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Cronobacter (C.) sakazakii is an opportunistic pathogen and has been associated
with serious infections with high mortality rates predominantly in pre-term, low-birth
weight and/or immune compromised neonates and infants. Infections have been
epidemiologically linked to consumption of intrinsically and extrinsically contaminated
lots of reconstituted powdered infant formula (PIF), thus contamination of such products
is a challenging task for the PIF producing industry. We present the draft genome of
C. sakazakii H322, a highly persistent sequence type (ST) 83, clonal complex (CC) 65,
serotype O:7 strain obtained from a batch of non-released contaminated PIF product.
The presence of this strain in the production environment was traced back more than
4 years. Whole genome sequencing (WGS) of this strain together with four more ST83
strains (PIF production environment-associated) confirmed a high degree of sequence
homology among four of the five strains. Phylogenetic analysis using microarray (MA)
and WGS data showed that the ST83 strains were highly phylogenetically related and
MA showed that between 5 and 38 genes differed from one another in these strains. All
strains possessed the pESA3-like virulence plasmid and one strain possessed a pESA2like plasmid. In addition, a pCS1-like plasmid was also found. In order to assess the
potential in vivo pathogenicity of the ST83 strains, each strain was subjected to infection
studies using the recently developed zebrafish embryo model. Our results showed a
high (90–100%) zebrafish mortality rate for all of these strains, suggesting a high risk
for infections and illness in neonates potentially exposed to PIF contaminated with ST83
C. sakazakii strains. In summary, virulent ST83, CC65, serotype CsakO:7 strains, though
rarely found intrinsically in PIF, can persist within a PIF manufacturing facility for years
and potentially pose significant quality assurance challenges to the PIF manufacturing
industry.
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INTRODUCTION

TABLE 1 | Details of C. sakazakii ST83 strains sequenced in this study.
Strain

Cronobacter is a genus of Gram-negative bacteria of the family
Enterobacteriaceae. These bacteria have been associated with
cases of illnesses in neonates for which fatality rates ranging
between 40 and 80% have been reported (Tall et al., 2014). Clinical
manifestations of infection include necrotizing enterocolitis,
septicemia and neonatal meningitis. Infections in infants have
been epidemiologically linked to consumption of contaminated
batches of reconstituted powdered infant formula (PIF) (Hunter
et al., 2008).
Cronobacter is capable of surviving under extreme desiccation
(high osmotic stress) conditions and it is assumed that this
characteristic contributes to its survival in PIF (and dried milk)
factories, dried food products, and dry environments (Osaili and
Forsythe, 2009; Osaili et al., 2009). Currently there are seven
species described: C. sakazakii, C. malonaticus, C. turicensis,
C. universalis, C. condimenti, C. muytjensii, and C. dublinensis
all of which, except C. condimenti have been noted to cause
infections in humans (Iversen et al., 2008; Joseph et al., 2012a).
Of these species, C. sakazakii has been the most commonly
isolated species from ill patients as well as from PIF products and
production environments (Jolley and Maiden, 2010; Joseph et al.,
2012b).
In April 2016 during routine testing of PIF packed products
that were ready for distribution, a C. sakazakii isolate, H322,
was recovered. A follow-up epidemiological investigation of this
isolate and other isolates obtained from the facility’s production
environment using macro restriction typing (Pulsed Field Gel
Electrophoresis, PFGE) identiﬁed two other isolates which
possessed indistinguishable PFGE patterns with H322, the oldest
isolate dating back to 2012. This result suggested that these
isolates were phylogenetically related and that the strain may have
been persisting within the facility for more than 4 years (Stoller
et al., 2016). Further characterization revealed that the strains
possessed the serotype CsakO:7 LPS and sequence type (ST)
ST83/CC65. In order to obtain further insights into the genes
and features possibly responsible for the long-term persistence
of these strains, whole genome sequencing (WGS), as well as
microarray analysis, was applied to these strains as well as to one
more ST83 isolate with a pulsotype distinct from this persistent
clone. In addition, since no data on the putative pathogenicity
of ST83 strains are available to date, we performed infection
experiments in zebraﬁsh embryos in order to assess information
on the potential in vivo pathogenicity of the strains (Fehr et al.,
2015; Eshwar et al., 2016).

Source

isolation

O-type

ST/CC

H322
A31

PIF product

21.04.2016

O:7

83/65

PIF environment, floor drain

14.06.2012

O:7

83/65

H1191

PIF environment, vacuum cleaner

06.02.2012

O:7

83/65

H2399

PIF environment, vacuum cleaner

07.11.2011

O:7

83/65

H2397

PIF environment, vacuum cleaner

07.11.2011

O:7

83/65

to the ISO/TS22964:2006 method. Isolates were identiﬁed using
the genus- (alpha glucosidase) and species- (rpoB) speciﬁc PCR
assays described by Lehner et al. (2006, 2012) and Stoop et al.
(2009). Strains C. sakazakii ATCC 29544T (C. sakO:1, ST8,
clinical, child’s throat (United States), and NM1242 (C. sakO:4,
ST4, clinical, brain exudate, United States) together with the
non-pathogenic E. coli strain Xl1blue were included in zebraﬁsh
embryo infection studies (Eshwar et al., 2016).

