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Summary 
 

Cronobacter species (formerly known as Enterobacter sakazakii) are opportunistic 

pathogens that consist of seven species including C. sakazakii, C. malonaticus, C. 

muytjensii, C. turicensis, C. dublinensis, C. universalis, and C. condimenti.  This bacterium 

can cause meningitis, necrotizing enterocolitis, bacteraemia and sepsis, predominantly in 

neonates with an under developed immune system, following the consumption of 

contaminated powdered infant formula (PIF).  Therefore, Cronobacter represents an 

important challenge for the PIF industry. 

The reference method for the detection of Cronobacter takes up to seven days for 

the confirmation by using conventional bacteriological culture.  Thus a detection platform, 

which can provide a reliable result within a shorter time frame, would be desirable for the PIF 

industry.  Such a platform, known as Vitek Immuno Diagnostic Assay System (VIDAS®), was 

investigated for its specificity, sensitivity and accuracy, when Cronobacter was present in 

TSB culture or reconstituted PIF, or in the presence of other non-related competing species.  

Overall, VIDAS® Cronobacter kits can effectively detect most Cronobacter species within a 

20-h period.  This approach may provide a useful basis upon which to improve positive 

release protocols for the PIF industry generally. 

Serotyping often plays an essential role in the identification of bacteria of importance 

to human health.  This strategy is based on the detection of cell surface antigens, thereby 

facilitating the epidemiologic classification of bacteria to the sub-species level.  Previously 

our laboratory described the first two major serotypes for Cronobacter sakazakii, denoted as 

O:1 and O:2.  Efforts in developing new serotyping protocols continue to be reported.  In this 

study, five unique serotypes were identified, including C. turicensis O:3, C. muytjensii O:2, C. 

dublinensis O:1, C. dublinensis O:2, and C. universalis O:1. 

Monitoring the microbial ecology of PIF production sites is an important step in an 

attempt to limit the risk of contamination in the finished food products.  Cronobacter species, 

like other microorganisms can adapt to the production environment.  To date sequence type 

4 (ST-4) has been linked with recorded cases of meningitis, which have been isolated from 

PIF and its production environment.  In this thesis, we reported on a 26-month surveillance 

study performed in an effort to identify and characterise persistent ST type(s), cultured from 

four PIF production facilities, using molecular strategies including target-specific polymerase 

chain reaction (PCR), pulsed-field gel electrophoresis (PFGE), multi-locus sequence typing 

(MLST) and multi-genome microarray.  Phenotypes traits including bacterial motility, biofilm 

formation, as well as morphotypes, were further invesigated on all these isolates.  These 
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phenotypes were considered to be among the most relevant to support bacteria in such 

harsh environments.  Results showed that C. sakazakii serotype O:1, ST-1 was the most 

commonly recognised sequence type in PIF and its production environment.  Significant 

differences were noted based on the phenotypes expressed by ST-1 and -4 isolates.  ST-1 

isolates cultured from PIF, formed a stronger biofilm at both 28 and 37°C when compared to 

ST-4 of clinical origin; while the latter exhibited a higher swim activity and an increased 

Congo red dye binding.  This may represent a form of patho-adaptation.  Understanding how 

this pathogen adapts to the PIF production environment will support targeted improvements 

in food safety measures. 

Cronobacter species is known for its desiccation tolerance, a phenotype that can aid 

bacterial survival in the production site and in PIF itself.  In this study the complete genome 

sequence of one such isolate found to persist in a PIF production facility, denoted as C. 

sakazakii SP291, along with its phenotypic characteristics were reported.  The genome of C. 

sakazakii SP291 consists of a 4.3 Mb chromosome (56.9% GC) along with three plasmids, 

denoted as pSP291-1 (118.1 kb, 57.2% GC), pSP291-2 (52.1 kb, 49.2% GC) and pSP291-3 

(4.4 kb, 54.0% GC).  When compared with C. sakazakii ATCC® BAA-894, which is also of 

PIF origin, the annotated genome sequence identified two interesting functional categories, 

comprising of genes related to the bacterial stress response along with resistance to 

antimicrobial and toxic compounds.  Using phenotypic microarray (PM), a full metabolic 

profile was provided comparing C. sakazakii SP291 with C. sakazakii ATCC® BAA-894.  

These data extend our understanding of the genome of this important neonatal pathogen 

and provide further insights into the genotypes associated with features that can contribute 

to its persistence in the PIF environments. 

