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ABSTRACT
The present study investigates the role of quorum sensing (QS) molecules expressed by C. sakazakii
in biofilm formation and extracellular polysaccharide expression. The QS signaling was detected
using Chromobacterium violaceum 026 and Agrobacterium tumefaciens NTL4(pZLR4) based bioassay.
Long chain N-acyl-homoserine lactones (AHLs) with C6- C18 chain length were identified using High
Performance Liquid Chromatography and Liquid Chromatography-High Resolution Mass
Spectrometry. A higher Specific Biofilm Formation (SBF) index (p < 0.05) with the presence of genes
associated with cellulose biosynthesis (bcsA, bcsC and bcsG) was observed in the strains. AHLs and
their mechanisms can serve as novel targets for developing technologies to eradicate and prevent
biofilm formation by C. sakazakii.
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Cronobacter sakazakii is an opportunistic pathogen asso-
ciated with serious diseases in adults as well as infants
with more severe invasive infections in neonates such as
meningitis and necrotizing enterocolitis.1 Epidemiologi-
cally, over 90% of these infections have been related to
ingestion of contaminated powdered infant formula
(PIF).2 The pathogen has been reported to form biofilms
on enteral feeding tubes, silicon, stainless steel, polycar-
bonate, glass, and polyvinyl chloride (PVC) in order to
survive the stressful growth conditions.3 According to
the US National Institutes of Health announcement
more than 80% of all microbial infections involving the
formation of biofilms.4 Various factors such as flagella,
outer membrane proteins, extracellular polysaccharide
substances (EPS) and environmental conditions contrib-
ute to biofilm formation.5 Among these factors, the EPS
has been shown to play a substantial part in determining
the architecture of a biofilm.6

It has been stated that the bacterial processes such as
the formation of biofilm, virulence and bioluminescence,
are mediated by quorum sensing (QS).7,8 QS is a cell-to-
cell communication system often mediated by the pro-
duction of signaling molecules, or autoinducers (AI).
The expression of QS molecules is regulated by the den-
sity and type of community and expression of virulence

components of the infecting pathogen. These QS regula-
tory mechanisms are also being suggested as novel tar-
gets for developing advanced strategies to prevent
infections.9 Previous studies from Lehner et al. and da
Silva Araujo et al. reported the presence of 2 and 3 QS
molecules in different Cronobacter spp.10,11 Therefore,
this study investigated the biofilm formation, EPS com-
position, and identification of other QS molecules in C.
sakazakii. The study also elucidated the interaction
between biofilm formation, EPS production and AHL
production.

For the quantification of biofilm formation, a specific
biofilm formation (SBF) index was calculated as SBF D
(AB-CW)/G in which AB D OD540nm of stained attached
bacteria and CW D OD540nm of stained control wells
containing bacteria-free medium only and G D OD600nm

of cells growth in suspended culture. A strong SBF index
was observed for all the tested strains at the interface of
polystyrene microtiter well (p < 0 .05) (Table 1). The
strong index indicates that the strains significantly
formed a biofilm under prolonged periods of incubation
(48 h). The presence of cellulose biosynthesis genes
(bcsC, bcsA and bcsG) was further analyzed among the
C. sakazakii strains (Table 1). All the tested strains pos-
sessed gene encoding for peptidoglycan hydrolase (flgJ)
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whereas the genes encoding for flagellar synthesis had
different prevalences among the strains.

The composition of EPS expressed by C. sakazakii
possessed very low protein:carbohydrate content and
EPS expression differed among the isolates (p < 0 .05)
(Table 1). The FTIR spectroscopy of the EPS revealed
the presence of COOH groups (1600 cm¡1 to
1725 cm¡1) and -OH (2800 cm¡1 to 3600 cm¡1) groups,
indicating that the samples were exopolysaccharide. The
presence of -CH- vibrations in lipids, amide I in proteins,
amide II in protein and -COC- group vibration in carbo-
hydrates was indicated by the peaks obtained at wave no.
range 3,200–2,800, 1,800–1,600 and 1,600–1,500,
respectively.

