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Significant phenotypic diversity was observed when we examined the abilities of a number of Cronobacter sakazakii natural iso-
lates to cope with various sublethal stress conditions (acid, alkaline, osmotic, oxidative, or heat stress). Levels of catalase activity
and use of acetate as a carbon source, phenotypes commonly used as indirect assays to predict RpoS function, revealed a high
correlation between predicted RpoS activity and tolerance to acid, alkaline, osmotic, and oxidative treatments. The rpoS genes
were sequenced and analyzed for polymorphisms. Loss-of-function mutations were found in two strains; C. sakazakii DPC 6523
and the genome-sequenced strain C. sakazakii ATCC BAA-894. The complementation of these strains with a functional rpoS
gene resulted in an increase in bacterial tolerance to acid, osmotic, and oxidative stresses. The pigmentation status of strains was
also assessed, and a high variability in carotenoid content was observed, with a functional rpoS gene being essential for the pro-
duction of the characteristic yellow pigment. In conclusion, the evidence presented in this study demonstrates that rpoS is a
highly polymorphic gene in C. sakazakii, and it supports the importance of RpoS for the tolerance under stress conditions that
C. sakazakii may encounter in the food chain and in the host during infection.

Cronobacter sakazakii is a Gram negative, peritrichous, motile,
non-spore-forming, facultative anaerobic microorganism

that is a member of the Enterobacteriaceae family. It is an oppor-
tunistic pathogen and the etiological agent of rare but life-threat-
ening cases of meningitis, necrotizing enterocolitis, and sepsis in
infants. Although it has been isolated from a wide variety of food
sources (milk, cheese, kefir, tofu, meats, vegetables, rice, fer-
mented bread, dried foods, tea, herbs, and spices), powdered in-
fant formula (PIF) and powdered milk (PM) are the most com-
mon vehicles implicated in C. sakazakii infections (7, 22, 28, 49),
and the microorganism has been shown to survive well in those
environments (45). Available information on the taxonomy, bio-
chemical characteristics, epidemiology, pathogenicity, and clini-
cal features of C. sakazakii has been compiled in several review
articles (13, 30, 32, 35, 39, 46).

Similar to other pathogens, C. sakazakii is likely to encounter
numerous suboptimal conditions during its transition from the
environment to the host gastrointestinal tract. For example, the
pathogen may have to survive in dried foods and tolerate the vari-
ations in pH and osmolarity encountered in the intestine. Eluci-
dation of the mechanisms used by C. sakazakii to survive stressful
conditions will therefore be important for the development of
control and treatment strategies.

The alternative sigma factor �s, encoded by the rpoS gene,
modulates a large regulon that controls expression of �10% of the
genome in Gram-negative bacteria, including genes that govern
the general stress response of stationary-phase cells (33, 57). Sev-
eral authors have shown rpoS to be located in a highly polymor-
phic segment of the chromosome (24, 25). In addition, rpoS has
been shown to be a highly mutable gene in Escherichia coli and
Salmonella spp. (9, 20, 38, 51, 52, 56), and its expression level has
been reported to contribute to the overall intraspecies variability
in stress resistance for E. coli (14, 52, 56). However, to our knowl-
edge, the relationship between rpoS and stress tolerance has not
been investigated in C. sakazakii.

The current study was undertaken to investigate the growth or

survival of a number of natural isolates of C. sakazakii under var-
ious sublethal stress conditions. Furthermore, analyses of rpoS
genes were performed in order to examine if phenotypic diversity
could be correlated with RpoS status among C. sakazakii strains.

MATERIALS AND METHODS
Bacterial strains, media, chemicals, and culture conditions. The bacte-
rial isolates, plasmids, and primers used throughout this study are shown
in Table 1. Master stocks of all strains were maintained in cryovials in the
presence of 40% glycerol as cryoprotectant and stored at �80°C. Bacteria
were resuscitated in tubes containing 10 ml of Luria-Bertani (LB) broth
(Merck) by incubation at 37°C for 24 h followed by streaking on LB agar
plates, which were incubated under the same conditions and stored at 4°C.
Stationary-phase cell suspensions were obtained by inoculating 10 ml of
fresh LB with an isolated colony from the stock LB agar plates and incu-
bating it overnight at 37°C. Chloramphenicol (Sigma) was made up as a
concentrated stock and added to the medium at the required levels. For
solid medium, agar (Merck) was added to 1.5%.

Indirect assays for the assessment of RpoS status. (i) Catalase activ-
ity. The catalase activity of C. sakazakii strains was examined by dropping
20 �l of 6% (wt/vol) hydrogen peroxide (Sigma) onto fresh colonies that
were grown on LB agar for 24 h at 37°C. Immediate vigorous bubbling
indicated positive catalase activity. Strains were considered to have mod-
erate reactivity to hydrogen peroxide when a delay in bubbling was ob-
served. When both a delay and a reduction in bubbling were observed, the
strains were considered strains with low reactivity. Moreover, no bubbling
indicated negative catalase activity. Catalase activity was also measured
using a spectrophotometric approach, following an adapted version of the
protocol described by den Besten and coworkers (17). Briefly, cells in the
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mid-exponential growth phase were pelleted by centrifugation, washed
with phosphate-buffered saline (PBS; Gibco), and finally resuspended in
PBS containing 40 mM H2O2. The decrease in absorbance at 240 nm was
measured over time at 30°C with a spectrophotometer (Beckman
Coulter). The optical density of the exponential-phase cultures was mea-
sured at 600 nm and normalized, so for all strains the amount of cells used
was similar. Plate count data confirmed this (data not shown).