Little is known about the mechanisms that Cronobacter species deploy to survive and 

persist in low-moisture environments, including the PIF production environment.  The aim of 

this study was to explore the gene signalling contributing to the survival and persistence 

phenotype in low-moisture environments by using the well-characterised persistent PIF 

environmental isolate, C. sakazakii SP291.  The gene expression profiles related to 

desiccation were investigated using RNA sequencing (RNA-seq).  Overall the most up-

regulated genes were identified and found to be involved in the osmotic stress response.  

These included the ProU system (composed of proV, proX, and proW) and the bet-encoding 

operon (betIAB), all of which have been reported previously in other microorganisms 

including E. coli and Salmonella species.  Interestingly four stress response genes were 

involved with down-regulation, in particular yehW, a gene known to play a role in the 

osmoprotectant uptake system of E. coli.  Our observations from RNA-seq were validated 

using reverse transcription PCR (RT-PCR) with a selected sub-set of these gene targets.  
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Meanwhile a transposon-mutant library was constructed in C. sakazakii SP291 separately.  

Pools of random insertion mutants were similarly desiccated (as for the RNA-seq 

experiment) following series of passages in bacterial culture.  The mutant library was 

screened by transposon-directed insertion site sequencing (TraDIS) and compared against 

the original, to identify those genes that are required to support survival in low-moisture 

conditions.  TraDIS identified 258 genes required for fundamental biological processes, 133 

advantageous genes for growth under standard laboratory conditions as well as 43 

advantageous genes required for growth at the defined environmental conditions.  Some 32 

genes have significant fold-changes after desiccation as assayed by TraDIS.  Comparing the 

data outputs from TraDIS with RNA-seq, 11 genes were mapping by RNA-seq and defined 

as being up-regulated, and 2 genes being greatly down-regulated.  In conclusion, this study 

used two high-throughput technologies to investigate the gene signalling and requirements 

in Cronobacter sakazakii when exposed to low-moisture conditions.  Together these findings 

highlight some of the important biomarkers that need to be further assessed for their roles in 

this process. 

In general data from these studies, will contribute to the future development of 

improved detection and identification strategies for this important neonatal pathogen.  

Furthermore the RNA-seq and TraDIS experiments will provide early insights that can be a 

solid foundation for later studies, to extend our understanding of how this bacterium remains 

viable in a low-moisture food matrix and the environment in which it is often found.  In the 

future these data will contribute to reduce the risk of Cronobacter contamination in PIF and 

its production environments, thereby improving food safety and protecting public health. 
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1.1 Introduction 

Cronobacter (formerly known as Enterobacter sakazakii) species are Gram-negative rod-

shaped, motile pathogenic bacteria of the family Enterobacteriaceae.  These organisms are 

regarded as opportunistic pathogens linked with life-threatening infections predominantly in 

neonates (infants less than four weeks of age) (Bar-Oz et al. 2001; Gurtler et al. 2005; 

Mullane et al. 2007b).  Clinical syndromes of Cronobacter infection include necrotizing 

enterocolitis (NEC), bacteraemia and meningitis, with case fatality rates ranging between 

40 and 80% being reported (Bowen and Braden 2006; Friedemann 2009).  Infections in 

older infants and among immuno-compromised adults, mainly the elderly, have also been 

noted (Bowen and Braden 2006; Gosney et al. 2006; See et al. 2007).  The bacterium has 

been isolated from a range of food sources including dairy-based foods, dried foods such 

as herbal teas, flours, nuts, adult and infant cereals, herbs and spices, dried meats, rice, 

and others (Baumgartner et al. 2009; Chap et al. 2009; Healy et al. 2010).  Surveillance 

studies detected Cronobacter in a variety of different environments including flies, 

households, livestock facilities, food manufacturing operations, in particular powdered infant 

formula (PIF) production facilities (Bar-Oz et al. 2001; Kandhai 2010; Kilonzo-Nthenge et al. 

2012; Mullane et al. 2007a).  Contaminated PIF has been epidemiologically linked with 

many of the infections reported (Bowen and Braden 2006).  Controlling the microbiological 

load in infant food products, and understanding the optimal growth conditions and 

epidemiology would contribute positively towards a reduction in the health risk to vulnerable 

individuals. 

 

1.2 Classification of Cronobacter species 

Cronobacter species were originally referred to as yellow pigmented Enterobacter cloacae, 

later being reclassified as a new species, Enterobacter sakazakii (Farmer et al. 1980).  

Using partial 16S ribosomal DNA (rDNA) and hsp60 sequencing, Iversen et al. (2004b) 

divided 126 Cronobacter isolates into four clusters, suggesting that the genus may require 

re-classification.  Later and following further extensive polyphasic analysis, these organisms 

were proposed into a new genus, Cronobacter species (Iversen et al. 2007b; Iversen et al. 

