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Cronobacter (previously known as Enterobacter sakazakii) is a diverse bacterial genus consisting of seven species: C. sakazakii,
C. malonaticus, C. turicensis, C. universalis, C. muytjensii, C. dublinensis, and C. condimenti. In this study, we have used a mul-
tilocus sequence typing (MLST) approach employing the alleles of 7 genes (atpD, fusA, glnS, gltB, gyrB, infB, and ppsA; total
length, 3,036 bp) to investigate the phylogenetic relationship of 325 Cronobacter species isolates. Strains were chosen on the ba-
sis of their species, geographic and temporal distribution, source, and clinical outcome. The earliest strain was isolated from
milk powder in 1950, and the earliest clinical strain was isolated in 1953. The existence of seven species was supported by MLST.
Intraspecific variation ranged from low diversity in C. sakazakii to extensive diversity within some species, such as C. muytjensii
and C. dublinensis, including evidence of gene conversion between species. The predominant species from clinical sources was
found to be C. sakazakii. C. sakazakii sequence type 4 (ST4) was the predominant sequence type of cerebral spinal fluid isolates
from cases of meningitis.

Cronobacter (formerly known as Enterobacter sakazakii) is a ge-
nus consisting of Gram-negative, motile, facultatively anaer-

obic opportunistic bacterial pathogens belonging to the Entero-
bacteriaceae family (28). The genus was originally identified as
yellow-pigmented Enterobacter cloacae. DNA-DNA hybridization
results showed the organism to be only 41% and 54% related to
Citrobacter freundii and Enterobacter cloacae, respectively, and it
was therefore reclassified as an independent species, Enterobacter
sakazakii, comprising 15 biogroups (11). Later biotyping and
genotyping studies led to its further reclassification into the
genus Cronobacter (20). To date, the diverse genus accommodates
seven different species: C. sakazakii, C. malonaticus, C. turicensis,
C. muytjensii, C. dublinensis, and the two newly defined species C.
universalis and C. condimenti (24).

The primary niche of this organism is believed to be plant
material (i.e., wheat, rice, herbs, and spices) (18). However, it is
brought into contact with humans via food and environmental
exposure. These bacteria have been implicated in various life-
threatening diseases in humans, such as meningitis, necrotizing
enterocolitis, septicemia, and pneumonia, affecting a wide range
of age groups (30, 35). Cronobacter species infections are of con-
siderable significance because although human infections are rel-
atively rare, those that do occur are often severe, and because the
highest-risk age group is neonates (8, 9, 10), for which some in-
fections have resulted in fatalities (4). There have been Cronobac-
ter species cases in which powdered infant formula (PIF) has been
identified as the source of contamination of the organism (46),
and hence, it has played an important role in the epidemiology of
the organism. Although Cronobacter spp. have been isolated from
other mammals and invertebrates, such as rats and flies (14, 34),
which may be additional sources of contamination, no disease
caused by these routes has been reported.

Research on the organism has considerably progressed in re-
cent years, with improved isolation, identification, and molecular
typing methods (22, 38, 40). These methods have detected consid-
erable diversity within the genus, warranting further detailed in-
vestigation. This is necessary to ensure reliable and robust meth-

ods of detection to control the organism and reduce exposure to
vulnerable groups.

Not all Cronobacter species have been linked with infections,
and the severity of virulence varies between different strains (4)
and in laboratory studies using in vitro tissue culture and rat pup
infections (43). Thus, detailed molecular studies will be useful.
The virulence traits of Cronobacter spp. are uncertain, and given
the ubiquitous occurrence of the bacterium in the environment
and foods, it is desirable to distinguish between pathogenic and
nonpathogenic variants. The first publication of C. sakazakii ge-
nome BAA-894, followed by the C. turicensis z3032 genome (28,
39), has enabled the study of predicted virulence genes, many of
which are plasmid borne (13). The presence of a number of pro-
posed virulence traits, such as iron-uptake mechanisms, type six
secretion systems, sodA, and pili, across the Cronobacter species
has been established (28, 29, 43).