(ii) Utilization of acetate as a carbon substrate. C. sakazakii strains
were screened for their growth in M9 (minimal medium) broth (Fluka)
and M9 agar plates supplemented with various concentrations (ranging
from 0.04 to 0.4%) of acetate (Sigma) as a carbon source. The growth
ability in the presence of acetate was used as an indirect assay for the
assessment of RpoS status, since it has been shown for E. coli strains that
high rpoS expression/activity is associated with a reduced ability to com-
pete for poor growth substrates, like acetate, or even good substrates, like
glucose, at suboptimal concentrations (26). In fact, it has been shown that
rpoS mutants show increased growth abilities in the presence of acetate as
the sole carbon source (38).

Evaluation of bacterial behavior under heat, acid, alkaline, osmotic,
and oxidative sublethal stress conditions. All stress tolerance experi-
ments were performed in LB broth. When required, the challenge me-
dium was supplemented by adding 3 N HCl (Sigma), 3 N NaOH (Merck),
or 30% H2O2. Heat treatments were carried out at 60°C. Once the tem-
perature of the treatment medium (1 ml of LB) was stabilized, an inocu-
lum of 0.01 ml of each bacterial suspension was added. During heating,
samples were removed and plated on LB agar. For acid, alkaline, and
oxidative treatments, aliquots of stationary-phase cultures were inocu-

lated (1% [vol/vol] inoculation concentration) into LB broth supple-
mented with HCl (pH 2.5), NaOH (pH 11.0), or H2O2 (30 mM). After
incubation at room temperature, the survival was monitored periodically.
For osmotic treatments, 100-�l aliquots of stationary-phase cultures were
transferred to 96-well culture plates (Genetix). The plates were kept with-
out lids in a 25°C incubator for air drying. Under these conditions the time
to dry of the sample was approximately 3 h. Subsequently, plates were
incubated at room temperature for up to 8 days, and bacterial survival was
determined after the rehydration of samples by addition of 100 �l PBS.

Under all treatment conditions, 10-fold serial dilutions were produced
in sterile PBS solution, and suitable dilutions were plated in duplicate on
LB agar plates. Viable cells at each point in time were enumerated follow-
ing incubation of the plates at 37°C for 48 h (longer incubation times did
not have any influence on the count).

In order to test the growth of the C. sakazakii strains under several
sublethal stress conditions, overnight cultures were inoculated into LB
broth containing various concentrations of HCl, NaOH, H2O2, and NaCl
(Sigma) in 96-well culture plates (inoculation level of 1%). Cell growth at
37°C was measured spectrophotometrically by determining the optical
density at 600 nm (OD600) using a temperature-controlled automatic
plate reader (Multiscan FC; Thermo Scientific), and the time to detection
(TTD), chosen as the time (in hours) at which the culture reached an
OD600 of 0.2, was determined for each strain under the different condi-
tions tested.

DNA manipulation and cloning procedures. Genomic DNA was iso-
lated using the PureLink genomic DNA kit (Invitrogen). Plasmid DNA
was isolated with the Qiagen QIAprep spin miniprep kit (Qiagen). DNA
was extracted from agarose gels using the Qiaex II gel extraction kit (Qia-
gen). PCR reagents (KOD DNA polymerase [Novagen], deoxynucleoside
triphosphates [dNTPs; Novagen]) and T4 DNA ligase (Roche) were used
according to the manufacturers’ instructions.

C. sakazakii strains 7 and 15 were complemented with a functional
rpoS gene. The rpoS gene was amplified from C. sakazakii 13 by using
primers RPOS-7 and RPOS-8. The PCR product was purified, digested
with NcoI and XbaI, and ligated to similarly digested plasmid pNZ44.
Electrocompetent C. sakazakii cells were transformed by electroporation,
and transformants were selected on LB agar plates supplemented with 10
�g/ml chloramphenicol at 37°C.

Sequencing of the rpoS gene from C. sakazakii strains. In order to
sequence the rpoS gene from the 15 C. sakazakii strains, a 1.3-kb PCR
fragment specific to rpoS was amplified from chromosomal DNA prepa-
rations by using primers RPOS-1 and RPOS-2 (Table 1). For each strain,
several PCR products were purified and sequenced by using different
combinations of primers RPOS-1 to RPOS-5, also shown in Table 1. A
PCR product was not obtained for strain 7, and a new primer (RPOS-6
[Table 1]), designed in the upstream region of the nlpD gene, which pre-
cedes the rpoS gene, was used for amplification and sequencing of the rpoS
gene for that strain. Sequencing was performed by MWG Biotechnologies
(Germany). The sequences were analyzed using the Clone Manager pro-
fessional suite (Sci-Ed Central), and multiple local alignments were car-
ried out with ClustalW software (54).

