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a b s t r a c t

Quorum sensing (QS) is cell-cell communication mechanism mediated by signaling molecules known as
autoinducers (AIs) that lead to differential gene expression. Salmonella is unable to synthesize the AI-1
acyl homoserine lactone (AHL), but is able to recognize AHLs produced by other microorganisms
through SdiA protein. Our study aimed to evaluate the influence of AI-1 on the abundance of proteins and
the levels of organic acids of Salmonella Enteritidis. The presence of N-dodecyl-homoserine lactone (C12-
HSL) did not interfere on the growth or the total amount of extracted proteins of Salmonella. However,
the abundance of the proteins PheT, HtpG, PtsI, Adi, TalB, PmgI (or GpmI), Eno, and PykF enhanced while
the abundance of the proteins RplB, RplE, RpsB, Tsf, OmpA, OmpC, OmpD, and GapA decreased when
Salmonella Enteritidis was anaerobically cultivated in the presence of C12-HSL. Additionally, the bacte-
rium produced less succinic, lactic, and acetic acids in the presence of C12-HSL. However, the concen-
tration of extracellular formic acid reached 20.46 mM after 24 h and was not detected when the growth
was in the absence of AI-1. Considering the cultivation period for protein extraction, their abundance,
process and function, as well as the levels of organic acids, we observed in cells cultivated in presence of
C12-HSL a correlation with what is described in the literature as entry into the stationary phase of
growth, mainly related to nitrogen and amino acid starvation and acid stress. Further studies are needed
in order to determine the specific role of the differentially abundant proteins and extracellular organic
acids secreted by Salmonella in the presence of quorum sensing signaling molecules.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Salmonella enterica serovar Enteritidis is the most common
serotype responsible for salmonellosis in many countries and, this
pathogen is primarily transmitted by food [1e4]. The high virulence
of this pathogen is associated with the presence of many
gy, Universidade Federal de
pathogenicity islands encoding virulence factors [5e7].
Quorum sensing (QS) is amechanism of cell-cell communication

mediated by signaling molecules known as autoinducers (AIs) that
leads to differential gene expression in response to changes in the
population density among microbial cells or microbial and host
cells [8e11]. In Salmonella, this mechanism can be achieved
through three types of autoinducers (AIs) called AI-1, AI-2, and AI-3.
Complete sets of QS systems composed of signal synthase and
signal receptors are present in many bacteria [12].

The QS system mediated by AI-1 is present in Gram-negative
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bacteria, but in Salmonella it is incomplete. This pathogen is unable
of synthesizing the AI-1 called acyl homoserine lactone (AHL) since
neither luxI gene nor other homologues that codify for the AI-1
synthase are present in the bacterial genome. However, Salmo-
nella is able to recognize AHLs synthesized by other microorgan-
isms through SdiA protein, a transcriptional regulator homologous
to LuxR which is the signal receptor [13e15]. The AHLs are inter-
nalized and bind to the ligand-binding domain (LBD) of SdiAwhich
dimerizes and binds to DNA by using its DNA-binding domain
(DBD) regulating expression of target genes [16]. The AI-2 is found
in Salmonella where it is synthesized by LuxS and internalized by
using products of the lsr operon [17e19]. In the QSmediated by AI-3
in Salmonella, the signal molecules are the hormones epinephrine
and norepinephrine, synthesized by animal cells, which are sensed
through proteins coded by the qseBC operon and qseE gene [12,20].

Autoinducers influence gene expression and protein abundance
in Salmonella, consequently generating different phenotypes,
including motility, biofilm formation as well as adhesion, invasion
and survival in eukaryotic cells [12,15,21e27]. Campos-Galv~ao et al.
[26] showed enhanced biofilm formation by Salmonella Enteritidis
PT4 578 growing in the presence of 50 nM of AHLs with six, eight,
ten and twelve carbons. However, the effect of N-dodecanoyl-DL-
homoserine lactone (C12-HSL) on this phenotype was statistically
higher than the other AHLs evaluated. These data were reinforced
by the recently published study on molecular docking in which
AHLs with twelve carbons presented greater affinity to SdiA of
Salmonella Enteritidis PT4 578 than AHLs with ten, eight, six and
four carbons side chains [28]. Liu et al. [25] reported that the
presence of AI-1 increased the adhesion of S. enterica serovar Typhi
to HeLa cells and biofilm formation in polystyrene. Similar results
were observed for Salmonella Enteritidis in presence of AI-1, where
biofilm formation in polystyrene was increased when cells were
cultivated in anaerobic conditions [26,27]. Moreover, the rck operon
of Salmonella, which is related to virulence, was more expressed in
presence of the AI-1 as previously observed by other groups [14,29].
So far, only two studies evaluated the influence of QS in the
abundance of proteins in Salmonella. In both cases, the effect of AI-2
on two strains of S. enterica serovar Typhimurium was tested, but
no studies evaluated the influence of AI-1 on this bacterium [30,31].

Proteomics allows the determination of the global picture of
proteins expressed by the genome and gives new insights into the
behavior of bacteria during the QS phenomena [32]. Conventional
two-dimensional gel electrophoresis (2-DE) in combination with
advanced mass spectrometric techniques has facilitated the char-
acterization of thousands of proteins using a single polyacrylamide
gel. The 2-DE procedure allows easy visualization of protein iso-
forms and posttranslational modifications (PTMs) based on protein
separation using two physical parameters such as isoelectric point
and molecular weight, rendering this technology extremely infor-
mative [33].

Thus, considering the scarcity of information about the influ-
ence of AI-1 in Salmonella, our study aimed to evaluate the effect of
this signaling molecule in the abundance of proteins and the levels
of organic acids of Salmonella Enteritidis. The comparative analysis
helps to understand the QS mechanism dependent upon AHL on
the physiology of this pathogen.