The C. sakazakii strains produced colourless colonies
with the CV026 bioassay and produced blue green color
with the A. tumefaciens NTL4(pZLR4) bioassay indicat-
ing that the strains were expressing long chain AHL QS
signaling molecules. Growth kinetic studies revealed that
the expression of the AHL signal appeared only after 6 h
of incubation. Thereafter, the production of AHL was
directly proportional to the growth phase of the tested
strains (Fig S1).

The FTIR analysis of the AHL showed the presence of
a lactone ring, N-H bond, C-O bond by peak at
1664.33 cm¡1, 1428.99 cm¡1and 1179.90 cm¡1, respec-
tively. HPLC analysis provided a chromatogram showing
that 3-oxo-C8 AHL (standard) possessed 2 peaks
which were observed at 8.92 min and 85.11 min, indi-
cating elution of both solvent (DMSO) and 3-oxo-C8,
respectively. A single peak was observed in a test
sample at 84.74 min showed the presence of AHL.
The LC-HRMS analysis of AHL confirmed the pres-
ence of N-undecanoyl-L-AHL, N-dodecanoyl-L-AHL,
N-tetradecanoyl-L-AHL, N-pentadecanoyl-L-AHL, N-
(b-ketocaproyl)-L-AHL, N-octanoyl-L-AHL, N-3-oxo-
octanoyl-L-AHL and N-octadecanoyl-L-AHL (Fig. 1).

The formation of biofilms by pathogens on biotic
and abiotic surfaces increases the risk of infections by
increasing their resistance or tolerance to environ-
mental stresses and resistance to disinfectants and
other commonly used antimicrobial compounds.3

Owing to the ubiquitous nature of the organism and
the high severity of infection, a multilocus sequence
typing (MLST) method has been developed for the
rapid and reliable identification and discrimination
between different Cronobacter spp12 The confirmed C.
sakazakii strains and standard C. sakazakii strains
were investigated for their ability to form biofilms
using a microtitre plate assay in the present study.
For the quantification of the biofilm, a SBF index was
calculated for each strain which represents the most
convenient mathematical formula to quantify the
expression of bacterial biofilms.13 Strain E604 demon-
strated a strong SBF as compared to other strains
tested. Lehner et al.10 did not find any significant dif-
ference in biofilm forming abilities between the C.
sakazakii isolates from human, environmental and
foods whereas, Lee et al.14 reported significant varia-
tion in biofilm formation among different food iso-
lates of Cronobacter spp. The variation in the biofilm
forming abilities is reported to be strain-specific as
reported in other studies in C. sakazakii.15 Our results
revealed that the genes for biosynthesis of cellulose
are present in tested C. sakazakii strains which also
possessed a higher SBF index value. The expression
of genes encoding cellulose biosynthesis (encoded by
2 operons bcsABZC and bcsEFG) has been reported
in all Cronobacter spp except in C. sakazakii sequence
type (ST) 13 and clonal complex (CC) 100.16 The
study also reported the presence of enterobacterial
common antigen (ECA) gene cluster (ECA1) in all
the C. sakazakii.16 The study by Hu et al.17 also
reported the prevalence/presence of bcsA (93.3%),
bcsB (95%) and bcsC (100%) in 180 C. sakazakii iso-
lates and also in C. sakazakii BAA-894 indicating
that bcsABC genes are necessary to produce cellulose,
and are involved in biofilm formation. These authors
also suggested that the lack of bcsAB genes in some
C. sakazakii strains might be due to mutation or loss
of the bcsAB genes which seems to happen more fre-
quently in C. sakazakii than that in other Cronobacter
species. Our results also indicated the presence of flgJ
in all the strains with the presence of fliD and flhE

Table 1. Biofilm formation, EPS composition and prevalence of biofilm forming genes among C. sakazakii strains.