Preparation of Genomic DNA for PCR
Strains were grown in LB (Thermo Fisher Scientiﬁc AG, Zürich)
at 37◦ C overnight and genomic DNA was isolated from 2 ml of
culture using the Qiagen Blood and Tissue Kit according to the
manufacturer’s instructions. 10–20 ng DNA was then used as the
template in 50 µl PCR reactions.

Serotyping PCR
O-antigen serotypes were determined by applying the scheme
proposed by Sun et al. (2011).

Multi-Locus Sequence Typing (MLST)
Multi-locus sequence typing was performed following the
protocol described by Joseph et al. (2012b) or by submitting
genome sequences using the Cronobacter MLST website1
(Jolley and Maiden, 2010). Sequencing of PCR amplicons was
outsourced (Microsynth, Balgach, Switzerland).

Genomic DNA Isolation for WGS and
Microarray Analyses
All strains were grown overnight in a shaker incubator (160 rpm)
at 37◦ C in 5 ml of Trypticase soy broth (BBL, Becton
Dickinson, Franklin Lakes, NJ, United States) supplemented
with 1% NaCl (ﬁnal conc.). Isolation of genomic DNA was
performed on 2 ml cultures using the robotic QIACube
workstation and the automated Qiagen DNeasy technology
(Qiagen, Inc.) following the manufacturer’s recommendations.
Characteristically, 5–50 µg of puriﬁed genomic DNA was
obtained in a ﬁnal elution volume of 200 µl and used for plasmid
typing and WGS analyses. For microarray analysis, the puriﬁed
DNA was further concentrated using an Amicron Ultracel30 membrane ﬁlter (30,000 molecular weight cut-oﬀ, 0.5 ml
Millipore Corp.; Billerica, MA, United States) to a ﬁnal volume
of 10–25 µl as described by Tall et al. (2015).

MATERIALS AND METHODS
Bacterial Strains
The ﬁve ST83 strains investigated in this study were isolated from
PIF product (H322) and production environment (A31, H2399,
H1191, H2397) in Switzerland between 2011 and 2016 during the
routine hygiene monitoring performed by the PIF production
company. The metadata associated with these strains is shown
in Table 1. Putative Cronobacter strains were isolated according
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Microarray Analysis

query and use with in-house perl scripts (will provide to
users upon request). Homologs of conserved genes in these
Cronobacter isolates were ﬁrst identiﬁed using 4255 known
CDS present in the NCBI GenBank annotation of C. sakazakii
BAA-894 (GCA_000017665.1). Multiple sequence alignments to
detect single nucleotide polymorphisms (SNPs) and NeighborJoining (NJ) algorithm based cladistic analysis of the resulting
SNP matrix was carried out using MEGA7 suite (Kumar
et al., 2016). To create a pseudomolecule of the pCS1like native plasmid in H322, the WGS assembly was ﬁrst
mapped to pCS1 sequence (CP012254). The mapping of
contigs was ordered in sequence and combined together to
form an ungapped scaﬀold by manual curation. The resulting
pseudomolecule represented the pCS1-like (pH322) sequences
found in H322. Progressive Mauve implementation using
Geneious 9 suite (Kearse et al., 2012) was used for global
alignment.

The microarray used in this study is an Aﬀymetrix
MyGeneChip Custom Array (Aﬀymetrix design number:
FDACRONOa520845F) which utilizes the whole genome
sequences of 15 Cronobacter strains, as well as 18 plasmids. These
15 strains encompassed all proposed species of Cronobacter.
A ≥ 97% identity threshold level between gene homologs to
positively predict allelic coverage as described by Tall et al.
(2015) was used to design the array. Each gene is represented
on the array by 22 unique 25-mer oligonucleotide probes,
as described by Jackson et al. (2011) and Tall et al. (2015).
Genomic DNA was hybridized, washed in the Aﬀymetrix FS-450
ﬂuidics station, and evaluated on the Aﬀymetrix GeneChip
Scanner 3000 (AGCC software) as described by Jackson et al.
(2011) and as modiﬁed by Tall et al. (2015). All reagents for
hybridizing, staining and washing were made in conjunction
with the Aﬀymetrix GeneChip Expression Analysis Technical
Manual (Aﬀymetrix, 2014). For each genetic locus represented
on the microarray, probe set intensities were assessed using the
Robust MultiArray Averaging (RMA) function in the Aﬀymetrix
package of R-Bioconductor as described by Bolstad et al. (2003).
RMA summarization, normalization, and polishing was done
on the data received and ﬁnal probe set values were determined
as explained by Jackson et al. (2011) and as modiﬁed by Tall
et al. (2015). Gene diﬀerences were determined and phylogenetic
trees were created using the SplitsTree 4 neighbor net joining
method, and scatter plots were used for veriﬁcation of the
RMA-summarized probe set intensities as described by Jackson
et al. (2011) and as modiﬁed by Tall et al. (2015).
R