2. Materials and methods

2.1. Bacterial strain

Salmonella enterica sorovar Enteritidis PT4 578, isolated from
chicken meat, was provided by Fundaç~ao Oswaldo Cruz (FIOCRUZ,
Rio de Janeiro, Brazil) and has been previously described [26,27,34].
Cultures were stored at �20 �C in Luria-Bertani (LB) broth [35]
supplemented with 20% (v/v) of sterile glycerol.

2.2. Preparation of inoculum

Tryptone soy broth (TSB; Merck, Germany) was prepared under
O2-free conditions with a CO2 filling and was dispensed into
anaerobic bottles that were sealed with butyl rubber stoppers and
then, autoclaved (anaerobic TSB) [36]. Before each experiment, cells
were cultivated in 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 H2 (3e5%) and CO2
(95e97%). Then, 1 mL of culture was transferred into 10 mL of
anaerobic TSB and incubated at 37 �C in anaerobic chamber. After
incubation for 4 h, exponentially growing 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
(OD600nm), approximately 107 colonies forming units per milliliter
(CFU/mL), using a spectrophotometer (Thermo Fisher Scientific,
Finland).

2.3. Preparation of HSL solution

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 mM in
acetonitrile. Control experiment was performed using acetonitrile.
The final concentration 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 [14].

2.4. Effect of HSL on the growth of Salmonella

To evaluate the effect of C12-HSL on the growth of Salmonella,
bottles containing 20 mL of anaerobic TSB supplemented with
50 nM of C12-HSL were inoculated with 2 mL of the standardized
inoculum. Bottles were incubated at 37 �C for up to 12 h in anaer-
obic chamber. In established time points, the OD600nm was deter-
mined using a spectrophotometer (Thermo Fisher Scientific,
Finland).

2.5. Extraction and quantification of proteins of Salmonella

A standardized inoculum was added into anaerobic bottles
containing 30 mL of anaerobic TSB supplemented with 50 nM of
C12-HSL or the equivalent volume of acetonitrile as control and
then, incubated at 37 �C in anaerobic chamber. After 7 h of incu-
bation, the OD600nm and CFU/mL were determined. Concomitantly,
an aliquot of the media was centrifuged at 5000g at 4 �C for 15 min
(Sorvall, USA). The cells in the pellet were resuspended in 1 mL of
sterilized distilled water, transferred to 1.5 mLmicrotubes and once
again centrifuged at 9500g at 4 �C for 30 min (Brikmann In-
struments, Germany). The pellet was resuspended in 50 mM
ammonium bicarbonate, 1 mM phenylmethylsulfonyl fluoride
(PMSF) added of 1 mL of 2:1 trifluoroethanol:chloroform
(TFE:CHCl3), followed by vigorous agitation. Next, the mixture was
kept at 0 �C for 1 h in ultrasound bath (100 W MSE 20 KHz), with
mixing every 10 min. The material was centrifuged at 6500g at 4 �C
for 4min (Brikmann Instruments, Germany) to obtain three phases.
The upper phase (composed by proteins soluble in TFE) and the
central phase (composed by proteins insoluble in TFE) were
collected. The mixture of both phases were dried in SpeedVac
(Genevac, England) and resolubilized in 500 mL of a mixture of 5 M
urea, 2 M tiourea, 4% (w/v) 3-[(3-cholamidopropyl)
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dimethylammonio]-1-propanesulfonate (CHAPS), 40% (v/v) TFE,
and 10 mM Tris-HCl (pH 8.8e9.0). Disulfide bonds of the proteins
were reduced by 50 mM dithiothreitol (DTT) for 1 h at room tem-
perature, and subsequently, alkylation was carried out by adding
100 mM acrylamide [37e39]. The protein extract was precipitated
with 10% (w/v) trichloroacetic acid (TCA) and kept in ice for 30 min
and then the material was centrifuged at 9500g for 10 min. The
supernatant was discarded and the precipitate washed three times
with cold acetone. After evaporation of the residual acetone at
room temperature, the precipitate was resuspended in 700 mL of a
mixture containing 7 M urea, 2 M thiourea, and 2% (w/v) CHAPS.
Proteins were quantified using Coomassie blue dye [40] and then,
the protein extracts were stored at �20 �C.

2.6. Separation of proteins by two-dimensional gel electrophoresis
(2-DE)

2.6.1. Rehydration and sample loading
The protein extracts with 150 mg of proteins were loaded during

the re-swelling process in a rehydration apparatus IPG BOX (GE
Healthcare, Sweden) at 20 �C for 12 h. For the first dimension, 7 cm
gel strips were used with a linear pH gradient ranging from 3 to 10
(Immobiline™ DryStrip; GE Healthcare, Sweden). To rehydrate
each strip,125 mL of a mixture containing the solubilized proteins in
40 mM DTT and 2% (v/v) IPG buffer plus DeStreak solution (GE
Healthcare, Sweden) were used.

2.6.2. Isoelectric focusing (IEF)
The IEF was conducted in the equipment IPGphor III (GE

Healthcare, Sweden). Electrophoresis conditions were: (i) 300 V for
12 h; (ii) 300 Vh in gradient until 1000 V; (iii) 2000 V in gradient for
1 h; (iv) 2000 Vh in one step of 2000 V; (v) 3000 V in gradient for
1.5 h; (vi) 3000 Vh in one step of 3000 V; (vii) 5000 V in gradient for
1.5 h; (viii) 3000 Vh in one step of 5000 V.

2.6.3. Equilibration of the gel strips
After the IEF, the strips were equilibrated in 10 mL equilibrating

buffer 75 mM Tris-HCl pH 8.8, 6 M urea, 29.3% (v/v) glycerol, 2% (w/
v) SDS and 0.002% (w/v) bromophenol blue in two 30 min stages in
order to reduce and alkylate the proteins. In the first stage, 1% (w/v)
DTT was added to the equilibrating buffer. In the second stage, 2.5%
(w/v) iodoacetamide was added to the equilibrating buffer. The
strips were then briefly incubated in running buffer and submitted
to the second dimension of the 2-DE (SDS-PAGE).