2008a).  Originally six species (C. sakazakii, C. malonaticus, C. turicensis, C. muytjensii, C. 

dublinensis and C. genomospecies 1) were defined and comprised of 16 biogroups as 

described in Table 1.1.  A new species (C. condimenti) was identified and in addition C. 

universalis now replaces the original C. genomospecies 1 (Joseph et al. 2012a). 
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Table 1.1 Distribution of bio-groups among the genus Cronobacter 

Cronobacter species Bio-groups 

Cronobacter sakazakii sp. nov. 2-4, 7, 8, 11, & 13 
Cronobacter malonaticus sp. nov. 5, 9, & 14 
Cronobacter turicensis sp. nov. 16, 16a, & 16b 
Cronobacter muytjensii sp. nov. 15 
Cronobacter condimenti sp. nov. 1* 
Cronobacter universalis sp. nov. 16c 

Cronobacter dublinensis sp. 
nov. 
 

Cronobacter dublinensis subsp. 
dublinensis subsp. nov. 

12 

Cronobacter dublinensis subsp. 
lausannensis subsp. nov. 10 

Cronobacter dublinensis subsp. 
lactaridi subsp. nov. 6 

Note:  Cronobacter biogroup 1 was originally defined as Cronobacter sakazakii sp. nov. (Iversen et 
al. 2007b; Iversen et al. 2008a), and this was recently reclassified as Cronobacter condimenti sp. 
nov. (Joseph et al. 2012a). 
 

Recently three Enterobacter species (E. pulveris, E. helveticus, and E. turicensis) 

were proposed as new Cronobacter species, being designated as C. pulveris, C. helveticus 

and C. zurichensis respectively according to a multilocus sequence analysis (MLSA) 

scheme, which was based on the partial sequencing of the protein-encoding genes gyrB, 

rpoB, infB and atpD without any further phenotypic characterisations (Brady et al. 2013).  

All three species were oriniginally isolated and characterised as Enterobacter species 

(Stephan et al. 2007; Stephan et al. 2008).  Their origins included fruit powder, infant 

formula and its production environment.  These organisms were excluded from the 

Cronobacter species classification proposed by Iversen et al. (2008b) due to their different 

phenotypic characteristics.  More recent genomic data supported this exclusion (Figure 1.1) 

(Gopinath et al. 2013b; Grim et al. 2013a; Stephan et al. 2013) along with a detailed re-

examnination of taxonomic status of these species (Stephan et al. 2014).  Now these three 

Enterobacter species are designated as Siccibacter turicensis, Franconibacter helveticus, 

and Franconibacter pulveris separately (Stephan et al. 2014).  Nevertheless, all of these 

studies demonstrate the considerable diversity with respect to both geno- and pheno-typic 

characteristics among Cronobacter and its close taxonomic neighbours, as well as the 

complexity and challenges now confronting bacterial taxonomists. 

Phenotypically, Cronobacter consists of a diverse group of Gram-negative bacilli 

that are approximately 3 µm long and 1 µm in diameter; oxidase-negative, catalase-

positive, facultatively anaerobic, and motile by peritrichous flagella.  These organisms 

reduce nitrate, utilise citrate, hydrolyze esculin and arginine, and decarboxylate L-ornithine.  

Acid is produced from utilising a number of mono-, di-, and tri-saccharides, sugar alcohols, 

and deoxy sugars such as D-glucose, sucrose, raffinose, melibiose, cellobiose, D-mannitol,  
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Figure 1.1 Phylogenetic tree of 29 Cronobacter species with genome sequence available 

on NCBI by August 1, 2014 along with two Siccibacter turicensis strains, which were 

originally identified as Enterobacter turicensis and mis-identified as Cronobacter species 

recently.  The neighbour joining phylogenetic tree is based on the alignment of SNPs from 

300 orthologous genes using MEGA6.  The tree is drawn to scale, with branch lengths in 

the same units as those of the evolutionary distances used to infer the phylogenetic tree.  

The scale bar represents 0.1 base substitutions per site.  C. sakazakii 45402 was believed 

to be C. malonaticus, however, mis-identified as C. sakazakii.  This was confirmed by rpoB 

sequence matching to C. malonaticus rpoB locus. 

 

D-mannose, L-rhamnose, L-arabinose, D-xylose, trehalose, galacturonate and maltose.  