R

Zebrafish Embryo Infection Model
Husbandry, breeding, bacterial inoculum preparation, and
infection of the embryos was carried out by microinjection of
approx. 50 CFU of bacteria into the yolk sac of 2 dpf embryos
according to the procedure described in the study by Eshwar
et al. (2016). Virulence was assessed by determination of lethality
(30 embryos per experiment/strain) over 72 h post-infection. The
following controls were included: infection with (apathogenic)
E. coli Xl1blue, injections with Delbecco’s Phosphate Buﬀered
Saline (DPBS), and non-injected embryos. The maximum age
reached by the embryos during experimentation was 120 hpf
(72 hpi) for which no license is required from the cantonal
veterinary oﬃce since embryos had not yet reached free feeding
stage.

WGS Assembly and Comparative
Genomic Analysis
Whole genome sequencing was carried out using the MiSeq
platform (Illumina, San Diego, CA, United States), and a
Nextera XT library kit. Trimmed Fastq data sets were de novo
assembled through the CLC Genomics Workbench software
version 7.0 (CLC bio, Aarhus, Denmark). WGS assemblies in
FASTA format were submitted to NCBI under Cronobacter
GenomeTrakr project as described by Grim et al. (2015)
and Chase et al. (2016). Genome annotation was conducted
through the RAST annotation server2 (Aziz et al., 2008;
Overbeek et al., 2014). Genomes were submitted to NCBI
under the Cronobacter GenomeTrakr Project: FDA-CFSAN
bioproject number PRJNA258403 and accession numbers are
given in Table 2. A local BLAST database was built to
2

RESULTS AND DISCUSSION
Strain H322 was isolated from a contaminated batch of nonreleased PIF in April 2016. Subsequent PFGE analysis of
C. sakazakii isolates obtained during the regular monitoring
program performed by the production facility over the last
5 years revealed two more isolates (A31, H1191) exhibiting
indistinguishable PFGE proﬁles, the oldest one dating back to
February 2012 (data not shown). These results suggest that these
strains have been persisting in the production environment for
more than 4 years. Further analysis identiﬁed these strains as
being of serotype O:7 and MLST ST83, CC65. Details on the
strains are given in Table 1.

http://www.nmpdr.org/FIG/wiki/view.cgi/FIG/RapidAnnotationServer

TABLE 2 | Overview of whole genomic characteristics of the C. sakazakii ST83 strains used in this study.
Strain ID

Genome size (mbp)

No. of contigs

%GC content

Number of coding sequences

NCBI Biosample ID

H322

4.6

44

56.7

4,255

SAMN06124518

MRXI00000000

A31

4.5

45

56.8

4,195

SAMN06124505

MRXM00000000

H1191

4.5

45

56.8

4,177

SAMN06124503

MRXQ00000000

H2399

4.5

36

56.8

4,152

SAMN06124500

MRXT00000000

H2397

4.4

143

56.8

4,136

SAMN06124502

MRXV00000000
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with ST83 strain, CsakComp15A, which was obtained from
a dairy powder manufacturing facility located in the United
States. Noted exceptions were ST4 C. sakazakii strains 18_01
and Md1g which clustered with ST8 strains and as a singleton,
ST8 strain Md33g clustered as a singleton, and ST1 strain
Comp62A which clustered with a ST64 cluster, respectively.
These results supports the hypothesis that MA using the over
21,000 Cronobacter genes captured on the microarray are more
resolving than the seven-allele MLST scheme. Gene diﬀerences
among the strains are shown in Supplementary Table S1 and
demonstrate that the number of gene diﬀerences among strains
A31, H3299, H322, and H1191 was between 5 and 38 genes.
Metadata for the strains used in the microarray analysis is
shown in Supplementary Table S2. RMA microarray probe
summarization, visualized in scatter plots, yields a much lower
variance in probe sets where intensities are less than 8 (log2)
(Jackson et al., 2011). By decreasing this variance a more
accurate determination of gene diﬀerences between strains is
achieved. A summary of representative gene diﬀerences for
strains H2399 and H1191 compared to strain H322 are shown
in Figure 2.