The phylogenetic relationships and diversity of Cronobacter
spp. within the Enterobacteriaceae family have been previously
analyzed using the 16S rRNA gene and hsp60 sequences (19). Se-
quence diversity of 16S rRNA genes has been used to define genus
(5%) and species (3%) boundaries. However, with respect to very
closely related organisms, 16S rRNA gene sequence analysis has
limitations due to minimal diversity in the sequences. The se-
quence diversity between multiple copies of the 16S rRNA gene
operon within a bacterium can also introduce discrepancies (1).
The partial sequencing of a number of protein-encoding genes of
the organism’s genome ensures that multiple independent loci are
examined and ensures a far larger number of informative charac-
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ters because these genes typically diverge far faster than the rRNA
genes (26, 32). A 7-locus multilocus sequence typing (MLST)
scheme was developed for the identification and characterization
of C. sakazakii and C. malonaticus (2). This was of particular use
since C. malonaticus was initially regarded as a subspecies of C.
sakazakii, as the two species could not be distinguished according
to 16S rRNA gene sequence analysis (99.7% similarity, full-length
sequence); however, DNA-DNA hybridization studies revealed
�70% DNA relatedness (20).

The original C. sakazakii and C. malonaticus MLST scheme
required the partial sequence analysis of seven housekeeping
genes, atpD, fusA, glnS, gltB, gyrB, infB, and ppsA (2). When con-
catenated, these sequences provided 3,036 nucleotides for analy-
sis. In this study, the MLST scheme was extended from C. saka-
zakii and C. malonaticus to cover all seven formally recognized
species of the Cronobacter genus to better quantitate the intraspe-
cific and interspecific diversity of the genus as well as to potentially
characterize the strains according to virulence groupings and
source. The Cronobacter MLST database is available online with
open access at http://www.pubmlst.org/cronobacter/ and is
hosted by the University of Oxford, United Kingdom.

MATERIALS AND METHODS
Bacterial strains. This study was based on 325 Cronobacter species iso-
lates, which included 226 C. sakazakii strains, 39 C. malonaticus strains, 19
C. turicensis strains, 19 C. dublinensis strains, 17 C. muytjensii strains, 4 C.
universalis strains, and the single isolate of the recently defined species C.
condimenti. All isolates were either selected from the Nottingham Trent
University collection of Cronobacter species strains or recently obtained
from collaborators following a review of the literature. Most of the latter
strains had been identified only as Enterobacter sakazakii or Cronobacter
spp. in previous publications. Strains were chosen on the basis of their
species, geographic and temporal distribution, source, and clinical out-
come. This included the type strains for each species, infant formula and
clinical isolates from across the world, obtained between 1950 and the
present, as well as strains from the United States which caused high public
concern in December 2011 (5). As part of the diversity study, the 16S
rRNA gene sequences submitted as Cronobacter spp. by third parties to
GenBank were also analyzed, and any strains of interest were requested
from the sequence submitters. The list and details of all the isolates in-
cluded in this study, along with their MLST profile details, are freely avail-
able online at http://www.pubmlst.org/cronobacter.

Citrobacter koseri (GenBank accession number CP000822) and En-
terobacter sp. 683 (GenBank accession number CP000653) were used as
outgroups, as previously described (2).

DNA isolation and PCR. Genomic DNA was prepared from 1.5 ml of
overnight culture grown in tryptic soy broth using the GenElute bacterial
genomic DNA kit (Sigma) according to the manufacturer’s instructions.
Amplification and nested sequencing primers for the MLST loci were as
previously described (2). Reaction conditions for all the primers were as
follows: initial denaturation at 94°C for 2 min, 30 cycles of denaturation at
94°C for 1 min, primer annealing at 58°C for 1 min, and extension at 72°C
for 2 min, and a final extension step of 72°C for 5 min. Each 25-�l ampli-
fication reaction mixture comprised �10 ng chromosomal DNA, 20 pmol
forward and reverse primer, 1� PCR buffer (Promega, United Kingdom)
containing 1.5 mM MgCl2, 0.8 mM deoxynucleotide triphosphates, and
1.25 U Taq (Promega, United Kingdom). The amplified products were
then purified using MinElute PCR purification kits (Qiagen) following
the manufacturer’s protocol. The sequencing primers were used for both
the amplification and sequencing of loci for strains if insufficient PCR
product was obtained using the amplification primers.