They are generally Voges-Proskauer-positive (acetoin produced) and tested negative for 

methyl red, indicating 2, 3-butanediol production, rather than a mixed acid fermentation. 
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Table 1.2 Phenotypic characteristics that differentiate E. turicensis, E. pulveris, and E. helveticus from Cronobacter speciesa 

Phenotype reaction 
Cronobacter spp. Siccibacter Franconibacter 

C. sak C. mal C. dub C. muy C. tur C. con C. uni S. turg F. pulh F. heli 

Voges-Proskauer (VP)c Vb +b + + + + + - - - 

Methyl Redd V -b - - - - - + + + 

Ornithine decarboxylation V V + + + + V - - - 

Arginine dihydrolation + + + + + + + - - - 

Acide from: 

          D-cellobiose + + + + + + + - + - 

D-arabitol - - - - - - - - + - 

Sucrose + + + + + + + - + - 

L-rhamnose + + + + + + + + + - 

Malonate utilisationf - + V + + + V + - + 

Palatinose + + + + + + + - - - 

Note: 
aData derived from Tall et al. (2014).  Negative tests should be incubated for seven days prior to discarding unless otherwise indicated.  Also results of some 
of the phenotypic reactions such as VP, nitrate reduction, ornithine decarboxylation, acid from inositol can be obtained either directly by using the API20E 
strip (bioMérieux, France), or the use of reagents according the manufacturer’s instructions. 
b+, 90-100% positive; V, 20-80% of members of the group are positive; -, 10-20% positive. 
cThe Voges-Proskauer test was performed by adding 40% KOH in water and 5% 1-naphthol in 95% ethanol to cultures incubated for 24 h at 37°C in MR-VP 
broth. 
dThe methyl red test was performed by adding the methyl red reagent (0.1g methyl red per 300 ml 95% ethanol) to cultures grown for 48 h at 37°C in 4 ml of 
MR-VP broth. 
eAcid production from carbohydrates was tested in phenol red broth base with the addition of filtered-sterilised carbohydrate solution (final concentration of 
0.5% in cultures incubated for 24 h at 37°C). 
fMalonate utilisation was determined using sodium malonate broth in cultures incubated for 24 h at 37°C.  
gSiccibacter turicensis was originally identified as Enterobacter turicensis. 
hFranconibacter pulveris was originally identified as Enterobacter pulveris. 
iFranconibacter helveticus was originally identified as Enterobacter helveticus. 
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Growth occurs between 6 and 45°C in brain heart infusion (BHI) broth.  However, current 

isolation schemes recommend using a growth temperature of between 37 and 44°C.  Table 

1.2 describes key phenotypic reactions which separate the seven Cronobacter species from 

one another and from the previously mentioned three Enterobacter species (Tall et al. 2014). 

This revision of the taxonomy was subsequently supported by both optical mapping 

and genome sequencing data (Grim et al. 2013b; Kucerova et al. 2010).  Although C. 

sakazakii and C. malonaticus were found to be closely related and difficult to distinguish by 

16S rDNA sequence analysis, a seven locus (atpD, fusA, glnS, gltB, gyrB, infB, ppsA) 

multilocus sequence typing (MLST) scheme was developed to discriminate between these 

two species (Baldwin et al. 2009). 

Another method of classification used is O-antigen typing and studies describing the 

molecular nature of the O-antigen associated with Cronobacter species have been reported 

(Jarvis et al. 2011; Jarvis et al. 2013; Mullane et al. 2008b; Sun et al. 2011; Sun et al. 2012).  

The O-antigen is a component of the lipopolysaccharide (LPS) structure located on the outer 

surface of Gram-negative bacteria and is responsible for serological diversity.  Mullane et al. 

(2008b) initially developed a molecular serotyping method, based on long-range PCR 

amplification of the rfb-encoding locus (in Gram-negative enteric bacteria located between 

galF and gnd) followed by restriction fragment length polymorphism (RFLP) using MboII as 

shown in Figure 1.2. 

Using this approach a PCR-RFLP profile was generated, which can be compared 

across various isolates.  Based on this approach the first two O-serotypes were 

characterised and denoted as O:1 and O:2 within C. sakazakii.  Later on, another five 

additional O-antigens were serologically identified in C. sakazakii by Sun et al. (2011) and 

these correlated with the previously reported PCR-RFLP profiles.  These molecular-

characterisation schemes were further extended to include other Cronobacter species and 

define new molecular O-serotype gene clusters (Jarvis et al. 2011; Jarvis et al. 2013).  To 

date fifteen Cronobacter serogroups were identified following the comparison of these PCR 

amplification schemes (Yan et al. 2014).  Interestingly, some of the O-serotype gene clusters 

are shared among various species, such as C. sakazakii O:3 and C. muytjensii O:1, along 

with C. malonaticus O:1 and C. turicensis O:1 (Yan et al. 2014).  Meanwhile, the structural 

composition of several O-serotypes has also been described (Arbatsky et al. 2010a; 

Arbatsky et al. 2010b; Arbatsky et al. 2011; Arbatsky et al. 2012; Czerwicka et al. 2010; 

Czerwicka et al. 2013; MacLean et al. 2009a, b; MacLean et al. 2011, 2012; Shashkov et al. 