2.6.4. Electrophoresis in polyacrylamide gel (SDS-PAGE)
The SDS-PAGE was based on Laemmli [41] in a 12% poly-

acrylamide gel with a Mini-Protean II Electrophoresis System (Bio-
Rad Laboratories, EUA), using the broad range weight marker
(6.5e200.0 kDa, Bio-Rad, USA). Separation was performed at 80 V
for 30 min and then, at 60 V until the bromophenol blue reached
the gel lower limit.

2.6.5. Fixation and staining of the gel
The 2D gels were fixed in solution containing 10% (v/v) acetic

acid and 50% (v/v) methanol for 30 min and were stained in a so-
lution containing 8% (w/v) ammonium sulfate, 0.8% (v/v) phos-
phoric acid, 0.08% (w/v) Coomassie blue G-250, and 30% (v/v)
methanol for 72 h. After this step, the gels were washed and
maintained in 5% (v/v) acetic acid.

2.6.6. Analysis of the protein spots
The 2D stained gels were then photo-digitalized in an Image

Scanner III (GE Healthcare, Sweden) in transparent mode, resolu-
tion of 300 dpi, green color filter and with updated calibration. For
the comparative analysis of the images, the software ImageMaster
2D Platinum 7.5 (GE Healthcare, Sweden) was used. Image analysis
included spot detection, spot measurement, background subtrac-
tion and spot matching of three biological replicate gels. Prior to
performing spot matching between gel images, one gel image was
selected as reference and the used parameters were: contrast equal
to - 1, smooth equal to 2, minimum area equal to 20 and saliency
equal to 30. The amount of protein of each spot was expressed as
the volume of that spot which was defined as the sum of the in-
tensities of all the pixels that make up that spot. To correct the
variability and to reflect the quantitative variations of protein spots,
the spot volumes were normalized as the percentage (%) of the total
volume considering all the spots in the gel. The analysis of variance
(ANOVA) for protein spots were followed by the software Image-
Master 2D Platinum 7.5 (GE Healthcare, USA) and the fold change
was calculated as the ratio of the % volume of the treatment with
C12-HSL by the control. The spots with p-value less than 0.05
(p < 0.05) and intensities less than 0.8-fold or more than 1.2-fold
(fold changed <0.8 or >1.2), as well as when the protein spot was
not detected in one of the treatments, which we defined as less
than 1.0-fold or more than 1.0-fold (fold changed <1.0 or >1.0),
were considered differentially abundant proteins [42].

2.7. Identification of differentially abundant proteins by mass
spectrometry

2.7.1. In-gel protein digestion
The protein spots with significant expression changes were

excised from stained 2D gels and were submitted to trypsinolysis
according to Shevchenko et al. [43] with modifications suggested
by Pereira et al. [44]. For the tryptic digestion Sequencing Grade
Modified Trypsin, Porcine (Promega, USA) was used. The samples,
containing tryptic peptides, were concentrated until about 5 mL in a
SpeedVac Concentrator (Thermo Fisher Scientific, Finland) and
were added of 5 mL of 0.1% (v/v) trifluoroacetic acid (TFA). Subse-
quently, samples were desalted in ZipTip® C18 columns (Millipore,
USA), concentrated in a SpeedVac Concentrator and resuspended in
5 mL of 0.1% (v/v) TFA.

2.7.2. Mass spectrometry
Mass spectra of the tryptic peptides were performed using a

matrix assisted laser desorption/ionization e time of flight/time of
flight (MALDI-TOF/TOF) mass spectrometer, model Ultraflex III
(Bruker Daltonics, Germany). The samples of tryptic peptides were
mixed with a-cyano-4-hydroxycinnamic acid (Bruker Daltonics,
Germany) in a proportion of 1:1.

2.7.3. Identification of proteins
The mass spectra obtained were processed using Flex Analysis

software (version 3.3; Bruker Daltonics, Germany) and the peaks
lists in .xml and .mgf format were generated by BioTools software
(version 3.2; Bruker Daltonics, Germany). These were used for
identification of the proteins by the peptide mass fingerprinting
(PMF) method and by the peptide fragment fingerprinting (PFF)
method using the Mascot software (version 2.4.0; Matrix Science,
United Kingdom) against the knowledgebase UniProtKB (http://
www.uniprot.org/). For the search, the following parameters were
considered: taxonomy Salmonella and all entries (separately),
monoisotopic mass, trypsin, allow up to one missed cleavage site,
peptide tolerance equal to 0.5 Da, MS/MS tolerance equal to 0.5 Da,
peptide charge equal to þ1, fixed modification for carbamidome-
thylation of cysteine residues and variable modification for oxida-
tion of methionine residues. The identifications of the proteins
from the PFF by Mascot software were validated by Scaffold soft-
ware (version 3.6.4; Proteome Software, USA). Peptide
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identifications were accepted if they could be established at greater
than 90% probability as specified by the Peptide Prophet algorithm
[45]. Protein identifications were accepted if they could be estab-
lished at greater than 90% probability and contained at least one
identified peptide by the Protein Prophet algorithm [46].
2.8. Gene ontology (GO) analysis and protein-protein interactions
(PPI) network

The GO annotations for differentially abundant proteins were
acquired by European Bioinformatics Institute (http://www.ebi.ac.
uk/QuickGO/). Then, the PPI network was generated for proteins
of the Salmonella Typhimurium LT2 with the confidence in-
teractions greater than 0.4 using the STRING database version 10.0
(http://string-db.org/ [47]).
2.9. Quantification of extracellular organic acids and ethanol