Sequencing. The sequencing was performed using the purified PCR
products (10 ng/�l) on ABI 3730XL sequencing machines by Eurofins

MWG Operon (London, United Kingdom) and Source Bioscience (Not-
tingham, United Kingdom). Using the nested sequencing primers, nucle-
otide sequences were determined at least once on each DNA strand. The
sequence chromatograms were viewed using Chromas Lite (version 2.01;
Technelysium Pty Ltd.) for quality control, and the sequences from both
strands of a given locus of the same isolate were aligned and trimmed to
the desired length using Jalview (version 2�; University of Dundee) (48)
in ClustalW.

Analysis of DNA sequences. Phylogenetic analyses of the concate-
nated sequences of the 7 loci (3,036 nucleotides) were performed using the
maximum likelihood algorithm in MEGA5 (42) and ClonalFrame (ver-
sion 1.2; School of Public Health, Imperial College London) (7). The
allelic profiles identified for the 7 loci were analyzed using the Sequence
Type Analysis and Recombinational Tests (START) version 2 software
(23). DnaSP (version 5; Universitat de Barcelona) (31) was used to calcu-
late the nucleotide divergence between the type strains of the various
Cronobacter species.

Linkage and recombination analysis. START (version 2; University
of Oxford) was also used for calculating the ratio of nonsynonymous
substitutions to synonymous substitutions (dN/dS) and the index of as-
sociation (IA) of the various Cronobacter species for linkage analysis of the
population as well as recombination testing (23). A further study of re-
combination events in the populations was carried out using the DnaSP
software (31) and the neighbor-net algorithm in Splitstree (version 4;
Universitat Tubingen) (17). The clonality of the population was analyzed
using eBURST (version 3; Department of Infectious Disease Epidemiol-
ogy, Imperial College London) (12).

Evolutionary time scale. The diversity and branching observed in the
Cronobacter MLST sequence data were used to estimate the relative age of
the genus Cronobacter and the divergence time of the branches for the
individual species. Similar divergence estimation studies using MLST data
have previously been carried out for organisms such as Salmonella spp.
(33) and Pseudomonas aeruginosa (47), among others. Mean synonymous
substitution values (Ds) were calculated for the individual Cronobacter
species using the 3,036-bp concatenated sequences in MEGA5 (42) as well
as START2 (23). These values were used to calculate the ages of the genus
and species by using the formula age � Ds/rate, where “rate” is the syn-
onymous molecular clock rate.

Since this is based on an estimate, a range of dates was calculated by
using the substitution rate of 3 � 10�9 for Escherichia coli and Salmonella
enterica serovar Typhimurium that was published by Berg and Martelius
(3) and a lower rate of 4.5 � 10�9 calculated for E. coli (36).

RESULTS
MLST of the genus Cronobacter. From the 325 strains included in
this study, 115 sequence types (STs) spanning across the genus
Cronobacter have been identified. Of these, 53 STs have been iden-
tified for C. sakazakii, which is also the type species of the genus.
Seventeen STs have been identified for C. malonaticus, 13 for C.
turicensis, 10 for C. muytjensii, and 17 for C. dublinensis. Four STs
have been identified for the recently renamed C. universalis (pre-
viously known as Cronobacter genomospecies 1), and one has been
identified for the recently defined species C. condimenti (24). C.
sakazakii ST4 was the most prevalent ST, with 78 isolates. A few
strains had been previously misidentified due to biotyping errors
or discrepancies in 16S rRNA gene sequences. These misidentifi-
cations have mostly been between the closely related species C.
sakazakii and C. malonaticus (NTU strains 33 and 101), and a few
C. turicensis isolates had been misidentified as C. dublinensis
(NTU strains 57 and 564). One of the isolates (NTU strain 96) of
the reclassified C. universalis had been previously incorrectly iden-
tified as C. turicensis by biotyping.

The average GC content of the seven sequenced genes in all the
STs across the Cronobacter genus was of 58%, which is consistent
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with the overall 57% GC content for the published genome C.
sakazakii BAA-894 (28). All the ST and allelic profile numbers
were assigned as a continuation of the scheme initially established
for C. sakazakii and C. malonaticus (2). All sequences are available
for free download at http://www.pubmlst.org/cronobacter. Seven
genes were successfully sequenced from all strains. Primers de-
signed to amplify the gltB and ppsA loci failed in less than 5% of
cases (mainly C. muytjensii). When these outer primers failed, the
sequencing primers were used directly for PCR and for sequenc-
ing. Complete sets of data were obtained for all strains (Table 1).