2011). 
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Figure 1.2 Restriction fragment length profiles of amplified rfb-encoding loci of Cronobacter 

following MboII digestion.  A selection of some of the serotypes previously classified.  Lane 

1, ATCC® BAA 894, C. sakazakii O:1; Lane 2, E830, C. sakazakii O:2; Lane 3, E615, C. 

malonaticus O:1; Lane 4, E618, C. malonaticus O:2; Lane 5, E464, C. dublinensis O:1; Lane 

6, E797, C. universalis O:1; Lane M1, 100 bp DNA ladder (New England Biolabs, UK) and 

Lane M2, 1 kb DNA ladder (New England Biolabs, UK). 

 
1.3 Genomes of the genus Cronobacter 

Sequences of 29 genomes have been made availble online (as of August 1, 2014), five of 

which represent complete sequences (Table 1.3 and Figure 1.1).  The first sequenced 

Cronobacter genome, C. sakazakii ATCC® BAA-894 was published by Kucerova et al. 

(2010).  It revealed a single chromosome of 4.4 Mb (57% GC) along with two plasmids, 
denoted as pESA2 and pESA3 (31 kb, 51% GC and 131 kb, 56% GC respectively).  The 

isolate was cultured from PIF and associated with a fatal outbreak in a neonatal intensive 

care unit in Tennessee, USA in 2001 (CDC 2002; Himelright et al. 2002).  Using 

comparative genomic hybridisation (CGH) techniques, an additional five C. sakazakii 

isolates as well as representative isolates of C. malonaticus, C. turicensis, C. muytjensii and 

C. dublinensis, were included to further investigate the core genome of Cronobacter along 

with other virulence factors.  The genome of C. sakazakii ATCC® BAA-894 was assembled 

into 4,392 genes, of which 4,382 genes were identified using this CGH approach.  Among 

these, forty-three percent of the genes were shared across the five species studied, while 

55% of the genes were found to be unique to C. sakazakii.  A copper and silver resistance  
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Table 1.3 Genome sequencing projects reported for Cronobacter species available at NCBI - August 1, 2014 

Strain ID Size (Mb) GC(%) NCBI Reference Plasmids Scaffolds Gene Protein Release Date Reference 

C. sakazakii ATCC® BAA-894 4.53 56.8 NC_009778.1; 
NC_009780.1; 
NC_009779.1 

pESA2; 
pESA3 

3 4,562 4,422 28/08/2007 Kucerova et al. (2010) 

C. sakazakii ES15 4.27 57.1 NC_017933.1 - 1 4,018 3,916 17/05/2012 Shin et al. (2012) 
C. sakazakii SP291 4.52 56.8 NC_020260.1; 

NC_020262.1; 
NC_020263.1; 
NC_020261.1 

pSP291-1; 
pSP291-2; 
pSP291-3 

4 4,286 4,182 11/02/2013 Yan et al. (2013) 

C. sakazakii E899 3.96 57.5 AFMO01 - 385 3,718 3,629 25/05/2011 Chen et al. (2011) 
C. sakazakii E696 4.99 55.9 CALF01 - 569 4,724 4,659 15/11/2012 Joseph et al. (2012c) 
C. sakazakii E701 4.85 55.8 CALE01 - 768 4,540 4,471 15/11/2012 Joseph et al. (2012c) 
C. sakazakii E680 4.36 56.8 CALG01 - 201 4,218 4,143 15/11/2012 Joseph et al. (2012c) 
C. sakazakii E764 4.44 57.0 AJLA01 - 32 - - 07/06/2013 Grim et al. (2013b) 
C. sakazakii 2151 4.38 57.0 AJKT01 - 60 - - 07/06/2013 Grim et al. (2013b) 
C. sakazakii ES713 4.55 56.7 AJLB01 - 156 - - 07/06/2013 Grim et al. (2013b) 
C. sakazakii ES35 4.35 57.0 AJLC01 - 183 - - 07/06/2013 Grim et al. (2013b) 
C. sakazakii NCIMB 8272 4.58 56.8 AWFW01 - 82 - - 30/08/2013 Masood et al. (2013a) 
C. sakazakii 8399 4.66 56.6 AWSP01 - 33 - - 16/09/2013 Masood et al. (2013b) 
C. sakazakii NBRC 102416 4.55 56.7 BAWU01 - 100 - - 24/04/2014 Hosoyama et al. (2014) 
C. sakazakii HPB5174 4.44 56.9 JNBN01 - 84 4,136 3,993 04/06/2014 Tatusova et al. (2014) 
C. dublinensis 1210 4.6 57.8 CAKZ01 - 221 4,423 4,342 15/11/2012 Joseph et al. (2012c) 
C. dublinensis 582 4.76 57.3 CALA01 - 427 4,516 4,444 15/11/2012 Joseph et al. (2012c) 
C. dublinensis LMG 23823 4.58 57.8 AJKZ01 - 82 - - 07/06/2013 Grim et al. (2013b) 
C. dublinensis LMG 23825 4.45 58.3 AJKX01 - 95 - - 07/06/2013 Grim et al. (2013b) 
C. dublinensis LMG 23824 4.61 57.9 AJKY01 - 105 - - 07/06/2013 Grim et al. (2013b) 
C. turicensis z3032 
  