A standardized inoculum of Salmonella was added into anaer-
obic bottles containing 20 mL of anaerobic TSB supplemented with
50 nM C12-HSL or acetonitrile as control and incubated at 37 �C for
up to 36 h in anaerobic chamber. After incubation for 2, 7, 24, and
36 h, 2 mL samples were centrifuged at 12,000g for 10 min and the
cell-free culture supernatants were treated as described by Sieg-
fried et al. [48]. The extracellular organic acids and ethanol were
determined as described by Bento et al. [49]. The high-performance
liquid chromatography (HPLC) apparatus coupled to a refractive
index (Dionex Corporation, USA) was calibrated with the standard
curve of the following organic acids: succinic, lactic, acetic, formic,
propionic, valeric, isovaleric, butyric, and isobutyric acids as well as
ethanol. All acids were prepared to a final concentration of 10 mM,
except isovaleric acid (5 mM) and acetic acid (20 mM). Ethanol was
prepared to a final concentration of 150 mM.
2.10. Statistics

Experiments were carried out in three biological replicates. All
data were subjected to analysis of variance (ANOVA) followed by
Tukey's test using the Statistical Analysis System and Genetics
Software® [50] and the software ImageMaster 2D Platinum 7.5 (GE
Healthcare, USA) for proteins analysis. A p < 0.05 was considered to
be statistically significant.
Fig. 1. Growth of Salmonella Enteritidis PT4 578 in the presence of C12-HSL. Salmonella
was anaerobically cultivated in TSB at 37 �C for 12 h in the presence of acetonitrile
(open cycle) or 50 nM of C12-HSL (crossed line). The dashed line indicates the time of
collection of cells for protein extraction. Error bars indicate standard error.
3. Results and discussion

3.1. Growth of Salmonella in the presence of HSL

The presence of 50 nM of C12-HSL in the medium did not
interfere on the Salmonella Enteritidis PT4 578 growth during 12 h
of incubation (Fig. 1). The concentration of C12-HSL used in this
study is much higher than the necessary concentration to induce
sdiA gene expression in Salmonella Typhimurium which, according
to Michael et al. [14], can be as low as 1.0 nM. These results
corroborate with those found by Campos-Galv~ao et al. [34] for the
same pathogen growing in the presence of different AHLs. Others
studies have shown that the growth rate of different serovars of
S. enterica during the exponential phase decreased in the presence
of the cell free supernatants (CFSs) of Yersinia enterocolitica and
Serratia proteamaculans [51] or Pseudomonas aeruginosa [52] con-
taining AHLs. However, it is necessary to consider that these CFSs
had other unknownmetabolites and the inhibitory effect cannot be
exclusively attributed to the AHLs.
3.2. HSL changes the abundance of proteins in Salmonella

Changes in the abundance of proteins in Salmonella Enteritidis
PT4 578 were evaluated in anaerobic TSB supplemented with C12-
HSL at 37 �C for 7 h. At this time, Salmonella Enteritidis was in early
stationary phase of growth and the OD600nm and log CFU/mL in the
presence of C12-HSL (0.167 ± 0.008 and 9.1 ± 0.1, respectively) did
not differ (p > 0.05) to the control treatment (0.165 ± 0.001 and
9.1 ± 0.1, respectively) (Fig. 1). The total proteins extracted from the
cells supplemented with C12-HSL (3.98 ± 0.58 mg/mL) did not differ
(p > 0.05) to the control treatment (4.07 ± 0.21 mg/mL), without this
AI-1.

Analysis of the 2-DE gel prepared with protein extracted from
early stationary phase growing cells in the presence or absence of
C12-HSL showed a total of 184 protein spots, with 39 spots differ-
entially abundant between treatments (Fig. 2). Of these, the
abundance of 10 spots was decreased in the presence of C12-HSL
(p < 0.05 and fold changed < 0.8 as well as < 1.0) whereas, the
abundance rate of 29 spots was increased (p < 0.05 and fold
changed > 1.2 as well as > 1.0) when compared with the control
treatment (Table 1). From the 39 differentially abundant protein
spots removed from the gels, 21 were identified (53.8%) and vali-
dated by Scaffold software (Table 2).

Of the 21 identified proteins, 90.5% (19 proteins) had theoretical
and experimental isoeletric points (pI) ranging between 4.0 and 7.0.
However, three proteins were identified inmore than one spot such
as OmpA (spots 41 and 42), Adi (spots 100, 101 and 102), and PykF
(spots 171, 173 and 174) (Table 2). Kint et al. [31] also reported the
identification of the proteins LuxS and FljB, differentially abundant
in wild-type and luxS mutant Salmonella Typhimurium, in two
different spots. These authors observed that the molecular mass
(MM) of LuxS was similar in both spots where the protein was
identified, but the pI values were different and a posteriori analysis
revealed that this protein showed posttranslational modifications
(PTMs) [31]. PTMs of proteins can change their pI and/or their MM
resulting in isoforms that separate in different spots in 2D gels
[31,53].