Assessment of pigmentation status. The production of carotenogenic
pigment by C. sakazakii strains was determined both visually and spectro-
photometrically. The color of colonies grown on LB agar was examined
after 72 h of incubation at 25°C. Yellow colonies indicated the production
of pigment. The carotenoid content was quantitatively measured using
the spectrophotometric approach described by Morikawa and coworkers
(44). Briefly, the cellular mass collected from bacterial colonies was resus-
pended in 1.5 ml of PBS until a suspension with an OD600 of 1.0 was
obtained. Bacterial suspensions were centrifuged (6,000 � g, 5 min) and
resuspended in 0.5 ml of methanol (Sigma). Following incubation for 6
min at 55°C and centrifugation for 3 min at 10,000 � g, the supernatant
was collected and the carotenoid content of that extract was determined
by measuring the absorbance at 465 nm.

TABLE 1 Bacterial strains, plasmids, and primers

Strain, plasmid, or
primer Origin, characteristic, or sequence Sourcea

C. sakazakii strains
(no.)

NCTC08155 (1) DPC
ATCC 12868 (2) ATCC DPC
ATCC 29004 (3) ATCC DPC
DSM4485 (4) DPC
NCTC11467 (5) DPC
DPC 6522 (6) Blood DPC
DPC 6523 (7) Cerebrospinal fluid DPC
DPC 6524 (8) Stool DPC
DPC 6525 (9) Urine DPC
DPC 6526 (10) Blood DPC
DPC 6527 (11) Blood DPC
DPC 6528 (12) Cerebrospinal fluid DPC
DPC 6529 (13) Tracheal aspirate DPC
DPC 6530 (14) Bronchial alveolar lavage fluid DPC
ATCC BAA-894

(15)
ATCC DPC

ATCC BAA-894 �
rpoSb

This study

DPC 6523 � rpoSb This study

Plasmid
pNZ44 Cmrc 43

Primers
RPOS-1 TGATTACCTGAGTGCCTACG
RPOS-2 TGAACTTCATGAGGGAGAGC
RPOS-3 GATCGAAAGTAACCTGCGTC
RPOS-4 TCCGGAACCAGTTCAACACG
RPOS-5 CGCAGATAGACGTTAAGCTC
RPOS-6 TGTCTGGCGGCATGTAATTC
RPOS-7 CTAGCCATGGATCAGAATACGCTGAAAG
RPOS-8 GTCATCTAGAGTGATTATTCGCGGAACAG

a All strains were obtained from the Dairy Products Research Centre (DPC), Fermoy,
County Cork, Ireland. Strains 6 to 14 were originally obtained from M. Ardino, Centers
for Disease Control and Prevention, Atlanta, GA.
b rpoS was amplified from C. sakazakii DPC 6529.
c Cmr, chloramphenicol resistance.
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Statistical analysis. Experimental results were compared by perform-
ing Student’s t test for independent samples with the Statistica for Win-
dows version 7.0 program (Statsoft, Inc., Tulsa, OK).

RESULTS
Assessment of RpoS activity. The catalase activities of colonies
were examined by adding 6% (wt/vol) hydrogen peroxide. For the
majority of strains (strains 1, 3, 6, 8, 9, 10, 11, 13, and 14), imme-
diate vigorous bubbling was observed. The remaining strains
showed moderate (strains 4 and 5), low (strains 2 and 12), or no
(strains 7 and 15) reactivity to hydrogen peroxide. Therefore, the
strains were grouped into one of three categories, i.e., strains with
no rpoS activity (highlighted in black in all figures), strains with
low/moderate rpoS activity (highlighted in gray in all figures), and
strains with high rpoS activity (highlighted in white in all figures).
Spectrophotometric studies corroborated these results (Fig. 1A).
The strains that showed the lowest decrease in absorbance at 240

nm in the presence of 40 mM hydrogen peroxide and conse-
quently the lowest catalase activity are likely to have low RpoS
activity. On the other hand, strains 10, 11, and especially 13 (13
was significantly different from the rest of the strains [P � 0.05])
showed the highest catalase activities and may be considered the
strains with the greatest rpoS activity.

When the abilities of the strains to use acetate as a sole carbon
source were tested, it was observed that, in general, those strains
with low catalase activity and presumptive low RpoS activity grew
faster than strains with high catalase and presumptive high RpoS
activities (Fig. 1B).