4.6 57.2 NC_013282.2; 
NC_013283.1; 
NC_013284.1; 
NC_013285.1 

pCTU1; 
pCTU2; 
pCTU3 

4 4,562 4,452 02/10/2009 Stephan et al. (2011) 

C. turicensis 564 4.57 57.2 CALB01 - 114 4,316 4,244 15/11/2012 Joseph et al. (2012c) 
C. malonaticus CMCC 45402 4.56 56.8 NC_023032.1; 

NC_023025.1; 
NC_023024.1 

p1; p2 3 4,417 4,313 09/12/2013 Zhao et al. (2014) 

C. malonaticus 681 4.55 56.5 CALC01 - 171 4,325 4,254 15/11/2012 Joseph et al. (2012c) 
C. malonaticus 507 4.53 56.6 CALD01 - 249 4,246 4,192 15/11/2012 Joseph et al. (2012c) 
C. malonaticus LMG 23826 4.43 56.8 AJKV01 - 127 - - 07/06/2013 Grim et al. (2013b) 
C. condimenti 1330 4.48 55.8 CAKW01 - 155 4,350 4,272 03/12/2012 Joseph et al. (2012c) 
C. muytjensii ATCC® 51329 4.32 57.7 AJKU01 - 72 - - 17/06/2013 Grim et al. (2013b) 
C. universalis NCTC 9529 4.52 57.4 CAKX01 & AJKW01 - 231 4,357 4,285 15/11/2012 Grim et al. (2013b); 

Joseph et al. (2012c) 
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system, which is known to be linked to invasion of blood-brain barrier by neonatal meningitic 

strains of E. coli (Franke et al. 2003), was found to be unique to Cronobacter species (C. 

sakazakii, C. malonaticus, and C. turicensis) that associated with neonatal infections 

(Kucerova et al. 2010).  In additional, multidrug efflux pumps and adhesins encoding genes 

were identified unique to C. sakazakii ATCC® BAA-894 (Kucerova et al. 2010). 

The genome of C. turicensis z3032 (LMG 23827) was published by Stephan et al. 

(2011) in an effort to further determine virulence factors and mechanisms of pathogenicity in 

Cronobacter species following studies from proteomic experiments (Carranza et al. 2009).  

This isolate was linked to the deaths of two newborn infants in Switzerland in 2005, and was 

subsequently cultured from the blood of one child with meningitis (Mange et al. 2006).  In 

this sequenced isolate, the genome was determined to be 4.4 Mb (57% GC) in size and 

contained three plasmids of sizes 138 kb [pCTU1 (56% GC)], 22 kb [pCTU2 (49% GC)] and 

54 kb [pCTU3 (50% GC)].  In all, 4,455 coding sequences were identified, with 223 being 

annotated as virulence- and disease-related genes (Stephan et al. 2011).  Specific virulence 

determinants in C. turicensis comprised of a putative O-antigen gene cluster, putative genes 

for the acquisition of iron and the production of slime, for capsular polysaccharides, and for 

an enterobacterial common antigen, along with genes encoding a flagellum apparatus, pili, a 

probably functional type IV secretion system, and a SecA-dependent pathway, as well as 

effector proteins (Carranza et al. 2009; Stephan et al. 2011). 

The third isolate to be sequenced was C. sakazakii ES15, and this microorganism 

was cultured from ground whole grains (Shin et al. 2012).  The genome consisted of a single 

chromosome of 4.3 Mb (57% GC) and was devoid of any plasmids.  Interestingly, a relatively 

high number of ABC transport systems and phosphotransferase systems (PTS) were 

identified in this genome, which may possibly suggest the existence of efficient nutrient 

uptake systems.  Furthermore, an outer membrane protein A (OmpA), reported to be 

involved in the basolateral invasion of the brain by C. sakazakii was also identified (Kim et 

al. 2010a). 