Biofilm Formation and Quantification EPS Composition Genes involved in biofilm formation

C. sakazakii
strains BF D AB-CW BF D AB/CW SBF D (AB-CW)/G

Total Carbohydrate
(mg/ml)

Total Protein
(mg/ml) bcsC bcsG bcsA flgJ fliD flhE

ATCC 12868 3.2 8.06 2.95c 79.21b 0.58a C C C C C C
E604 3.7 9.32 4.73d 87.06d 7.11d C C C C C –
N13 1.87 4.71 1.90a 55.31a 5.06c C C – C – C
N15 2.98 7.51 2.27b 82.76c 4.70b C ¡ C C C ¡

Note. a–d D Different letters in the same column indicate that the values are significantly different (p< 0.05) as measured by 2 sided Tukey’s – post-hoc range test
between replications
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varying among the strains. These findings signified
that the bcsABC genes are some of the genes present
that may direct or regulate the biofilm formation.
However, pleiotropic mechanisms still need to be
understood since biofilm formation consists of series

of complex processes which might be commonly reg-
ulated by the interaction between different genes and
various environmental conditions.18,19 The presence
of cellulose in the biofilm matrix was observed in all
the strains using calcofluor plate assay (Fig S2)

Figure 1. LC-HRMS profiles of AHL signals: Detection of AHLs by mass spectrometry analysis of supernatants extracts of C. sakazakii. A.
C8 AHL (Retention time: 22.8 sec; m/z: 267.07) B. 3-oxo-C8 AHL (Retention time: 22.8 sec; m/z: 283.07) C. C18 ASL (Retention time:
18.6 sec; m/z: 368.91) D. C11 AHL (Retention time: 22.8 sec; m/z: 287.14) E. C12 AHL (Retention time: 22.2 sec; m/z: 283.07) F. C14 ASL
(Retention time: 25.2 sec; m/z: 313.008) G. C15 AHL (Retention time: 25.2; m/z: 324.98) H. 3-oxo-C6 AHL (Retention time: 30.6 sec;
m/z: 235.95)
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Since the composition of the EPS can influence bio-
film architecture, we investigated the total carbohydrates
and concentration of proteins of the strains. The protein:
carbohydrate ratio was very low, but significantly dif-
fered in all the tested strains. No correlation was
observed between the EPS production and biofilm for-
mation which may be due to difference in cell surface
hydrophobicity due to low protein:carbohydrate20 and
the varied levels of production of EPS components
among different strains.10

It is well known that the biofilm-forming ability of
bacteria is mainly due to production of AHL mediated
QS.19 In our study, we did not observe any QS signal
molecule using the CV026 biosensor indicating low pro-
duction levels of short acyl AHLs (C4-AHL to C8-AHL).
These short acyl AHLs can only be detected at higher
concentrations as earlier reported in P. aeruginosa which
either failed to produce short chain AHLs or the level of
signals was very low.21 However, the production of a
blue-green chromogenic reaction in the A. tumefaciens
NTL4(pZLR4) and X-gal indicated the expression of
long chain AHLs as signaling molecules in C. sakazakii.
Further LC-HRMS analysis confirmed the expression of
long chain AHLs among the tested strains. Taken
together, the biosensor assay results and mass spectra
data suggest that there is unequivocal confirmation of
the presence of long chain AHL in the C. sakazakii.

Our study demonstrated production of long-chain
AHLs among different C.sakzakii strains. Earlier, the
GC-MS study of AHL produced by C. sakazakii con-
firmed the identification of 3 molcules: N-heptanoyl-
AHL, N-dodecanoyl-AHL and N-tetradecanoyl-AHL.11

Previously, Lehner et al.10 tentatively indicated the pres-
ence of 2 different types of AHLs (3-oxo- C6-AHL and
3-oxo-C8-AHL) by Thin Layer Chromatography (TLC)
which predicted the ability of Cronobacter spp. to pro-
duce cell-to-cell signaling molecules. Still, there are no
other reports on the expression of QS molecules and
their role in biofilm formation in C. sakazakii.

Our results reflect that the strains which have significant
levels of long chain AHLs expression also showed higher
SBF indices. These results are in accordance with the find-
ings of Taghadosi et al.22 who reported that E. coli isolates
with the highest AHL levels also exhibited strong adherence
to microplate wells. Khajanchi et al.23 proposed that AHL-
mediated QS signaling system modulates the virulence of
Aeromonas hydrophila by regulating the expression of
T6SS, metalloprotease and biofilm formation. Various
other studies have addressed the regulatory consequence of
cell-signaling mechanisms arbitrated by increases expres-
sion of AHL on the process of biofilm formation in differ-
ent Gram-negative bacteria, including P. aeruginosa,
Burkholderia cepacia and Serratia liquefaciens.24-26

To our best knowledge, this is the first report describ-
ing the expression of long chain AHLs in C. sakazakii
and confirmed the presence of 3-oxo-C8-AHL. Since QS
regulates the expression of many important phenotypes
including virulence production, therefore the study of
QS in C. sakazakii may lead to better understanding its
survival in the different environments and hosts. Natural
products isolated from plants that show anti-QS activity
may provide a solution to prevent infection caused by
QS pathogens.