Heterogeneity in stress tolerance. In order to study the vari-
ability in acid tolerance among the 15 C. sakazakii strains, cells
grown for 24 h at 37°C in LB broth were treated in LB medium
adjusted to pH 2.5 using hydrochloric acid. Figure 2A shows the
log cycles of inactivation achieved after a 60-min treatment. Sig-
nificant heterogeneity in acid tolerance was observed. For exam-
ple, a reduction of less than 2 log-cycles was observed for strain 13,
whereas approximately 7 log-cycles of inactivation were observed
in the cases of strains 2, 7, and 15. A lower variability was observed
for cells treated under alkaline stress conditions (60-min treat-
ment in LB broth adjusted to pH 11.0 using sodium hydroxide
[Fig. 2B]). This treatment caused low lethality, with approxi-
mately 1 log-cycle reduction for most strains. Strains 4, 7, and 15,
with approximately 2 log-cycles of inactivation, were the most
alkaline-sensitive strains. C. sakazakii strains were osmotically
challenged by means of dehydration by air drying and subsequent
incubation at room temperature for up to 8 days (Fig. 2C). The
most osmotic stress-resistant strains, 6, 8, 13, and 14, only showed
a reduction of less than 2 log-cycles. On the other hand, more than
6 log-cycles of inactivation were achieved for the most sensitive
strains, 5, 7, and 15. Significant variability among strains was also
observed for cells exposed to lethal oxidative stress conditions
(60-min treatment in LB broth containing 30 mM hydrogen per-
oxide [Fig. 2D]). Whereas strain 13, with approximately 1.5 log-
cycles of inactivation, was the most resistant strain, an approxi-
mately 7 log-cycles reduction was achieved for the most oxidative
stress-sensitive strains, 4, 5, 7, and 15. In the case of lethal heat
treatments (exposure to 60°C for 5 min [Fig. 2E]), a lower heter-
ogeneity in stress tolerance was found. Strains 2, 1, and 7, with 3.3,
2.6, and 2.4 log-cycles of inactivation, respectively, were the most
heat-sensitive strains. On the other hand, the most heat-resistant
strains, 6, 10, and 14, only showed a reduction of around 1.5 log-
cycles.

The growth of the 15 C. sakazakii strains under a set of sub-
lethal stress conditions was compared by using the TTD at 600
nm. The TTD is defined as the time until the threshold OD600

value of 0.2 is reached (10). This threshold value was chosen be-
cause it is well above the detection limit of the optical reader, and
such a threshold helps avoid false-positive growth samples due to
fluctuations in optical density close to the detection limit. High
TTD values reflect a delay in bacterial growth rather than differ-
ences in growth rates. Strains 2, 4, and 5 showed a significant delay
in growth (P � 0.05) under sublethal acid environments (LB
broth at pH 4.6) (Fig. 3A), with TTDs of 15.25, 12.5, and 15.5 h,
respectively, whereas TTDs between 3.0 and 4.3 h were observed
for the remainder of the strains. Under alkaline stress conditions
(LB broth at pH 9.5 [Fig. 3B]), strains 11 and 12 showed the greatest
growth abilities (TTDs of 3.8 and 4.0 h, respectively). On the other
hand, the highest TTDs were observed for strains 4, 5, 7, and 13

FIG 1 (A) Catalase activities of the 15 C. sakazakii strains. Cells in the mid-
exponential phase of growth were pelleted by centrifugation, washed once in
PBS, and resuspended in PBS containing 40 mM H2O2. The decrease in absor-
bance at 240 nm was positively correlated to the catalase activity of the strain.
The average of two independent experiments � the standard deviations are
shown. The strains with a presumptive lack of RpoS activity are shown in black.
The strains with a presumptive low/moderate RpoS activity are shown in gray.
The strains with a presumptive high RpoS activity are shown in white. Strains
sharing at least one lowercase letter did not have significantly different results
(P � 0.05). (B) Growth curves of the 15 C. sakazakii strains in M9 broth
supplemented with 0.4% acetate (results from one of three trials). Black sym-
bols and continuous lines are used for strains with a presumptive lack of RpoS
activity. Black symbols and discontinuous lines are used for strains with a
presumptive low/moderate RpoS activity. Gray symbols and continuous gray
lines are used for strains with a presumptive high RpoS activity.
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(TTDs ranging from 6.3 to 6.8 h). With regard to osmotic stress en-
vironments (LB broth supplemented with 8% NaCl [Fig. 3C]), no
significant growth was detected for five strains after 24 h of incuba-
tion (strains 2, 3, 5, 7, and 14). On the contrary, strains 8, 11, and 13,
with TTDs ranging from 14.3 to 16.3 h, showed the best growth ca-
pacities. Under sublethal oxidative stress conditions (LB broth sup-
plemented with 2 mM hydrogen peroxide [Fig. 3D]) strains 1, 4, and
5 were the most sensitive strains (TTDs ranging from 4.5 to 6.5 h),
while TTDs of 3.0 to 3.8 h were observed for the remaining strains.

Finally, faster growth was observed under sublethal heat stress (LB
broth at 45°C [Fig. 3E]), with TTDs ranging from 1.6 to 3.5 h. In this
case, strains 2, 4, 5, and 12 showed the lowest TTDs.

Relationship between rpoS status and stress tolerance. Sev-
eral strains highly resistant to multiple stresses were identified. These
included strains 9, 10, 11, 13, and 14, which constantly showed the
greatest tolerance to acid, alkaline, osmotic, and oxidative lethal stress
environments. Among them, strain 13 was particularly noteworthy,
as it was the most acid-, osmotic stress-, and oxidative-tolerant strain.