The abundance of the proteins PheT, HtpG, PtsI, Adi, TalB, PmgI
(or GpmI), Eno, and PykF enhanced while the abundance of the
proteins RplB, RplE, RpsB, Tsf, OmpA, OmpC, OmpD, and GapA
decreased when Salmonella Enteritidis was cultivated in the
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Fig. 2. Representative 2D gels of protein extracts of Salmonella Enteritidis PT4 578 anaerobically cultivated in TSB at 37 �C for 7 h in the absence (A) or presence (B) of 50 nM of C12-
HSL. Proteins with significantly (p < 0.05 and fold changed > 1.2 as well as > 1.0) increased abundance rates following C12-HSL treatment are surrounded by red circle. The green-
encircled spots represent proteins whose abundance was significantly (p < 0.05 and fold changed < 0.8 as well as < 1.0) decreased. The numbers on the circles are the references of
each protein spot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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presence of C12-HSL (Fig. 3). We have only found proteomic studies
related to the role of AI-2 mediated QS system in Salmonella. Soni
et al. [30] showed that the LuxS/AI-2-mediated system in Salmo-
nella Typhimurium controls the increased abundance of proteins
such as Tig, YaeT, PhoP, GpmI, TrxB, and an unidentified protein,
while PfkA decreased in wild-type Salmonella Typhimurium when
compared to luxS mutant. On the other hand, when mutant cells
were cultivated in the presence of AI-2, the abundance of PfkA, Tig,
YaeT, PhoP, TalB, GpmI, TrxB, Pta, YiiM, and an unidentified protein
enhanced while the abundance of GroL, OmpF and RpoA
descreased [30]. Kint et al. [31] observed a decrease in the
abundance of FljB in luxS mutant of Salmonella Typhimurium
compared to wild-type cells.

The proteins identified in the present study were classified into
the following four categories, based on their process according to
the GO annotations: (i) translation: PheT, RplB, RplE, RpsB, and Tsf,
(ii) transport: OmpA, OmpC, OmpD, and PtsI (iii) metabolic process:
TalB, GapA, PmgI, Eno, and PykF, and (iv) stress response: HtpG and
Adi. We then grouped the proteins based on their functions (Fig. 3).

Thus, considering the cultivation period for extracting the pro-
teins as well as their abundance and function, we observed a cor-
relationwithwhat isdescribed in the literature for cells entering into



Table 1
Differentially abundant protein spots of Salmonella Enteritidis PT4 growing in TSB for 7 h in the presence of C12-HSL.

Spot Experimental Mean % spot volume ± SE Fold changed (% spot's volume with C12-HSL/Control) Total

pI/MM (kDa) Control C12-HSL

184 4.47/33.882 0.409 ± 0.073a NDb <1.00 10
183 6.27/41.739 0.097 ± 0.016a NDb <1.00
129 9.52/23.452 0.330 ± 0.079a 0.106 ± 0.027b 0.32
28 6.77/32.188 0.312 ± 0.015a 0.160 ± 0.037b 0.51
41 4.91/38.583 1.805 ± 0.099a 1.061 ± 0.112b 0.59
46 6.73/39.653 2.914 ± 0.118a 1.931 ± 0.147b 0.66
35 4.96/35.910 0.965 ± 0.048a 0.678 ± 0.097b 0.70
42 5.10/38.583 3.992 ± 0.134a 2.909 ± 0.198b 0.73
50 4.03/39.653 7.355 ± 0.407a 5.509 ± 0.538b 0.75
52 3.86/40.475 10.110 ± 0.322a 7.964 ± 0.138b 0.79

37 7.33/36.905 0.059 ± 0.003b 0.079 ± 0.004a 1.34 29
63 5.42/46.910 1.378 ± 0.125b 1.875 ± 0.112a 1.36
77 4.97/58.092 0.575 ± 0.087b 0.843 ± 0.019a 1.47
102 5.21/82.975 0.768 ± 0.069b 1.127 ± 0.126a 1.47
101 5.31/82.975 0.881 ± 0.075b 1.334 ± 0.113a 1.51
84 4.47/65.808 0.353 ± 0.022b 0.555 ± 0.024a 1.57
86 5.09/72.248 0.630 ± 0.061b 1.050 ± 0.097a 1.67
100 5.41/82.975 0.910 ± 0.183b 1.680 ± 0.246a 1.85
164 9.30/51.893 0.028 ± 0.009b 0.055 ± 0.006a 1.99
160 3.84/37.542 0.076 ± 0.003b 0.153 ± 0.024a 2.01
147 5.05/95.991 0.047 ± 0.007b 0.104 ± 0.018a 2.21
117 5.34/28.944 0.096 ± 0.029b 0.216 ± 0.023a 2.25
83 5.07/65.808 0.134 ± 0.013b 0.399 ± 0.035a 2.98
159 5.09/150.199 0.045 ± 0.013b 0.162 ± 0.016a 3.61
180 5.83/35.437 NDb 0.040 ± 0.008a >1.00
175 5.49/62.593 NDb 0.047 ± 0.016a >1.00
174 5.86/62.204 NDb 0.052 ± 0.004a >1.00
178 4.31/35.100 NDb 0.053 ± 0.016a >1.00
172 5.59/62.204 NDb 0.066 ± 0.020a >1.00
171 5.97/62.593 NDb 0.072 ± 0.015a >1.00
181 5.97/35.550 NDb 0.073 ± 0.014a >1.00
176 3.99/43.728 NDb 0.078 ± 0.028a >1.00
173 5.72/62.204 NDb 0.080 ± 0.014a >1.00
168 6.23/40.381 NDb 0.092 ± 0.037a >1.00
179 3.79/35.437 NDb 0.095 ± 0.010a >1.00
170 6.02/40.381 NDb 0.099 ± 0.031a >1.00
182 5.15/40.253 NDb 0.129 ± 0.047a >1.00
177 3.97/34.326 NDb 0.164 ± 0.037a >1.00
169 4.99/37.053 NDb 0.242 ± 0.005a >1.00

Total differentially abundant proteins 39

MM ¼ Molecular Mass; pI ¼ Isoeletric point; Mean ¼ mean of the three biological replicates; SE ¼ Standard Error; ND ¼ not detected.
Average followed by different letters in the same for each spot differ at 5% probability (p < 0.05) by Tukey's test.
< 1.00 or >1.00 indicate that the protein was not detected in one of the conditions.
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stationary phase, mainly related to nitrogen and amino acid star-
vation and, acid stress. These data corroborate with those reported
for E. coli in response to nutrient limitation in the presence of AHL,
where the ss/38 (RpoS) of RNA polymerase, which is specific in sta-
tionary phase, was more abundant [54,55]. In Burkholderia pseudo-
mallei, 60 genes have been shown to be controlled by AHL andmost
of these genes are also co-regulated by RpoS and associated with
stationary phase [56]. In addition, in three species of the genus
Burkholderia, AHLs have been shown to anticipate the responses to
the stresses of stationary phase leading to increased cellular survival
[57]. VanDelden et al. [58] demonstrated that the expression of both
lasR and rhlR genes and AHL synthesis are prematurely activated
during the stringent response induced by overexpression of relA in
P. aeruginosa PAO1, independently of cell density.