Another complete genome of C. sakazakii SP291 was published (Power et al. 2013; 

Yan et al. 2013).  This isolate was cultured from a PIF production environment and it 

represented a cluster of isolates, which were found to be persistent in the PIF production site 

during a two-year surveillance study.  The genome of C. sakazakii SP291 included a 4.3 Mb 

chromosome (57% GC) and three plasmids, denoted as pSP291 (118 kb, 57% GC), 

pSP291-2 (52 kb, 49% GC) and pSP291-3 (4 kb, 54% GC).  When compared with the 

previously sequenced C. sakazakii ATCC® BAA-894 (Kucerova et al. 2010), which was also 

of PIF origin, and related to cases of clinical infection, SP291 appeared to express a better 

stress response mechanism as well as resistance to antibiotic and toxic compounds, based 
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on data obtained from a phenotypic microarray (PM) analysis (Yan et al. 2013).  Given the 

fact that C. sakazakii SP291 appeared to adapt to the stressful PIF production environment, 

the osmoprotectant ABC transporters, including YehZYXW, ProP, ProU, and OpuCABCD 

can be expected to play a part in support its survival (Yan et al. 2013), a feature that has 

been functionally confirmed in other microorganisms (Cairney et al. 1985; Checroun and 

Gutierrez 2004; Finn et al. 2013; Frossard et al. 2012).  Furthermore, a greater ability to 

survive in a broader range of heavy metals, as determined from the PM array data, was also 

noted in C. sakazakii SP291, which may be accounted for by its frequent exposure to 

quaternary amonium-containing disinfectants (Yan et al. 2013). 

The latest complete genome sequence to be published was that of C. sakazakii 

CMCC 45402 (Zhao et al. 2014), which was believed to be C. malonaticus based on the 

neighbour-joint likelihood phylogeny (Figure 1.1).  The rpoB gene sequence of C. 

malonaticus matches CMCC 45402 genome completely, which suggests that CMCC 45402 

would be positive for C. malonaticus using rpoB-PCR assay.  This genome included a 4.4 

Mb chromosome (57% GC) with two plasmids of 127 kb (p1) and 56 kb (p2) in length.  The 

isolate was cultured from a milk sample in China.  Genes involved in pathways, such as 

microbial metabolism in diverse environments, purine metabolism, and ABC transporter 

pathways were identified (Zhao et al. 2014). 

Grim et al. (2013b) reported on a comparative genomic analysis of six species of 

Cronobacter in an attempt to understand the evolution of these bacteria and the genetic 

contents of each species.  A total of 3,160 coding sequences (CDS) comprised the core 

genome of the Cronobacter species (Grim et al. 2013b), which was considerably more than 

the initial 1,899 genes identified using CGH analysis across five species (Kucerova et al. 

2010).  Eighty-four dispensable genomic regions (defined as containing genes present in 

two or more strains) were also determined (Grim et al. 2013b).  According to Medini et al. 

(2005), the pan genome consists of the sum of the core genome, which includes all genes 

responsible for the basic aspects of the biology of a species and its major phenotypic traits, 

as well as dispensable genomes, which contributes to the species diversity and may encode 

supplementary biochemical pathways and functions that are not essential for bacterial 

growth but confer selective advantages, such as adaptation to different niches, antibiotic 

resistance, or colonisation of a new host.  Most notably, several type VI secretion system 

gene clusters, transposons that carried tellurium, copper and/or silver resistance genes, 

along with a novel integrative conjugative (ICE) element were identified (Grim et al. 2013b).  

Furthermore, Cronobacter appeared to have diverged into two clusters, one consisting of C. 

dublinensis and C. muytjensii (Cdub-Cmuy) and the other comprised of C. sakazakii, C. 

malonaticus, C. universalis, and C. turicensis (Csak-Cmal-Cuni-Ctur) (Grim et al. 2013b).  
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The Cdub-Cmuy clade contained several accessory genomic regions important for survival 

in a plant-associated environmental niche, while the Csak-Cmal-Cuni-Ctur clade genomes 

harboured numerous virulence-related genetic traits (Grim et al. 2013b). 