FIG 2 Reduction in cell numbers (in log CFU/ml) for the 15 C. sakazakii strains after different lethal treatments. The averages of two independent experiments �
standard deviations are shown. (A) Acid stress (60-min treatment in LB broth adjusted to pH 2.5 using HCl). (B) Alkaline stress (60-min treatment in LB broth adjusted
to pH 11.0 using NaOH). (C) Osmotic stress (dehydration for 8 days at room temperature). (D) Oxidative stress (60-min treatment in LB broth supplemented with 30
mM H2O2). (E) Heat stress (5-min treatment in LB broth at 60°C). The strains with a presumptive lack of RpoS activity are shown in black. The strains with a presumptive
low/moderate RpoS activity are shown in gray. The strains with a presumptive high RpoS activity are shown in white. Strains sharing at least one lowercase letter (a to f)
did not have significantly different results (P � 0.05).
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On the other hand, strains 2, 4, 5, 7, and 15 could be considered
strains sensitive to multiple stresses, and strains 7 and 15 consistently
showed the lowest capacities to withstand the stress conditions. In the
growth experiments, lower variability was observed among the 15 C.
sakazakii strains. However, it is important to note that strains 2, 4, and
5, which are sensitive to multiple stresses, showed the lowest growth
abilities under most of the sublethal stress conditions tested, and this
effect was especially marked for cells exposed to acid environments.

Correlation analyses (Fig. 4) revealed a positive correlation be-
tween the catalase activity (functioning as an indirect indicator of

RpoS activity) and bacterial tolerance to acid, alkaline, osmotic,
and oxidative lethal stress exposures, with r values of 0.55, 0.57,
0.47, and 0.73, respectively. Thus, those strains previously identi-
fied as resistant to multiple stresses (strains 9, 10, 11, 13, and 14)
belonged to the group of strains with higher catalase/RpoS activ-
ities, and strain 13, with the highest catalase activity, also had the
greatest tolerance to the imposed acid, osmotic, and oxidative
stress conditions.

Analysis of rpoS alleles. The rpoS genes were amplified and
sequenced. Polymorphisms were observed in the rpoS sequences

FIG 3 Growth capacity (time to detection) of the 15 C. sakazakii strains under different sublethal stress conditions. The averages of two independent experiments �
standard deviations are shown. (A) Acid stress (LB broth adjusted to pH 4.6 using HCl). (B) Alkaline stress (LB broth adjusted to pH 9.5 using NaOH). (C) Osmotic stress
(LB broth supplemented with 8% NaCl). (D) Oxidative stress (LB broth supplemented with 2 mM H2O2). (E) Heat stress (LB broth at 45°C). The strains with a
presumptive lack of RpoS activity are shown in black. The strains with a presumptive low/moderate RpoS activity are shown in gray. The strains with a presumptive high
RpoS activity are shown in white. Strains sharing at least one lowercase letter (a to c) were not significantly different (P � 0.05).
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of the different natural isolates (Table 2), and strains 7 and 15,
both multiply stress-sensitive strains with no catalase activity,
showed significant disruptions in the rpoS nucleotide sequence.
An 843-bp deletion encompassing 609 bp of the upstream nlpD
gene, 60 bp of the intergenic region, and the first 174 bp of the rpoS
open reading frame was present in strain 7. Strain 15 has under-
gone a single-base substitution at nucleotide 601 of the rpoS open
reading frame, which resulted in the introduction of a stop codon
(TAG). Regarding the other strains, whereas some of the polymor-

phisms observed did not change the amino acid composition of
the RpoS protein, amino acid substitutions were observed at po-
sitions 562 to 564 (glutamine/lysine) and 802 to 804 (proline/
alanine) of the open reading frame.

Numerous attempts were made to sequence the rpoS gene of
strain 2. Several combinations of primers were used (5 primer sets
in total), and PCR products of the correct size were amplified in all
cases. These products were purified from agarose gels and se-
quenced. Although sequence analysis confirmed that it was the

FIG 4 Relationship between catalase activity, an indirect indicator of RpoS activity, and bacterial tolerance (log-cycles of inactivation) to lethal stress exposures.
(A) Acid stress (60-min treatment in LB broth adjusted to pH 2.5 using HCl). (B) Alkaline stress (60-min treatment in LB broth adjusted to pH 11.0 using NaOH.
(C) Osmotic stress (dehydration for 8 days at room temperature). (D) Oxidative stress (60-min treatment in LB broth supplemented with 30 mM H2O2). The
strains with a presumptive lack of RpoS activity are shown in black. The strains with a presumptive low/moderate RpoS activity are shown in gray. The strains with
a presumptive high RpoS activity are shown in white.