Phylogenetic relationships. A phylogenetic tree based on the
concatenated sequences (3,036 nucleotides) and using the maxi-
mum likelihood algorithm in MEGA5 showed clear clustering of
the various Cronobacter species within the genus (Fig. 1). These
clusters corresponded to previously defined species. Analysis of
sequences using ClonalFrame (7) indicated that the seven loci
supported the taxonomy but did not add support to any particular
phylogeny.

As outgroups, we used the sequences of the 7 MLST loci from
the publicly available genomes of Citrobacter koseri (GenBank ac-
cession number CP000822) and Enterobacter sp. 683 (GenBank
accession number CP000653), two organisms closely related to
Cronobacter spp. None of their alleles were found to be shared with
those of any of the Cronobacter species isolates, and they were
found to be genetically significantly distant from the rest of the
Cronobacter genus (Fig. 1).

Clonality and ST groupings. IA is a measure of the linkage of a
population. The IA values for the genus Cronobacter were found to
be significantly greater than zero (P � 0.001), indicating the pres-
ence of linkage disequilibrium or clonality. eBURST analysis
showed the formation of 13 single-locus variant (SLV) clonal
complexes among the 115 identified STs for the Cronobacter genus
(Table 2). These are the STs which share 6 out of the 7 alleles that
comprise a ST. Nine of these clades belong to C. sakazakii, two to
C. dublinensis, and one each to C. turicensis and C. malonaticus. C.
muytjensii, C. condimenti, and C. universalis did not show the for-
mation of any such clades in this data set. Apart from these SLVs,
a number of double-locus variants (DLV) were also observed, and
these are the STs which shared 5 out of the 7 definitive allelic
profiles. Some of these large clades are especially significant with
respect to strain clustering according to their isolation sources.

Clade 1 comprises C. sakazakii sequence types 1 (ST1) and 14
(ST14). ST1 is a dominant ST consisting of 36 strains isolated from
across the world over a period of more than 25 years. These have
been isolated mainly from PIF and clinical cases and also more

FIG 1 Maximum likelihood tree based on the concatenated sequences (3,036
bp) of the 7 MLST loci for the genus Cronobacter. The STs and the correspond-
ing species are indicated at the tip of each branch. The tree is drawn to scale
using MEGA5 with 1,000 bootstrap replicates.

TABLE 1 START analysis of the 7 MLST loci of the Cronobacter species
isolates

Gene

Size of
fragment
analyzed (bp)

No. of
alleles
identified

No. of
polymorphic
sites

Proportion of
fragment as
polymorphic
sites (%)

% GC
content dN/dS

atpD 390 52 86 22.05 59.15 0.009
fusA 438 51 97 22.14 54.03 0.023
glnS 363 56 106 29.20 56.75 0.049
gltB 507 68 151 29.78 61.31 0.023
gyrB 402 67 126 31.34 56.67 0.031
infB 441 67 132 29.93 58.58 0.048
ppsA 495 78 157 31.71 62.52 0.022
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recently from milk powder-processing factories in Germany and
Australia (6, 21) but also include a few food isolates. Three ST14
strains were isolated in 1994 from infant formula used during a
neonatal intensive care unit Cronobacter species outbreak in
France. According to pulsed-field gel electrophoresis, those strains
did not match isolates from the infected neonates (4). Also linked

to this clonal complex is ST57, which is a PIF isolate obtained from
Denmark in 1988. This is a DLV to ST1.

Clade 2 comprises C. malonaticus STs 7, 84, and 89. Among C.
malonaticus isolates, ST7 has the highest frequency (15/41) and
has a mixture of clinical and PIF isolates obtained over 30 years.
STs 84 and 89 comprise clinical isolates from the Czech Republic.