Isolates of this ST have been identiﬁed before during
surveillance studies, most notably in environmental samples
from this production facility (Müller et al., 2013; Stoller et al.,
2016), but were rarely reported from other studies investigating
PIF and PIF environmental isolates. In order to obtain a deeper
insight into the genomic organization and the possible basis of
the high persistence of these strains we performed WGS and
microarray analyses on these clonal as well as one more, unrelated
ST83 (H2399) strain. An overview of the WGS sequence data
for the four strains is given in Table 2. Genome sizes ranged
from 4.46 to 4.55 mbp, and their % G+C was approximately
56.8. The number of coding DNA sequences ranged from 4,136
to 4,255.
Microarray analysis of strains H322, A31, H1191 and
H2399 compared to 109 other C. sakazakii strains and one
C. malonaticus strain is shown in Figure 1 (with supporting
information given in Supplementary Tables S1, S2). The
phylogenetic tree was ﬁrst developed using the over 21,000
genes captured on the microarray and then MLST data was
overlaid onto the strain clades. The majority of strains grouped
according to STs. The Swiss ST83 strains clustered together

FIGURE 1 | Phylogenetic Neighbor Net (SplitsTree4) analysis of 114 C. sakazakii and phylogenetically related strains, which were generated from the gene-difference
matrix (Supplementary Tables S1, S2) and then overlaid with sequence types (ST). The microarray experimental protocol as described by Jackson et al. (2011) and
as modified by Tall et al. (2015) were used for the interrogation of the strains for the analysis. The phylogenetic tree illustrates that the Cronobacter microarray could
clearly separate the strains according to species and respective ST. The ST83 strains (∗ ) clustered together along with a single ST83 strain which was obtained from
an United States diary powder manufacturing facility. Bar marker represents 0.01 gene differences.
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FIGURE 2 | Comparative microarray probe set summarization of two Swiss ST83 strains H2399 and H1191 compared to strain H322 using scatter plots showing
RMA summarized probe set intensities from each strain’s data points which are color-coded based on their intensities in H322. The y-axis show the RMA
summarized probe set intensities from H322 (blue) and the x-axis shows the probe set intensities from H2399 and H1191 (red), respectively.

Homologs of 4,024 (of the 4255 genes previously identiﬁed)
C. sakazakii BAA-894 genes conserved in ST83 and other strains
used in the study were identiﬁed by local BLAST analysis as
described earlier. SNPs associated with 37,711 positions across
44 genomes in 1,000 randomly chosen, conserved loci were
detected using a local BLAST database and aligned to create
an un-gapped dataset. A high-conﬁdence unrooted phylogenetic
tree based on the NJ algorithm in MEGA7 program is shown
in Figure 3 (supporting information is given in Supplementary
Table S3) and revealed that the ST83 strains formed their
own distinct cluster. Similar to the microarray-based cladistics
analysis, small but distinct diﬀerences among the lineages of
C. sakazakii strains from food, clinical and environmental
samples are captured in this conserved-loci-based SNPs analysis.
As expected, this high throughput multi loci SNP analysis
was able to group isolates belonging to same ST into distinct
clusters.
Whole genome sequencing analysis also showed that strain
H322 harbors a pESA3/pCTU1-like virulence plasmid, which
was previously found by whole-genome sequencing in strains
C. sakazakii BAA-894 (NC_00978) and C. turicensis z3032
(NC_01328). The pESA3/pCTU1-like plasmid harbored by H322
(107,409 bp) shares 97% identity over a 75% query coverage
when aligned with the pESA3 harbored by C. sakazakii BAA894, and 90% identity of a 58% query coverage when aligned
with C. turicensis z3032’s pCTU1 (Franco et al., 2011). PCR
analysis targeting the prevalence and distribution of plasmid
targets is shown in Table 3 which supports these genomic
ﬁndings (Franco et al., 2011). Additionally, nucleotide sequences
encoding plasmid partitioning proteins ParA and ParB, as well as
the IncFIB plasmid conjugative transfer surface exclusion protein
TraT, were found in H322 (Kucerova et al., 2010; Franco et al.,
2011). Interestingly, the other four strains additionally possessed
the repA gene, signifying that these strains also harbor a pESA3like plasmid. Typical pESA3 plasmid genes such as eitA, iucC,
cpa and some regions of the type six secretion system were
also possessed by these strains. Additionally, strain H1191 was