TABLE 2 Variation in rpoS sequences of the C. sakazakii strains tested

Strain(s)

Bases (amino acid)a at positions:

370–372 556–558 562–564 601–603 613–615 619–621 682–684 712–714 802–804 823–825 874–876

1, 9, 11, 13 AAT (N) TCC (S) AAA (K) CAG (Q) CCA (P) GAC (D) GGC (G) CTG (L) GCC (A) GCC (A) GGC (G)
3, 10, 12, 14 AAT (N) TCC (S) CAA (Q) CAG (Q) CCA (P) GAC (D) GGC (G) CTG (L) GCC (A) GCC (A) GGC (G)
4, 5 AAC (N) TCG (S) AAA (K) CAG (Q) CCG (P) GAT (D) GGT (G) CTG (L) GCC (A) GCC (A) GGT (G)
6 AAT (N) TCC (S) CAA (Q) CAG (Q) CCA (P) GAC (D) GGC (G) CTG (L) CCC (P) GCC (A) GGC (G)
7b AAT (N) TCC (S) AAA (K) CAG (Q) CCA (P) GAC (D) GGC (G) CTG (L) GCC (A) GCC (A) GGC (G)
8 AAC (N) TCG (S) AAA (K) CAG (Q) CCA (P) GAC (D) GGT (G) TTG (L) GCC (A) GCT (A) GGC (G)
15 AAT (N) TCC (S) AAA (K) TAG (Stop codon) CCA (P) GAC (D) GGC (G) CTG (L) GCC (A) GCC (A) GGC (G)
a A, alanine; D, aspartic acid; G, glycine; K, lysine; L, leucine; N, asparagines; P, proline; Q, glutamine; S, serine. Results shown in boldface indicate relevant changes in the amino
acid sequence of the RpoS protein.
b Strain with an 843-bp deletion, including the first 174 bp of the rpoS open reading frame.
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rpoS gene that had been amplified, the sequence data were not of
sufficient quality to make definite conclusions with regard to poly-
morphisms. The reason why consistently poor sequence data were
obtained for this strain is unknown.

The contribution of RpoS to C. sakazakii stress tolerance was
confirmed by complementing strains 7 and 15 with a functional
rpoS gene amplified from strain 13, the strain with the highest rpoS
activity, inserted into the pNZ44 vector. Transformants were sub-
sequently characterized regarding their RpoS activities and stress
tolerances (Fig. 5; see also Fig. S1 in the supplemental material).
The complemented strains showed significantly higher catalase
activities and lower abilities to grow in minimal medium in the
presence of acetate than their wild-type counterparts, which is
indicative of increased RpoS activity. In addition, the complemen-
tation of both strains with a functional rpoS gene resulted in a
significant increase in bacterial tolerance to acid, oxidative, and
osmotic lethal stress conditions. Finally, the complemented
strains were able to grow under some stress conditions close to the
growth boundaries that inhibited the growth of their wild-type
counterparts (e.g., it was possible to detect growth for the comple-
mented strain 15 in LB broth supplemented with 8% sodium chlo-
ride and 4 mM hydrogen peroxide).

Assessment of pigmentation status. In order to test whether

there is a relationship between yellow pigmentation, RpoS status,
and stress tolerance, the pigmentation statuses of the different C.
sakazakii isolates were determined after growth in LB agar (72 h at
25°C), using both a visual and a spectrophotometric approach.
Colonies with the characteristic yellow pigmentation were ob-
tained for the different isolates, with the exception of strains 7 and
15, both of which are sensitive to multiple stresses and with no
rpoS activity and produced colorless colonies. The carotenogenic
pigment was extracted, and its relative concentration was deter-
mined by measuring the absorbance of the extract at 465 nm (Fig.
6A). As expected, the lowest absorbances were obtained for the
two strains with colorless colonies. On the other hand, the highest
absorbances were observed for strains 8, 9, and 13, all multiply
stress-resistant strains with high rpoS activity that showed a caro-
tenoid content significantly higher (P � 0.05) than that of the two
colorless strains. In addition to the previous evidence, complemen-
tation of the colorless strains, 7 and 15, with a functional rpoS gene
restored the yellow pigmentation (Fig. 6B [for data for strain 15]).

DISCUSSION

Since the recognition of C. sakazakii as an important emerging
food-borne pathogen, several research papers have focused on the
characterization of the tolerance of C. sakazakii to relevant envi-

FIG 5 Characterization of strain 15 C. sakazakii ATCC BAA-894 (black) and its counterpart complemented with a functional rpoS gene (gray). (A) Catalase activity
(decrease in OD240 after incubation with 40 mM H2O2). (B) Growth curves in M9 broth supplemented with 0.4% acetate. (C) Inactivation rate (log CFU/ml) after lethal
acid (60 min at pH 2.5), alkaline (60 min at pH 11.0), osmotic (dehydration for 8 days at room temperature), oxidative (60 min at 30 mM H2O2), or heat treatment (5
min at 60°C). (D) Growth capacity (time to detection) under sublethal acid (pH 4.0), alkaline (pH 9.75), osmotic (8% NaCl), oxidative (4 mM H2O2), or heat (45°C)
stress conditions. Asterisks indicate the complemented strain was significantly different from its counterpart: *, P � 0.05; **, P � 0.01.
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ronmental stress conditions (1, 2, 3, 4, 11, 16, 21, 50). However,
most of these works focused on a single strain or a very limited
number of C. sakazakii strains, and there is a lack of comprehen-
sive studies addressing the heterogeneity in stress tolerance among
natural isolates of C. sakazakii. The current study was undertaken
to examine the tolerance of a number of C. sakazakii isolates to
several food- and host-related stresses (acid, alkaline, osmotic,
oxidative, and heat stresses) in order to evaluate the intraspecies
variability. In addition, after taking into account the recognized
role of the alternative sigma factor RpoS in the general stress re-
sponse of Gram-negative bacteria (18, 33), the rpoS alleles were
analyzed in order to examine how much of any phenotypic diver-
sity could be attributed to variation in rpoS status among C. saka-
zakii strains. Our results demonstrated that C. sakazakii isolates
had significant heterogeneity in their abilities to tolerate stress,
which was predominantly dependent on the stress condition
tested. We observed wide variations in tolerance (differences of
5.5 to 6.5 log cycles of inactivation between the most and the less
stress-resistant strain) for acid-, osmotic stress-, and oxidative
stress-treated cells, but less heterogeneity was observed for the
alkaline and heat treatments (differences of 1.5 to 2.0 log cycles of
inactivation between the most tolerant strain and the less stress-