The strains confirmed as C. sakazakii based on fusA
loci (Table S1) of MLST analysis as suggested by Baldwin
et al were used for further study.12 The isolates N13 and
N15 (Isolate id 1669 and 1670 in http://pubmlst.org/cro
nobacter/) along with the 2 standard strains of C. sakaza-
kii ATCC 12868 and E604 (kindly gifted by Dr. Ben
Davies Tall, FDA, USA) were investigated. All the C.
sakazakii strains were maintained in Tryptic Soy Broth
medium (TSB). The two biosensors strains of Chromo-
bacterium violaceum CV026 (kindly gifted by Dr. Paul
Williams, University of Nottingham) and Agrobacteruim
tumefaciens NTL4 (pZLR4) (kindly gifted by Dr. Stephen
K Farrand, University of Illinois, US), were used for the
detection of AHLs.27 The C. violaceum strain CV026 was
cultured in Luria Bertani (LB) medium supplemented
with 100 mg/ml ampicillin and 30 mg/ml kanamycin
whereas A. tumefaciens strain NTL4(pZLR4) was cul-
tured in nutrient broth (NB) medium containing genta-
micin (50 mg/ml) at 28�C for 24 h.

Biofilm formation was quantified according to the
method of Boddey et al.28 with slight modifications.
Briefly, 230 ml of the TSB was added into each well of
96-well polystyrene plate followed by the addition of
20 ml of overnight grown bacterial culture. After incuba-
tion at 37�C for 48 h, the plates were rinsed 3 times with
deionized water and the adhered cells were stained with
crystal violet (CV) (1.0%, w/v) for 15 min. The CV was
rinsed with water and the stained cells were liberated by
glacial acetic acid (33%, v/v) following 30 min incuba-
tion. The sterile TSB was used as negative control and
the absorbance was measured at 540 nm using Go scan
microplate reader (Thermo, USA). The extent of biofilm
formation was measured as depicted by Naves et al.13: (i)
BF D AB-CW, where BF is the biofilm formation, AB is
the OD540nm of stained attached bacteria and CW is the
OD540nm of stained control wells containing bacteria-free
medium only; (ii) BF D AB/CW; and (iii) SBF D (AB-
CW)/G in which SBF is the Specific Biofilm Formation
index and G is the OD600nm of ells growth in suspended
culture. The SBF index in C. sakazakii strains was classi-
fied semi-quantitatively in 3 categories on the basis of
absorbance for each of the formula used: strong (>2.5),
moderate (1.5–2.5) and weak (<1.5).
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The DNA was extracted from overnight grown culture
using phenol:chloroform:iso-amyl alcohol method. The
primers and PCR parameters for detection of genes
(bcsC, bcsG, bscA, flgJ, fliD and flhE) involved in biofilm
formation were reported in Ye et al.15 The PCR mixture
(25 ml) consisted of 1 ml of DNA, 2.5 ml of 10 £ PCR
buffer, 0.5 ml of 25 mM MgCl2, 0.5 ml of 10 mM dNTP
(Promega) mix, 1 ml each of 10 pM primers, 0.25 ml of
5 U Taq DNA polymerase and nuclease free water. The
amplified products were analyzed in 1.5% agarose gel by
staining with ethidium bromide.