TABLE 2 Clades resulting among the 115 STs of the Cronobacter MLST database using eBURST

Clade Species ST
No. of
isolates Source(s) Geographic distribution Period of isolation

1 C. sakazakii 1 36 Clinical, PIF, formula, food, environment UK, Australia, USA, Germany,
China, Brazil, Czech Republic,
Switzerland, Turkey, Russia,
Netherlands

1979-2010

14 3 PIF France 1994

2 C. malonaticus 7 15 Food, clinical, PIF, weaning food USA, New Zealand, France,
Czech Republic, Brazil

1973-2007

84 2 Clinical Czech Republic Unknown
89 1 Clinical Czech Republic Unknown

3 C. sakazakii 18 2 Clinical, mouse UK, Netherlands 1953
23 2 Food Czech Republic, China 2010
93 1 Clinical Czech Republic 1979

4 C. sakazakii 4 78 Clinical, PIF, milk powder, weaning food,
chocolate, washing brush,
environment, prepared formula, foot
wound

UK, USA, France, China, Canada,
Netherlands, Germany, Russia,
Czech Republic, Switzerland,
Slovakia, New Zealand, Saudi
Arabia, Bangladesh

1950-2011

15 1 Clinical Canada 2003
97 1 Milk powder factory Australia 2007
107 1 Clinical USA 2011
108 1 PIF USA 2011

5 C. dublinensis 38 1 Follow-up formula Korea 2008
39 1 Follow-up formula Korea 2008
74 2 Follow-up formula, food Korea 2008-2011

6 C. sakazakii 40 6 Food, spices UK 2007-2010
45 1 PIF Russia 1988
105 1 Milk powder factory Australia 2007

7 C. sakazakii 20 3 Food, spices China, UK 2007-2010
67 1 Herbs UK 2010

8 C. sakazakii 13 12 Clinical, PIF, food, herbs, spices France, Germany, China, Turkey 1988-2010
86 1 Clinical France 1994

9 C. sakazakii 65 1 PIF USA 1988
83 2 Milk powder Australia 2007

10 C. sakazakii 99 5 Environmental Germany 2006
101 1 Environmental Germany 2006

11 C. sakazakii 56 1 PIF Brazil 2007
113 1 PIF Brazil 2007

12 C. turicensis 119 1 Milk powder factory Australia 2007
120 1 Milk powder Australia 2007

13 C. dublinensis 36 1 Unknown Unknown Unknown
80 1 Unknown Czech Republic Unknown
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These clinical isolates were recovered mainly from fecal, sputum,
and blood samples. Apart from these, there were also food and
weaning food isolates in this clade.

Clade 3 comprises C. sakazakii STs 18, 23, and 93 and had been
isolated between 1953 and 2010. These strains included clinical
and food isolates and one from a mouse.

Clade 4 comprises C. sakazakii STs 4, 15, 97, 107, and 108. This
is a key clade with respect to Cronobacter species epidemiology.
ST4 is the most dominant ST in this MLST study, with 78 isolates,
and is also the most frequent clinical ST. In an earlier study of
clinical C. sakazakii strains, ST4 was identified as a genetic signa-
ture for C. sakazakii meningitis, with 75% of the isolates being
linked to meningitis cases over a period of 50 years in six different
countries (25). Out of 81 clinical C. sakazakii isolates in the cur-
rent study, 50% were ST4. This included the strain from the fatal
Lebanon, IN, infection case which received considerable publicity
in December 2011 (5). In contrast to the correlation of ST4 with
meningitis, correlation with ST4 or other STs was not found for
other clinical presentations, such as necrotizing enterocolitis (25).
Twelve strains of C. sakazakii that were isolated from PIF collected
in 12 countries were shown to be ST4. Fifteen strains which had
been isolated from milk-processing factories, including roller dry-
ers, tanker bays, and spray dryers, in Australia and Germany (6,
21) were revealed to be ST4. Other nonclinical sources included
isolates from weaning food, chocolate (44), and a washing brush

(46). ST15 has a lone isolate from a Canadian clinical case (37).
ST97 has one of the strains isolated from a tanker bay at a milk
powder-processing factory in Australia (6). ST107 and ST108 are
isolates from Cronobacter species cases in the United States in
2011, with one from cerebrospinal fluid and the other from an
opened pediatric infant formula tin, respectively. ST110 is related
to ST4, as they share 4 out of the 7 alleles; the ST110 strain was a
cerebrospinal fluid isolate obtained in the United States in 2011.
Due to the strong association of ST4 and locus variants (15, 97,
107, 108, and 110) with severe cases of meningitis, which is of high
clinical significance, this cluster of STs will be referred to as the
“ST4 clade” as an extension of the previous ST4 association (25).

In addition to the four important clades of C. sakazakii and C.
malonaticus, described above, some of the other SLVs and DLVs,
such as clade 8 from food and feed, also showed clustering patterns
depending on the source.