tolerant strain). On several occasions it has been proposed that
strains more resistant to a given stress tend to be more resistant to
various other types of inactivation agents (5, 34). However, there
are some reported exceptions to this general behavior (31, 55). In
our case, it was possible to find several strains tolerant to multiple
stresses: strains 9, 10, 11, 13, and 14. On the other hand, strains 2,
4, 5, 7, and 15 were relatively sensitive to all the inactivation agents
tested. Overall, our findings suggest it is important to examine
large numbers of isolates, or cocktails of strains, when performing
studies aimed to predict stress resistance abilities, since studies
focused on a few isolates or a single strain may seriously underes-
timate the variabilities that underlie important phenotypic varia-
tions in pathogen populations.

Several authors previously reported variations in rpoS activity
in natural populations of E. coli, ranging from null to full expres-
sion (8, 9, 38, 40, 52, 56). Furthermore, rpoS has been shown to be
located in a highly polymorphic segment of the chromosome (15,
24). Different indirect assays have been recently used to assess the
variation at the rpoS locus, such as analysis of temperature toler-
ance, the catalase assay, detection of synthesis of glycogen, evalu-
ation of 	-galactosidase activity, or assessment of the bacterial
nutritional profiles (9, 38, 40). In our study, we indirectly exam-
ined the RpoS activity of C. sakazakii strains by determining their
catalase activities and by testing their nutritional profiles. We ob-
served a wide variation in rpoS activity among C. sakazakii strains,
and this was closely linked to their tolerance to environmental
stress conditions. Thus, those C. sakazakii strains with low, mod-
erate, or no RpoS activity belonged to the group of strains sensitive
to multiple stresses, and C. sakazakii strain 13, with the highest
catalase and RpoS activities, consistently showed the greatest tol-
erance to the range of lethal treatments tested.

Some authors have previously shown rpoS to be a highly mu-
table gene in E. coli populations (14, 20, 52, 56). In the most com-
prehensive single study, Waterman and Small (56) found that over
20% of 58 E. coli strains had mutations in the rpoS gene that were
linked to a reduced stress tolerance. The majority of rpoS muta-
tions are loss-of-function mutations with little or no residual
RpoS protein and include stop codons, deletions, and insertions as
well as point mutations, although partial or attenuated rpoS mu-
tations have also been described (25, 48). In our study, the rpoS
gene was sequenced, and several polymorphisms were detected for
the different isolates, including two loss-of-function mutations in
C. sakazakii strains 7 and 15, with an 843-bp deletion and a single-
base nonsense mutation, respectively. These strains were sensitive
to multiple stresses and showed an especially high sensitivity to
acid, osmotic, and oxidative treatments. Some other single-base
substitutions resulting in modifications in the amino acid se-
quence of the RpoS protein were observed. However, none of
these polymorphisms could be associated with a stress-sensitive
phenotype. Therefore, for the remainder of strains sensitive to
multiple stress conditions and with low/moderate rpoS activity,
the phenotype observed could not be attributed to mutations in
the rpoS gene open reading frame. The low RpoS activities found
for these strains could be due to mutations in the rpoS promoter
region or alterations in the regulation of rpoS expression. There-
fore, our results suggest that despite its recognized importance for
the cell, rpoS is a highly polymorphic gene in C. sakazakii. Main-
tenance of a defective or less active RpoS may appear paradoxical,
as it is likely to affect cell survival under stressful environments.
However, rpoS mutations may confer a selective advantage under

FIG 6 (A) Carotenoid content of the 15 C. sakazakii strains. The caroteno-
genic pigment was extracted, and its relative concentration was determined by
measuring the absorbance of the extract at 465 nm. The averages of two inde-
pendent experiments � standard deviations are shown. The strains with a
presumptive lack of RpoS activity are shown in black. The strains with a pre-
sumptive low/moderate RpoS activity are shown in gray. The strains with a
presumptive high RpoS activity are shown in white. Strains sharing at least one
lowercase letter (a to c) were not significantly different (P � 0.05). (B) Visual
assessment of the production of yellow pigment by C. sakazakii ATCC BAA-
894 and C. sakazakii ATCC BAA-894 plus rpoS.
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certain conditions. rpoS polymorphisms in E. coli have been
shown to influence the trade-off between self-preservation and
nutritional competence (SPANC). For example, King and co-
workers (38) demonstrated that E. coli rpoS mutant strains were
better able to use novel and alternative carbon sources for their
growth, which might allow the mutant population to dominate
the culture under nutrient-limited environments. It is also worth
mentioning that evolution by natural selection has been shown to
occur in cultures of E. coli maintained under carbon starvation.
Mutants of increased fitness express a growth advantage in sta-
tionary phase (GASP) phenotype, enabling them to grow and dis-
place the parent as the majority population (27). The first GASP
mutation was identified as a loss-of-function allele of rpoS (58).
This rpoS-associated GASP phenotype has been shown to be de-
pendent on pH and the nutrient environment (23).