Frontiers in Microbiology | www.frontiersin.org

found to possess the repA gene encoded on the pESA2-like
plasmid.
In addition to pESA3, the presence of a large plasmid in these
ST83 genomes was also found. Detailed analysis revealed that
this plasmid was signiﬁcantly orthologous to the 110 kb plasmid
pCS1 reported from C. sakazakii NCTC 8155 (Moine et al., 2016).
Using BLAST analysis and manual curation, the WGS contigs
representing about 80% of the pCS1 sequence (CP012254)
in C. sakazakii strain H322, were used to create a gapped
scaﬀold of 89 kbp (pH322_pseudomolecule). In Figure 4, the
pH322 pseudomolecule was aligned with highly conserved pCS1like contigs from NCIM8272 (contig 22-AWFW01000018) and
Csak8399 (contig11-AWSP01000008) using an implementation
of ProgressiveMauve algorithm in Geneious suite 9.1 (Darling
et al., 2010; Kearse et al., 2012). The pCS1-like sequences in
H322 (track 4) is shown to align with C. sakazakii NCTC
8155 pCS1_NCTC 8155 (track 1), C. sakazakii pNCIM8272
(track2) and C. sakazakii 8399 pCsak8399 (track 3). This analysis
showed that large sequence regions within the plasmids typiﬁed
in each track shared signiﬁcant conservation to the reference
(pCS1 plasmid CP012254). None of these sequences showed
any similarity to pESA3 and/or pCTU1 virulence plasmids. In
addition to the ST83 isolates from this study and the two other
strains from this study as illustrated in Figure 3, pCS1-like
sequences are present in C. sakazakii 558 and C. malonaticus
685 genomes (Supplementary Table S2) downloaded from NCBI.
It is evident from this comparative analysis that the pCS1like plasmid found in ST83 strain H322 (and others): (i)
represents a new kind of high-molecular weight plasmid among
C. sakazakii strains orthologous to the recently reported pCS1
(Moine et al., 2016); (ii) belongs to an unknown incompatibility
class but contains a homolog of parB found in S. enterica serovar
Typhimurium plasmid pSTM_Phi (Octavia et al., 2015); and (iii)
may exist in C. sakazakii lineages in addition to pESA3-like
plasmids.
Interestingly, the genome of H322 harbors 43 gene sequences
related to eﬄux-pump activity, such as those from multidrug

5
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FIGURE 3 | Phylogenetic analysis of C. sakazakii strains of different ST: Allelic variations in conserved genes spanning the whole genome were used for this analysis.
Alleles present in homologs of 1000 C. sakazakii strain BAA-894 chromosomal loci (reference gene set for this analysis) in 44 genomes were detected by
BLAST-based workflow (Tall et al., 2015). SNPs in 37,711 positions in these genomes were concatenated and the cladogram was built using Neighbor-Joining
algorithm available on MEGA7 phylogenetic suite (Kumar et al., 2016). The bootstrap consensus (values located on the nodes) in the tree are inferred from 500
replicates. 44 genomes separated into eight STs and multiple clusters reflecting microarray-based clusters. Five ST83 isolates group together with A31 showing
some differences in the cluster confirming other results.
TABLE 3 | Plasmid typing results for the C. sakazakii serotype ST 83 strains analyzed in this study.
PCR reaction results∗
Isolate Name

pESA3

eit

iuc

cpa

1cpa

1T6SS

T6SS IntL

vgrG

T6SSR end

T6SS IntR

1fha

fha

dfha

pESA2

pCTU3

A31

(+)

(+)

(+)

(+)

(+)

(−)

(+)

(−)

(−)

(+)

(+)

(−)

(−)

(−)

(−)

H2399

(+)

(+)

(+)

(+)

(+)

(−)

(+)

(−)

(−)

(+)

(+)

(−)

(−)

(−)

(−)

H2397

(+)

(+)

(+)

(+)

(+)

(−)

(+)

(−)

(−)

(+)

(+)

(−)

(−)

(−)

(−)

H1191

(+)

(+)

(+)

(+)

(+)

(−)

(+)

(−)

(−)

(+)

(+)

(−)

(−)

(+)

(−)

H322

(+)

(+)

(+)

(+)

ND

ND

(+)

(−)

(−)

(−)

(+)

(−)

ND

(−)

(−)

∗ Results

are based on description of PCR amplification of reactions using primers and parameters described by Franco et al., (2011). For example (+) refers to an
amplification of targeted gene; (−) refers to a negative amplification result, and ND refers to not determined. ND results for 1cpa and fha are due to positive PCR findings
of the presence of cpa and the conserved flanking regions of fha in these strains. Negative PCR results for these targets are expected.

C, E, and G, as well as 25
metabolism, transportation,
For comparison, additional
strains by RAST analysis
Table S4.

resistance gene families and superfamilies such as RND,
AcrR (the negatively acting repressor part of the acrRAB
operon), MFS, PET, arsenic, DMT, and MATE. Furthermore,
H322 has eleven alleles related to stress response, including:
degQ and degS, and universal stress protein genes A, B,
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alleles related to polysaccharide
exportation and biosynthesis.
genes found in each of the
are shown in Supplementary
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FIGURE 4 | Comparative genomic analysis to identify pCS1-like sequences: Mauve global alignment of the pCS1-like sequences in H322: (track 4) with C. sakazakii
NCTC 8155 pCS1_NCTC 8155 (track 1), C. sakazakii pNCIM8272 (track2) and C. sakazakii 8399 pCsak8399 (track 3). H322 contigs mapping to pCS1 plasmid
(CP012254) were used to create an artificial molecule to represent pH322 (track 4; pH322_pseudomolecule). This artificial scaffold was compared with pCS1 and
pCS1-like plasmid contigs from strains NCIMB8272 (track2) and Csak8399 (track3). In addition to pESA3-like plasmid, isolates such as strain H322 reported in this
work contain a large plasmid highly comparable to pCS1 plasmid.