Interspecies recombination events. In addition to the close
similarities among many isolates of some species, especially C.
sakazakii, there was also evidence of homologous recombination
(gene conversion) events having occurred in the evolution of the
genus. Splitstree4 was used to visualize recombination events and
evolutionary relationships in the data set. Figure 2 represents a
neighbor net generated for the Cronobacter genus using the 7-lo-
cus MLST data. This shows the tight clustering of the C. sakazakii
and C. malonaticus species. It also reveals a higher diversity in the

FIG 2 Neighbor net of the concatenated 7-locus sequence alignment generated for the Cronobacter MLST data set, indicating diversity and recombination
events. The figure has been drawn to scale using Splitstree4. The numbers at the tips of the branches indicate STs. The formation of parallelograms indicates
possible recombination events.
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C. muytjensii and C. dublinensis species, with the formation of
parallelograms denoting the possibility of recombination events.

There were some instances of allelic profiles being shared be-
tween two species. Among the seven genes, gltB had the most
(seven) allelic profiles shared between species. This sharing was
observed mostly between clades, such as C. sakazakii with C.
muytjensii and C. sakazakii with C. dublinensis species. In order to
eliminate the possibility of these recombination events having in-
fluenced the overall genus phylogeny, a phylogenetic tree was con-
structed with the concatenated sequences of 6 loci, excluding gltB.
This tree confirmed the robustness of the taxonomic divisions
within the genus.

Among the seven loci, fusA was observed to be the most stable
with the least number of shared alleles among species, and none of
the profiles were shared between two or more species (Fig. 3).

Intraspecies genetic diversity. The Cronobacter genus phylo-
genetic tree (Fig. 1) showed that some of the species clusters
(mainly C. muytjensii and C. dublinensis) contained some individ-
ual branches that were more genetically distant from the main
cluster. This is a phenomenon that has been described as “fuzzy”
species in the MLST of Neisseria spp. (16). Strain 1330 (ST98) was
one such candidate, seen as a lineage branching out from the C.
dublinensis cluster which, following further phenotypic and DNA-
DNA hybridization studies, was confirmed to be a previously un-
recognized independent species, C. condimenti (24). Divergent
strains are also evident in the C. muytjensii and C. dublinensis
clusters. The diversity observed in the branching of the C.
muytjensii and C. dublinensis clusters (Fig. 2) was further investi-
gated using nucleotide divergence among populations in the
MLST sequence data. Table 3 contains the DNA divergence values
for the concatenated 7 loci that were calculated for the individual
type strains of the Cronobacter species. The lowest divergence
value was 2.8% (3,036 bp), observed between the type strains of C.
sakazakii (NCTC 11467 [ST8]) and C. malonaticus (CDC 1058-77
[ST7]), and this value was used as a minimum cutoff value for
identifying potential candidates for new species. As described ear-
lier, these strains are only 0.3% different by full-length 16S rRNA
gene sequences. However, when the DNA divergence values be-
tween the individual isolates in the C. muytjensii and C. dublinensis
clusters were calculated, many of them were found to be above this
cutoff value (data not shown), a further indication of the wide
diversity within these species.

These divergence patterns were reflected in the phylogenetic
tree (Fig. 1) of the genus as well, thus splitting the C. muytjensii
species into two main clusters and a lone diverse branch (ST34).
The C. dublinensis species showed higher diversity, with two major
clusters and a few independent branches distant from each other.
Previously, this species had been divided into subspecies based on
phenotypic tests (20).

Current taxonomic standards for recognizing new species by
the International Journal for Systematic and Evolutionary Microbi-
ology require a polyphasic analysis, including DNA-DNA hybrid-
ization and phenotypic testing for biochemical traits. Phenotypic
testing and DNA-DNA hybridization analysis of these clusters of
isolates that were conducted by us in the laboratory have not yet
produced biochemical traits that can distinguish between the in-
dependent branches within C. muytjensii and C. dublinensis (S.
Joseph and S. J. Forsythe, unpublished data). The boundaries for
defining a bacterial species have always been a topic of debate (27)
and are ultimately a matter of taxonomic convenience. Hence, a

whole-genome level of analysis should improve our understand-
ing of this intraspecies diversity.