The role of the alternative sigma factor RpoS in the general
stress response of Gram-negative microorganisms is well recog-
nized (18, 33). However, this is the first study to highlight the
importance of this global regulator for coping with harsh environ-
ments in C. sakazakii. The current study describes a significant
positive correlation between RpoS activity (albeit indirectly esti-
mated) and the bacterial tolerance to lethal acid, alkaline, osmotic,
and oxidative stress conditions. In addition, the increased resistance
to acid, osmotic, and oxidative treatments shown by the rpoS mutant
strains 7 and 15 when complemented with a functional rpoS gene
suggests that this alternative sigma factor may play an important role
in C. sakazakii survival throughout the food chain and subsequently
in the host during infection. However, it should be noted that an
intact rpoS gene is obviously not essential for the virulence of some C.
sakazakii strains, as the rpoS gene of the sequenced strain ATCC BAA-
894 (strain 15), originally associated with an outbreak in a neonatal
intensive care unit, possesses a premature stop codon, and the rpoS
gene of C. sakazakii strain 7, isolated from cerebrospinal fluid, has a
174-bp deletion in the rpoS open reading frame. Variations in the role
of RpoS in the virulence of different strains of a given species have
been observed for other bacterial pathogens (19).

C. sakazakii strains generally produce a carotenogenic yellow
pigment on solid medium. However, several studies have recently
identified colorless or cream-white C. sakazakii strains at preva-
lence rates ranging from 8 to 21% (6, 12, 36). Two recent elegant
studies have identified the genes involved in pigment expression
in C. sakazakii (37, 41). Lehner and coworkers (41) identified a
gene cluster comprised of seven genes in the carotenoid operon
(crtE-idi-crtXYIBZ) as responsible for carotenoid biosynthesis.
Johler and colleagues (37) created a knockout library using ran-
dom transposon mutagenesis and identified 30 colorless mutants.
The mapping of the transposon insertion sites revealed insertions
in not only the carotenoid operon (crtE-idi-crtXYIBZ) but also in
various other genes involved in signal transduction and energy
metabolism, including the rpoS gene. Those authors also evalu-
ated the impact of pigmentation on persistence and growth under
conditions of environmental stress by comparing white mutants
(
ctrE, 
ctrX, and 
ctrY) to the yellow wild type in a variety of
growth and inactivation experiments, a macrophage assay, and a
phenotype array, and they found that colorless mutants showed
an increased susceptibility to desiccation and UV irradiation,
which suggests the importance of the carotenoid pigment for cel-
lular protection against harsh conditions. This protective effect
could be attributed to the role of carotenoids as membrane stabi-
lizers, which influence membrane fluidity, or as antioxidants, re-

ducing the oxidative damage (29, 53, 59). To our knowledge, the
timing of carotenoid biosynthesis in C. sakazakii has not yet been
investigated. However, studies of other microorganisms have re-
ported that the induction of carotenoid biosynthesis occurs at the
beginning of the stationary phase (42), suggesting that carotenoid
production is associated with the age and lower growth rate of the
culture. Interestingly, this timing of biosynthesis matches with the
habitual time of expression of rpoS in Gram-negative bacteria
(47). Our study showed the existence of high variability in the
content of carotenoids among C. sakazakii isolates and demon-
strated that a functional rpoS gene is essential for the production
of the characteristic yellow pigment. Thus, the pigmentation sta-
tus of strains or the determination of the carotenoid content could
be considered novel indirect assays for the prediction of RpoS
activity in natural populations of C. sakazakii.

In summary, we have detected significant heterogeneity in RpoS
activity and stress tolerance among natural isolates of C. sakazakii. It
was possible to identify some strains resistant to multiple stresses and
some sensitive strains. This variability in C. sakazakii stress resistance
could be explained, at least in part, by heterogeneity in rpoS expres-
sion, since good correlations were found between RpoS activity and
the tolerance of C. sakazakii strains to acid, alkaline, osmotic, and
oxidative stresses. Sequence analysis of rpoS genes allowed us to detect
the presence of several single-base substitutions in the open reading
frames. Loss-of-function mutations were found for two C. sakazakii
strains, namely, 7 and 15. The complementation of these strains with
a functional rpoS gene gave rise to an increase in bacterial tolerance to
acid, osmotic, and oxidative stresses linked to an increase in rpoS
activity. Therefore, the results obtained indicate that RpoS plays an
important role in the C. sakazakii response to a wide range of stress
environments and contributes to the phenotypic diversity of natural
populations.
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