FIGURE 5 | Results of the zebrafish embryo infection experiments with five C. sakazakii ST83 strains, the two clinical strains ATCC29544T and NM 1242 as well as
E. coli Xl1 blue.

zebraﬁsh embryo model was adapted for infection studies in
Cronobacter spp. which was intended to meet this requirement
(Fehr et al., 2015; Eshwar et al., 2016). The use of this model
made it possible to analyze strains of non-clinical origin for their
virulence potential in vivo. In the current study the ST83 strains
were subjected to infection studies and the results revealed high
(90–100% lethality within 3 days) virulence potential for these
ST83 strains (Figure 5). As controls, two clinical C. sakazakii
isolates (ATCC 29544T , NM1242) of other STs (ST8 and ST4,

As of now, there are only two ST83 clinical isolates known
which includes one from Israel (1998) and the other from China
(2014) that have been submitted to the Cronobacter pubMLST
site3 (Jolley and Maiden, 2010). Studies on the potential virulence
of C. sakazakii strains have been limited in the past due to the
lack of suitable animal models by which strains and mutants
may be analyzed in a high-throughput manner. In 2015 the
3

http://pubmlst.org/cronobacter/
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critical revision of the manuscript for important intellectual
content.

respectively) as well as E. coli Xl1 blue were included in these
experiments. While the C. sakazakii type strain ATCC29544T
(isolated from a child’s throat) showed 100% lethality in the assay,
the NM1242 (isolated from brain exudate) strain exhibited a
slightly reduced lethality in zebraﬁsh embryos. Infections with
E. coli Xl1 blue (as well as all other controls) were asymptomatic,
as expected. Although – to date – no illnesses have been linked
to infections with ST83 strains, our results cannot rule out a
potential risk for neonates exposed to PIF contaminated with
C. sakazakii ST83 strains.
Infection studies with C. sakazakii of STs other than ST83,
including C. sakazakii ST4 strains, which have been linked to
neonatal infections and are frequently isolated from PIF and
PIF environments, are currently ongoing. The availability of the
H322 genome will enable its comparison with other genomes
of C. sakazakii strains, providing more insights into genetic
features encoding stress resistance, eﬄux pump activity, plasmid
presence, and polysaccharide metabolism that are associated with
this foodborne pathogen.

FUNDING
Funds supporting this work were obtained internally
through United States FDA appropriations and the
University of Zurich. Moreover, this research was also
funded in part by the University of Maryland JIFSAN
Program through a cooperative agreement with the FDA,
#FDU001418.

ACKNOWLEDGMENTS
We would like to acknowledge the student internship programs
of the International Oﬃces of Kyungpook National University,
Daegu, and Gachon University, Gyeonggi, Republic of Korea for
ﬁnancially supporting student interns: HJ and CL, respectively,
We thank the University of Maryland, Joint Institute for Food
Safety and Applied Nutrition (JIFSAN) for supporting JIFSAN
interns SF and FN. We also thank the Oak Ridge Institute for
Science and Education of Oak Ridge, Tennessee for sponsoring
research fellow HRC.

AUTHOR CONTRIBUTIONS
All authors (HRC, GG, AE, AS, CF-F, JG, IP, HNC, HJ, CL,
FN, SF, RS, BT, and AL) contributed to the drafting of the
manuscript. HRC, GG, AE, JG, IP, HNC, HJ, CL, FN, SF, RS, and
BT carried out the data acquisition, analysis and interpretation
of data. AE performed the zebraﬁsh infection experiments and
AE and AL interpreted the results. HRC, GG, AE, JG, IP, HNC,
HJ, CL, FN, SF, and BT performed the whole genome sequencing
and microarray experiments and GG interpreted the results.
All authors contributed to the study concept and design; and

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.01136/full#supplementary-material