Evolutionary time scale. An evolutionary analysis of the
MLST data set predicts that the Cronobacter genus split from its
closest ancestor in the Enterobacteriaceae family approximately 45
to 68 million years ago, which was the Paleogene period of the
Cenozoic era (Fig. 4). This is when early flowering plants evolved
and coincides with the suspected natural plant habitat of the or-
ganism. Compared with the ages of other members of the Entero-
bacteriaceae family as estimated by similar MLST studies, the evo-
lution of distinguishable Cronobacter species may have occurred
over the same period as the divergence of the Salmonella species
and subspecies after its split from E. coli (33). The earliest branches
of the genus led to C. dublinensis and C. muytjensii. The estimates
of the divergence dates of the individual species were also similarly
calculated and have been denoted on the branches of the tree in
Fig. 4. C. condimenti had to be excluded from this data set because
only one isolate has been identified for this species to date, and
hence, it was not possible to calculate the Ds values for the species.

DISCUSSION

The Cronobacter genus has come to prominence recently due to its
association with life-threatening infections of neonates, necrotiz-
ing enterocolitis, septicemia, and meningitis (4, 5). Our current
knowledge of the virulence and epidemiology of this organism is
limited, and therefore, an improved understanding of the diver-
sity of the genus is warranted.

The use of a set of seven housekeeping genes in MLST has
greater sequence diversity located at seven different loci around
the genome than 16S rRNA gene sequencing and has been applied
to many bacteria (45). We have used a similar approach to study
the diversity of this genus.

Overall, the phylogeny of the genus showed the members of the
species C. sakazakii and C. malonaticus sampled to date to be
tightly clustered and genetically closely related to each other yet
clearly distinguishable, a resolution not previously possible using
16S rRNA gene sequence analysis (2). The dominance of the men-
ingitis-related strains in a single ST (ST4) of C. sakazakii, as well as
the clustering of isolates from milk powder-processing environ-
ments in specific STs, also opens up the possibility of using MLST
as a typing tool for quality control checks in the industry. C. ma-
lonaticus and C. sakazakii also contained other STs (such as ST8)
that are associated with clinical isolates but not so strongly asso-
ciated with neonates or PIF. This may reflect alternative routes of
infection, such as other foods, commensal colonization in the
throat, and the environment (15).

None of the fusA profiles were shared between two or more
species (Fig. 3). Consequently, this locus can be used with two
PCR primer sets to define species of Cronobacter without the am-
biguity of 16S rRNA gene sequence analysis.

Four strains of recently recognized C. universalis were charac-
terized here and were found to cluster with C. turicensis. C. uni-
versalis was previously known as Cronobacter genomospecies 1,
which had been defined based on only two isolates (20, 24). The
recently defined C. condimenti branches as an independent lineage
most closely related to C. dublinensis.

The species C. muytjensii and C. dublinensis showed diverse
branching within each species, with the possibility of high num-
bers of recombination events having occurred. Also, according to
the estimated divergence times (Fig. 4), it appears that the earliest
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FIG 3 Maximum likelihood tree of the fusA alleles (438 bp) of the Cronobacter MLST data set. The numbers at the end of each branch indicate the allelic profiles.
The tree is drawn to scale using MEGA5 with 1,000 bootstrap replicates.
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branches of the genus would have been C. dublinensis and C.
muytjensii. Hence, it can be proposed that high levels of recombi-
nation led to the splits in the Cronobacter genus, which later sta-
bilized and became clonal in the more-recently evolved species
like C. sakazakii and C. malonaticus. These latter two species are
also the ones most associated with human clinical cases, suggest-
ing a role of host adaptation in driving forward the evolution of
the genus Cronobacter (41). Of course, one must keep in mind a
possible bias in this analysis, since C. sakazakii is the most domi-
nant species of the data set and therefore influences the numbers.
Also, most of the C. muytjensii and C. dublinensis STs represent
single strains and may therefore influence the weak clustering.

MLST has proven to be an effective and robust typing scheme
for the Cronobacter genus and has exhibited a high level of dis-
crimination between the isolates. The data obtained have revealed
considerable diversity within the genus as well as in interspecies
relationships. The scheme has also revealed a genetic signature for

neonatal meningitis, highlighting its significance for epidemiolog-
ical studies. Taking into account the stability and portable nature
of the MLST scheme, this database can play an important role in
future Cronobacter species research.
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