Initially, the abundance of PheT (Phenylalanine-tRNA ligase beta
subunit or Phenylalanine-tRNA synthetase beta subunit) was
enhanced by 2.21 fold in Salmonella Enteritidis PT4 growing in the
presence of the autoinducer (Fig. 3). This protein is the b subunit of
the enzyme a2b2 heterotetrameric and PheS is the a subunit of that
enzyme, responsible for charging the tRNAPhe with the L-phenyl-
alanine [59]. PheS is located in the same operon of PheT. However,
this last protein was not identified in our gels. In E. coli, the
synthesis of phenylalanyl-soluble RNA synthetase enhanced twice
when cells were cultivated under phenylalanine limitation [60].
Putzer and Laalami [61] reported that pheST genes were repressed
2.5 fold under conditions in which the cellular concentration of
charged tRNAPhe was decreased. Thus, the arrival of uncharged
tRNAPhe in the ribosomes enhances the synthesis of nucleotides
guanosine tetraphosphate (ppGpp) and pentaphosphate (pppGpp)
by RelA resulting in stringent response [62e66].

The incapacity of charging tRNA caused by nitrogen and amino
acid starvation leads to a reduction in ribosomal protein synthesis
and rRNA, as well as degradation of rRNA, dimerization, inactiva-
tion and ultimately degradation of the ribosomes [67e70]. Thus,
four proteins related to translation processes were less abundant in
the presence of C12-HSL, namely RplB (50S ribosomal protein L2),
RplE (50S ribosomal protein L5), and RpsB (30S ribosomal protein
S2) with the function of structural constituent of ribosome, and the
Tsf or EF-Ts (Elongation factor Ts) with the function of translational
elongation (Fig. 3). Aseev et al. [71] showed that the promoter of the
operon rpsB-tsf in E. coli was negatively regulated by (p)ppGpp
during amino acid starvation. Moreover, during the stringent
response, the cell blockage of DNA synthesis inhibits stable RNAs
and membrane components as well as leads to a rapid production



Table 2
Identification of differentially abundant proteins by Salmonella Enteritidis PT4 growing for 7 h in the presence of C12-HSL.

No.
Spot

Access
numbera

Identified proteina Protein
namea

Gene
namea

Gene
locusa

Theoreticalb Experimental Peptide mass
fingerprinting (PMF)

Peptide fragment fingerprinting (PFF)

pI/MM (kDa) Score Match Coverage
(%)

Score Match Exclusive
peptide

Coverage
(%)

28 P66541 30S ribosomal protein S2 RpsB rpsB STM0216 6.61/26.741 6.77/32.188 33 12 42 135 3 2 13
35 P64052 Elongation factor Ts Tsf tsf STM0217 5.13/30.338 4.96/35.910 37 9 27 229 4 1 15
41 P02936 Outer membrane protein A OmpA ompA STM1070 5.60/37.491 4.91/38.583 47 18 52 205 3 2 9
42 P02936 Outer membrane protein A OmpA ompA STM1070 5.60/37.491 5.10/38.583 84 15 47 255 4 2 9
46 P0A1P0 Glyceraldehyde-3-phosphate dehydrogenase GapA gapA STM1290 6.33/35.564 6.73/39.653 41 11 38 290 5 2 16
50 P37592 Outer membrane porin protein OmpD OmpD nmpC STM1572 4.66/39.671 4.03/39.653 56 10 32 211 5 2 13
52 P0A263 Outer membrane protein C OmpC ompC STM2267 4.61/41.311 3.86/40.475 35 8 25 440 4 4 14
63 P64076 Enolase Eno eno STM2952 5.25/45.570 5.42/46.910 46 9 26 91 3 1 6
77 Q8ZL56 2,3-bisphosphoglycerate-independent phosphoglycerate

mutase
PmgI or
GpmI

pmgI STM3704 5.05/56.219 4.97/58.092 71 21 50 171 3 2 5

84 P0A249 Phosphoenolpyruvate-protein phosphotransferase PtsI or EI ptsI STM2432 4.75/63.344 4.47/65.808 115 24 40 278 8 2 9
86 P58480 Chaperone protein HtpG HtpG htpG STM0487 5.11/71.457 5.09/72.248 65 22 39 450 6 5 13
100 Q8ZKE3 Arginine decarboxylase Adi adi STM4296 5.24/84.250 5.41/82.975 85 25 38 348 7 4 10
101 Q8ZKE3 Arginine decarboxylase Adi adi STM4296 5.24/84.250 5.31/82.975 90 25 39 262 5 2 7
102 Q8ZKE3 Arginine decarboxylase Adi adi STM4296 5.24/84.250 5.21/82.975 80 18 30 334 8 4 9
129 P62405 50S ribosomal protein L5 RplE rplE STM3428 9.40/20.304 9.52/23.452 102 18 71 392 9 3 38
147 P15434 Phenylalanine-tRNA ligase beta subunit PheT pheT STM1338 5.12/87.226 5.05/95.991 28 16 21 92 2 1 3
169 P66955 Transaldolase TalB talB STM0007 5.10/35.149 4.99/37.053 62 13 47 151 3 1 7
171 P77983 Pyruvate kinase PykF pykF STM1378 5.52/48.622 5.97/62.593 38 11 18 104 3 1 2
173 P77983 Pyruvate kinase PykF pykF STM1378 5.52/48.622 5.72/62.204 36 6 11 117 1 1 2
174 P77983 Pyruvate kinase PykF pykF STM1378 5.52/48.622 5.86/62.204 41 8 19 100 1 1 2
184 P60428 50S ribosomal protein L2 RplB rplB STM3437 10.93/