REFERENCES

opportunistic pathogen Cronobacter turicensis. Emerg. Microbes Infect. 4:e29.
doi: 10.1038/emi.2015.29
Franco, A. A., Hu, L., Grim, C. J., Gopinath, G., Sathyamoorthy, V., Jarvis,
K. G., et al. (2011). Characterization of putative virulence genes on the related
RepFIB plasmids harbored by Cronobacter spp. Appl. Environ. Microbiol. 77,
3255–3267. doi: 10.1128/AEM.03023-10
Grim, C. J., Gopinath, G. R., Jarvis, K. G., Sathyamoorthy, V., Trach, L. H., Chase,
H. R., et al. (2015). Genome sequence of Cronobacter sakazakii serogroup O:4,
sequence type 4 strain CDC 2009-03746, isolated from a fatal case of infantile
meningitis. Genome Announc. 3:e00492-15. doi: 10.1128/genomeA.004
92-15
Hunter, C. J., Petrosyan, M., Ford, H. R., and Prasadarao, N. V. (2008). Enterobacter
sakazakii: an emerging pathogen in infants and neonates. Surg. Infect. 9,
533–539. doi: 10.1089/sur.2008.006
Iversen, C., Mullane, N., McCardell, B., Tall, B. D., Lehner, A., Fanning, S., et al.
(2008). Cronobacter gen. nov., a new genus to accommodate the biogroups
of Enterobacter sakazakii, and proposal of Cronobacter sakazakii gen. nov.,
comb. nov., Cronobacter malonaticus sp. nov., Cronobacter turicensis sp. nov.,
Cronobacter muytjensii sp. nov., Cronobacter dublinensis sp. nov., Cronobacter
genomospecies 1, and of three subspecies, Cronobacter dublinensis subsp.
dublinensis subsp. nov., Cronobacter dublinensis subsp. lausannensis subsp.
nov. and Cronobacter dublinensis subsp. lactaridi subsp. nov. Int. J. Syst. Evol.
Microbiol. 58, 1442–1447. doi: 10.1099/ijs.0.65577-0
Jackson, S. A., Patel, I. R., Barnaba, T., LeClerc, J. E., and Cebula, T. A. (2011).
Investigating the global diversity of Escherichia coli using a multi-genome DNA
microarray platform with novel gene prediction strategies. BMC Genomics
12:349. doi: 10.1186/1471-2164-12-349

Aﬀymetrix (2014). Expression Analysis Technical Manual, with Specific
Protocols for Use with the Hybridization, Wash, and Stain Kit. Available at:
http://www.aﬀymetrix.com/support/downloads/manuals/expression_analysis_
technical_manual.pdf
Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A., et al.
(2008). The RAST server: rapid annotations using subsystems technology. BMC
Genomics 9:75. doi: 10.1186/1471-2164-9-75
Bolstad, B. M., Irizarry, R. A., Astrand, M., and Speed, T. P. (2003). A comparison
of normalization methods for high density oligonucleotide array data based on
variance and bias. Bioinformatics 19, 185–193. doi: 10.1093/bioinformatics/19.
2.185
Chase, H. R., Gopinath, G. R., Gangiredla, J., Patel, I. R., Kothary, M. H., Carter, L.,
et al. (2016). Genome sequences of malonate-positive Cronobacter sakazakii
serogroup O:2, sequence type 64 strains CDC 1121-73 and GK1025, isolated
from human bronchial wash and a powdered infant formula manufacturing
plant. Genome Announc. 4:e01072-16. doi: 10.1128/genomeA.01072-16
Darling, A. E., Mau, B., and Perna, N. T. (2010). progressiveMauve: multiple
genome alignment with gene gain, loss and rearrangement. PLoS ONE 5:e11147.
doi: 10.1371/journal.pone.0011147
Eshwar, A. K., Tall, B. D., Gangiredla, J., Gopinath, G. R., Patel, I. R., Neuhauss,
S. C. F., et al. (2016). Linking genomo- and pathotype: exploiting the
zebraﬁsh embryo model to investigate the divergent virulence potential among
Cronobacter spp. PLoS ONE 11:e0158428. doi: 10.1371/journal.pone.0158428
Fehr, A., Eshwar, A. K., Neuhauss, S. C., Ruetten, M., Lehner, A., and Vaughan, L.
(2015). Evaluation of zebraﬁsh as a model to study the pathogenesis of the

Frontiers in Microbiology | www.frontiersin.org

8

June 2017 | Volume 8 | Article 1136

Chase et al.