The EPS was extracted by the modified procedure of
Onbasli and Aslim.29 Five ml of overnight culture in TSB
was centrifuged at 15,000 g for 5 min and boiled for
15 min at 100 �C. A 100 ml of trichloroacetic acid solu-
tion was added to the suspension and incubated for 1 h
at 37�C. The mixture was kept in ice water for 30 min
and centrifuged at 15,000 g for 20 min. The supernatant
containing EPS was pooled with equal volume of ethanol.
The mixture was kept at ¡20�C for 1 h and then centri-
fuged at 15,000 g for 20 min again. The precipitate was
washed using 95% ethanol and centrifuged at 15,000 g
for 20 min. The final precipitate was dissolved in 1 ml of
deionized distilled water and was evaluated for the total
carbohydrate content and protein using Phenol-Sulfuric
Acid (PSA) method and Bradford method, respec-
tively.30,31 The Fourier transform infrared (FTIR) (Agi-
lent Cary 630 FTIR system) spectroscopy was done using
KBr as the reference.32

The AHL production among the isolates was screened
using well diffusion and test tube assay described in
Mukherji and Prabhune.33 For the well diffusion assay,
the test cultures were added in wells of the LB agar plate
overlaid with CV026. The testing for AHL production
against A. tumefaciensNTL4(pZLR4) was done in a simi-
lar way supplementing the agar with50 mg/ml X-gal.
The production of violacein and blue halo around colony
was taken as an AHL-positive response of CV026 and A.
tumefaciens NTL4(pZLR4), respectively.

For test tube assay, a 500 ml of overnight broth culture
of A. tumefaciensNTL4(pZLR4) was added to 10 ml of
NB medium along with 1 ml inoculum of C. sakazakii
strains and kept for overnight at 28 �C. A 2 ml of culture
medium was withdrawn and centrifuged at 15,000 g for
10 min. The cell pellet was solubilised in 2 ml of dimethyl
sulfoxide (DMSO), and centrifuged and the development
of a blue-green color indicating the presence of acyl-
AHL was measured at 630 nm.

The extraction of AHLs was done as described by
Shaw et al.34 The strains were cultured in 500 ml of TSB
for 18 h at 37 �C and 200 rpm. The supernatant of early
stationary-phase culture was extracted twice with equal
volumes of acidified ethyl acetate (0.1% formic acid).

The organic phases were combined, dried over anhy-
drous magnesium sulfate and evaporated to dryness by
rotary evaporation at 37 �C. The residue was resus-
pended in 500 ml of ethyl acetate and stored at ¡20�C.
Aliquots (100 mL) of the extract were withdrawn from
the top layer and placed in sample vials for FTIR, HPLC
and mass spectrometry analysis.

The FTIR spectroscopic analysis of extracted AHL
was performed using Agilent Cary 630 FTIR spectrome-
ter.22 The reverse phase HPLC was done on C18 column
of 250 £ 4.6 mm using 3-oxo-C8 AHL as standard on
Hitachi Chromeline HPLC system with UV detector.35

The mobile phase included mixture of acetonitrile and
deionized water in the ratio 1: 99,30: 70, 50:50,70:30 for
15 min each followed by the ratio 99:1 for 30 min. The
flow rate was maintained at 0.5 ml/min at 37�C. The LC-
HRMS analysis of extracted AHL in acetonitrile was per-
formed on Thermo Scientific, Hybrid Quadrapole Q-
Exactive orbitrap mass spectrometer. The chro-
matographic separation was carried out using LC (Accela
1250 pump), Thermo Scientific Hypersil ODS C18 col-
umn of length 5 cm with particle size of 1.9 mm.36 The
mass spectrometer was operated in a positive electro-
spray ionization mode in 70,000 full widths at half-
height maximum resolution with mass range m/z 300 to
800. The operation conditions were as follows: spray
voltage at 3.6 kV, capillary temperature at 320 �C, S-lens
RF level at 50, automatic gain control (AGC) at 1 £ 106,
and maximum injection time at 120ms. Nitrogen was
used as the sheath gas, auxiliary gas, and sweep gas, set
at 45, 10, and 2, respectively (arbitrary units). The iso-
cratic solvent system of acetonitrile and water was used
in the ratio 99:1 holding for 5 min. Flow rate was
adjusted at 350 ml/min. A volume of 1.5 ml of the sample
was injected and full LC-HRMS scan was performed
using positive polarity. The data were analyzed with
Thermo Scientific Xcalibur software. The type of AHL
was detected based on the m/z (mass to charge ratio).

The mean values (n D 3) were calculated for SBF
index, carbohydrate and protein content and the com-
parison between the means was done by ANOVA and
Tukey’s multiple comparison test (p < 0.05) by SPSS
software.
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