29.801
4.47/33.882 56 17 50 212 6 2 21

PI/MM ¼ Isoeletric point/Molecular Mass.
a Corresponds to knowledgebase UniProtKB (http://www.uniprot.org/) reference of Salmonella enterica serovar Typhimurium LT2 [96].
b Theoretical pI/MM values for monoisotopic obtained from ExPASy bioinformatics tool “Compute pI/Mw” (http://web.expasy.org/compute_pi/).
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Fig. 3. Differentially abundant proteins identified and grouped as to the process and function according to Gene Ontology (GO) annotations (European Bioinformatics Institut).
Proteins with enhanced abundance following C12-HSL treatments (p < 0.05 and fold changed > 1.2 as well as > 1.0) are shown in black bars and the proteins which abundance
decreased following C12-HSL treatments (p < 0.05 and fold changed < 0.8 as well as < 1.0) are shown in grey bars.
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of factors that are crucial for stress resistance, amino acid biosyn-
thesis and directs the cellular energy resources [62,63,65,66].

One way for the cell to obtain energy is by increasing glucose
uptake by the phosphotransferase system (PTS), where the enzyme
I (EI) receives phosphate from phosphoenolpyruvate (PEP) and
then, phosphorylates the histidine protein, HPr. The phosphoryla-
tion cascade continues with the phosphorylation of different do-
mains of the enzyme II (EII) and then, glucose into glucose-6-
phosphate (G6P) [72]. In Salmonella Enteritidis PT4, the presence
of C12-HSL enhanced in 1.57 fold the abundance of PtsI protein
(Phosphoenolpyruvate-protein phosphotransferase) or EI (Phos-
photransferase system, enzyme I) (Fig. 3), suggesting an increase in
the glucose uptake and therefore directing G6P to many metabolic
pathways such as the pentose-phosphate pathway and the glyco-
lytic pathway for amino acid biosynthesis. Nishio et al. [73] showed
that the increased expression of ptsI gene enhanced the uptake rate
and the specific usage of glucose by E. coli.

Interestingly, two proteins that have glyceraldehyde-3-
phosphate (GAP) as a substrate in common in different metabolic
pathways were differentially abundant. TalB (Transaldolase) from
the pentose-phosphate pathway was more abundant in Salmonella
Enteritidis growing in the presence of C12-HSL, while GapA
(Glyceraldehyde-3-phosphate dehydrogenase) from the glycolytic
pathway and related to the oxidation-reduction process was less
abundant (Fig. 3). However, the abundance of the proteins PmgI or
GpmI (2,3-bisphosphoglycerate-independent phosphoglycerate
mutase), Eno (Enolase), and PykF (Pyruvate kinase) all belonging to
the glycolytic pathway, but downstream of GAP, increased in the
presence of C12-HSL (Fig. 3).

In the glycolytic pathway, GAP is transformed by GapA into 1,3-
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bisphospho-D-glycerate (1,3PG), which in turn is transformed into
PEP through the participation of several enzymes including PmgI
(or GpmI) and Eno. Then, two pyruvate kinases, PykA and PykF,
catalyze the conversion of PEP into pyruvate (PYR) coupled to the
synthesis of ATP which is the point of flux control in the glycolytic
pathway. Soni et al. [30] showed that GpmI and TalB were more
abundant in wild-type Salmonella Typhimurium as well as in luxS
mutant cultivated in the presence of AI-2 when compared with the
luxS mutant in the absence of AI-2.

The abundance of outer membrane proteins (OMPs), OmpA
(Outer membrane protein A), OmpC (Outer membrane protein C),
and OmpD (Outer membrane porin protein OmpD) reduced when
Salmonella Enteritidis was cultivated in the presence of C12-HSL
(Fig. 3). The OMPs are involved in the ion transport, adhesion and
invasion ofmacrophages, and are recognized by bacteriophages and
by the immune system. Because of that, this group of proteins is
widely used in the studies for vaccine elaboration [74e79]. Studies
have reported that the level of expression of OMPs is controlled by
membrane and environmental stresses such as nutrient limitation
and concentration of some antibiotics [77,80e82].

The chaperone HtpG (Chaperone protein HtpG or Heat shock
protein HtpG) was 1.67 fold more abundant in the presence of C12-
HSL (Fig. 3). This protein is an hsp90 homologue more abundant in
Salmonella Typhimurium in response to the bactericidal/perme-
ability increasing protein (BPI) from human neutrophils [83], and
Fig. 4. The PPI network in relation to the differentially abundant proteins of Salmonella Ente
the same process or with the same functions (written with the same colors of the boxes). (þ
abundance rates following C12-HSL treatment; (�), proteins whose abundance was signific
the htpG gene was more abundant in Salmonella Typhimurium
following exposure to antimicrobial peptides present in the tonsils,
ileum and/or ileocaecal lymph nodes of pigs [84].

