilm formation. This antagonistic effect
caused by furanones can be explored as a potential strategy
in the food industry since these compounds compete with
the AHLs produced by some microorganisms present in the
food processing environment, preventing biofilm formation.
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