Persistent Cronobacter sakazakii ST83 Strains

Jolley, K. A., and Maiden, M. C. J. (2010). BIGSdb: scalable analysis of bacterial
genome variation at the population level. BMC Bioinformatics 11:595. doi: 10.
1186/1471-2105-11-595
Joseph, S., Cetinkaya, E., Drahovska, H., Levican, A., Figueras, M. J., and Forsythe,
S. J. (2012a). Cronobacter condimenti sp. nov., isolated from spiced meat, and
Cronobacter universalis sp. nov., a species designation for Cronobacter sp.
genomospecies 1, recovered from a leg infection, water and food ingredients.
Int. J. Syst. Evol. Microbiol. 62, 1277–1283. doi: 10.1099/ijs.0.032292-0
Joseph, S., Sonbol, H., Hariri, S., Desai, P., MacClelland, M., and Forsythe, S. J.
(2012b). Diversity of the Cronobacter genus as revealed by multilocus sequence
typing. J. Clin. Microbiol. 50, 3031–3039. doi: 10.1128/JCM.00905-12
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S.,
et al. (2012). Geneious basic: an integrated and extendable desktop software
platform for the organization and analysis of sequence data. Bioinformatics 28,
1647–1649. doi: 10.1093/bioinformatics/bts199
Kucerova, E., Clifton, S. W., Xia, X. Q., Long, F., Porwollik, S., Fulton, L., et al.
(2010). Genome sequence of Cronobacter sakazakii BAA-894 and comparative
genomic hybridization analysis with other Cronobacter species. PLoS ONE
5:e9556. doi: 10.1371/journal.pone.0009556
Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for Bigger Datasets. Mol. Biol. Evol. 33, 1870–1874.
doi: 10.1093/molbev/msw054
Lehner, A., Fricker-Feer, C., and Stephan, R. (2012). Identiﬁcation of the recently
described Cronobacter condimenti by an rpoB gene-based PCR system. J. Med.
Microbiol. 61, 1034–1035. doi: 10.1099/jmm.0.042903-0
Lehner, A., Nitzsche, S., Breeuwer, P., Diep, B., Thelen, K., and Stephan, R. (2006).
Comparison of two chromogenic media and evaluation of two molecular based
identiﬁcation systems for Enterobacter sakazakii detection. BMC Microbiol.
6:15. doi: 10.1186/1471-2180-6-15
Moine, D., Kassam, M., Baert, L., Tang, Y., Barretto, C., Ngom Bru, C., et al. (2016).
Fully closed genome sequences of ﬁve type strains of the genus Cronobacter and
one Cronobacter sakazakii strain. Genome Announc. 4:e00142-16. doi: 10.1128/
genomeA.00142-16
Müller, A., Stephan, R., Fricker-Feer, C., and Lehner, A. (2013). Genetic diversity of
Cronobacter sakazakii isolates collected from a Swiss infant formula production
facility. J. Food Prot. 76, 883–887. doi: 10.4315/0362-028X.JFP-12-521
Octavia, S., Sara, J., and Lan, R. (2015). Characterization of a large novel phage-like
plasmid in Salmonella enterica serovar Typhimurium. FEMS Microbiol. Lett.
362:fnv044. doi: 10.1093/femsle/fnv044
Osaili, T., and Forsythe, S. (2009). Desiccation resistance and persistence of
Cronobacter species in infant formula. Int. J. Food. Microbiol. 136, 214–220.
doi: 10.1016/j.ijfoodmicro.2009.08.006

Frontiers in Microbiology | www.frontiersin.org

Osaili, T. M., Shaker, R. R., Al-Haddaq, M. S., Al-Nabulsi, A. A., and Holley, R. A.
(2009). Heat resistance of Cronobacter species (Enterobacter sakazakii) in milk
and special feeding formula. J. Appl. Microbiol. 107, 928–935. doi: 10.1111/j.
1365-2672.2009.04271.x
Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al.
(2014). The SEED and the rapid annotation of microbial genomes using
subsystems technology (RAST). Nucleic Acids Res. 42, D206–D214. doi: 10.
1093/nar/gkt1226
Stoller, A., Stephan, R., Fricker-Feer, C., and Lehner, A. (2016). Epidemiological
investigation of a powdered infant formula product batch contaminated with
Cronobacter in a Swiss infant formula production facility. Austin Food Sci.
1:1028.
Stoop, B., Lehner, A., Iversen, C., Fanning, S., and Stephan, R.
(2009). Development and evaluation of rpoB based PCR systems to
diﬀerentiate the six proposed species within the genus Cronobacter.
Int. J. Food Microbiol. 136, 165–168. doi: 10.1016/j.ijfoodmicro.2009.
04.023
Sun, Y., Wang, M., Liu, H., Wang, J., He, X., Zeng, J., et al. (2011). Development
of an O-antigen serotyping scheme for Cronobacter sakazakii. Appl. Environ.
Microbiol. 77, 2209–2214. doi: 10.1128/AEM.02229-10
Tall, B. D., Chen, Y., Yan, Q. Q., Gopinath, G. R., Grim, C. J., Jarvis,
K. G., et al. (2014). Cronobacter: an emergent pathogen using meningitis
to neonates through their feeds. Sci. Prog. 97, 154–172. doi: 10.3184/
003685014X13994743930498
Tall, B. D., Gangiredla, J., Gopinath, G. R., Yan, Q., Chase, H. R., Lee, B., et al.
(2015). Development of a custom-designed, pan genomic DNA microarray to
characterize strain-level diversity among Cronobacter spp. Front. Pediatr. 3:36.
doi: 10.3389/fped.2015.00036
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2017 Chase, Gopinath, Eshwar, Stoller, Fricker-Feer,
Gangiredla, Patel, Cinar, Jeong, Lee, Negrete, Finkelstein, Stephan, Tall
and Lehner. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

9

June 2017 | Volume 8 | Article 1136