The Adi protein (Arginine decarboxylase) involved in the cellular
amino acid metabolic process was 1.85 fold more abundant in Sal-
monella Enteritidis PT4 in medium supplemented with HSL (Fig. 3).
Thisprotein ispartof the systemof resistance toarginine-dependent
acid stress (AR3) of Salmonella that is activated anaerobically in or-
der to increase intracellular pH, since AdiA or SpeA (Arginine
decarboxylase) decarboxylate L-arginine consuming an intracellular
proton Hþ forming carbon dioxide (CO2) and agmatine [85,86]. Van
Houdt et al. [87] showed that in the presence of 0.5mMC6-HSL, the
gadA promoter (Glutamate decarboxylase A) in E. coli was strongly
upregulated after 8 and 60h of growth in LB broth acidified to pH4.0
(with HCl) at 30 �C. This response is associated with increases in the
acid tolerance dependent on sdiA [87]. Kieboom and Abee [86]
showed that this system is important for the survival of Salmonella
Typhimurium inmineral mediumwith pH 2.5 by adding arginine in
anaerobiosis, inducing an enhancement in the expression of the
gene adiA. Furthermore, this genewas positively controlled by sS/38

in Salmonella Typhimurium leading to synthesis of polyamines [88].
In addition, the polyamines increased the biofilm formation, stress
resistance and virulence in Salmonella [89e92].

Moreover, the PPI network of these proteins showed a p-value of
1e-09 for enrichment (Fig. 4). This small value indicates that the
ritidis in the presence of C12-HSL. The boxes with dashed line delimite the proteins of
), proteins with significantly (p < 0.05 and fold changed > 1.2 as well as > 1.0) increased
antly (p < 0.05 and fold changed < 0.8 as well as < 1.0) decreased.



Table 3
Concentration of extracellular organic acids and ethanol.

Time (h) Succinic acid (mM) Lactic acid (mM) Acetic acid (mM) Formic acid (mM) Ethanol (mM)

Control C12-HSL Control C12-HSL Control C12-HSL Control C12-HSL Control C12-HSL

2 0.87D 0.93C 0.11D 0.74C 5.03D 4.97C 0.00B 0.00C 15.46B 15.18B

7 8.33C 8.65B 9.57C 10.16B 30.89C 30.97B 60.13A 57.59A 17.02A 16.52A

24 10.61B 10.73A 27.02B 27.74A 34.29B 34.91A 0.00bB 20.46aB 17.26A 16.84A

36 12.22aA 11.05bA 31.84aA 28.44bA 37.13aA 35.24bA 0.00B 0.00C 12.91C 13.09C

The comparisons can be drawn between treatments or throughout time. Average followed by different lower case letters in the same line (between treatments) and followed
by different capital letters in the columns (throughout time) differs at 5% probability (p < 0.05) by Tukey's test. Where a lower case letter is not shown, no statistical difference
between control and C12-HSL was observed.

F.A. de Almeida et al. / Microbial Pathogenesis 102 (2017) 148e159 157
proteins have more interactions among themselves than what
would be expected for a random set of proteins of similar size as
well as the proteins are at least partially biologically connected as a
group [47].
3.3. HSL changes the levels of organic acids and ethanol of
Salmonella

Although C12-HSL alters the pattern of proteins expression,
especially proteins related to metabolic processes in Salmonella
Enteritidis PT4 growing at 37 �C for 7 h in anaerobic TSB, the levels
of extracellular organic acids and ethanol were not altered in the
same conditions and time cultivation (Table 3). Moreover, consid-
ering that succinic, lactic, acetic, and formic acids were identified in
both conditions, Salmonella Enteritidis PT4 may activate the mixed-
acid pathway fermentation. The organic acids: propionic, valeric,
isovaleric, butyric, and isobutyric acids were not identified in the
samples evaluated.

There was a gradual increase in the concentrations of succinic,
lactic, and acetic acids along the growth of Salmonella (Table 3).
However, the concentration of these acids reached a plateau after
24 h incubation in the presence of C12-HSL. In addition, formic acid
and ethanol concentrations did not follow a regular pattern
throughout time. On the other hand, comparing between the
treatments, only at 36 h of incubation a significantly lower con-
centration of succinic, lactic, and acetic acids were produced in
treatment containing AI-1 in relation to the control without this
signaling molecule. Different to what was observed for the other
extracellular organic acids, the concentration of formic acid had a
pick at 7 h incubation and decreased in later time points. However,
in the control treatment extracellular formic acid was not detected
at 24 h of incubation while for cells treated with C12-HSL, extra-
cellular formic acid reached 20.46 mM (p < 0.05).

Thus, the results show that C12-HSL interferes with energy
metabolism of Salmonella Enteritidis PT4 during its growth and,
consequently, in the extracellular levels of organic acids. These
acids can also be present in the environment as in the mammalian
gastrointestinal tract where they regulate invasion genes [93,94]. In
Salmonella Typhimurium, formic acid enhances the expression of
the regulators hilA and hilD of the Salmonella pathogenicity island 1
(SPI1) that contains genes associated with invasion thereby
enhancing invasion of epithelial cells [94]. Furthermore, Barker
et al. [95] showed that the organic acids, mainly formic acid, protect
E. coli and Salmonella cells in stationary phase from a potent anti-
microbial peptide. It would be interesting to test the infectivity of
Salmonella in vivo in the presence and absence of C12-HSL.
4. Conclusion

The results show that AI-1 changes the abundance of proteins
and the levels of organic acids of Salmonella Enteritidis PT4 in
anaerobic condition. Thus, considering the cultivation period for
extracting the proteins as well as their abundance and function, we
observed a correlation with what is described in the literature for
cells entering into stationary phase, mainly related to nitrogen and
amino acid starvation and, acid stress. In addition, formic acid re-
mains longer in the supernatant of cells growing in the presence of
AHL. However, more studies are needed to determine the specific
role of the differentially abundant proteins and the extracellular
organic acids secreted by Salmonella growing in the presence of
AHL. It is still not clear what is the advantage for Salmonella to
control its proteins and organic acids synthesis through quorum
sensing by exogenous AI-1. However, it is important to know and
understand the effects of AHLs on the physiology of this pathogen
in order to find ways to eliminate it and hence reduce the numbers
of associated foodborne outbreaks.
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