To date numerous plasmids have been identified, including pESA2 and pESA3 in C. 

sakazakii ATCC® BAA-894, pCTU1, pCTU2 and pCTU3 in C. turicensis z3032, pSP291-1, 

pSP291-2, and pSP291-3 in C. sakazakii SP291, as well as p1 and p2 in C. malonaticus 

CMCC 45402.  Yan et al. (2013) classified these plasmids into two groups initially, based on 

their similarity following alignments.  With further analysis including new plasmids that were 

identified in more recent sequencing projects, plasmid group 1 now contains pESA3 from C. 

sakazakii ATCC® BAA-894, pSP291-1 from C. sakazakii SP291, p1 from C. malonaticus 

CMCC 45402 and pCTU1 from C. turicensis z3032.  This group carries two arsenical 

resistance genes and several putative virulence genes, including two genetic loci encoding 

iron acquisition systems, namely an ABC transporter gene cluster and an aerobactin or 

cronobactin siderophore receptor gene cluster identified as eitCBAD and iucABCD⁄iutA, 

respectively.  The iucABCD/iutA is reported to be the only active siderophore present in 

Cronobacter previously (Franco et al. 2011b; Grim et al. 2013b).  Additionally plasmid group 

2 now includes pSP291-2 from C. sakazakii SP291, p2 from C. malonaticus CMCC 45402 

and pCTU3 from C. turicensis z3032.  Fifteen heavy metal (copper, cobalt, zinc, cadmium, 

lead, and mercury) resistance genes, an osmosensitive K+ channel histidine kinase gene 

kdpD, and a virulence associated gene vagC were broadly shared among these plasmids.  

Furthermore, the presence of a Cronobacter plasminogen activator-encoding gene (cpa) 

[encoded on pESA3 and pSP291-1], a single RepFIB-like origin of replication gene (repA) 

[encoded on pESA3 and pCTU1], a type VI secretion system (T6SS) [encoded on pESA3], a 

filamentous haemagglutinin/adhesin (FHA) gene locus (located on pCTU1), membrane 

proteins, suppressor of copper-sensitivity (scsA and scsB) [shared among pESA3, p1, and 

pSP291-1], seven arsenical resistance genes (shared between p2 and pCTU3), suggested 

the existence of unique virulence determinants in these species.  Other plasmids, including 

pESA2, pSP291-3, and pCTU2 had no similarity to any of the above groups, as determined 

following their alignments and analysis (Yan et al. 2013). 

 

1.4 Virulence characteristics of Cronobacter species 

Information from epidemiological studies along with in vitro mammalian tissue culture assays 

have shown that Cronobacter isolates demonstrate a variable virulence phenotype (Caubilla-

Barron et al. 2007; Townsend et al. 2007).  Currently, the precise nature of all virulence 

factor(s) in Cronobacter are largely unknown and pathogenicity mechanisms involved have 

only begun to be studied, though data from genome sequencing efforts highlighted several 
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potential markers that may be helpful candidates for investigation (Grim et al. 2013b; 

Kucerova et al. 2010; Shin et al. 2012; Stephan et al. 2011; Yan et al. 2013; Yan et al. 2011; 

Zhao et al. 2014). 

 The first putative virulence factor identified in Cronobacter was reported to be an 

enterotoxin-like molecule produced by four of eighteen isolates studied (Pagotto et al. 2003).  

However, to date the gene for the enterotoxin has not been identfied in any of the genomes 

sequenced.  Using conventional tissue-culture-based assays, Cronobacter is known to 

invade brain capillary endothelial cells, persist in human macrophages wherein it can 

influence cytokine secretion and induce severe brain pathology in the neonatal rat 

(Townsend et al. 2007).  Using Caco-2 epithelial cells, Kim and Loessner (2008) 

demonstrated the penetration of Cronobacter and its invasion-associated properties.  These 

authors reported that the entry and invasion of Cronobacter were dependent on the 

exposure time and its multiplicity of infection and required bacterial de novo protein 

synthesis.  Furthermore, the fact that the presence of actin filaments and microtubule 

structures was required, along with the disruption of tight junctions significantly enhanced 

the initial association with Caco-2 cells and the efficiency of invasion.  These observations 

might indicate the possible explanation for the preferential occurrence of this infection in 

susceptible neonates. 

Kothary et al. (2007) identified a zinc-containing metalloprotease (encoded by the 

zpx gene), a casienolytic protein that caused rounding of Chinese hamster ovary (CHO) 

cells in culture.  In addition, the presence of a putative sodA gene and superoxide dismutase 

(SOD) activity may function to facilitate the resistance of Cronobacter to intracellular 

macrophage oxidase activity, acidic conditions, and it may also contribute to its intracellular 

persistence (Townsend et al. 2007).  Recent findings using MLST shceme identified a highly 

stable sequence type (denoted as ST4) within Cronobacter sakazakii and which was 

responsible for a large proportion of the documented severe neonatal infections, especially 

neonatal meningitis (Joseph and Forsythe 2011).  Franco et al. (2011a) suggested that an 

outer membrane protease (Cpa) encoded on pESA3 maybe an important virulence factor 

involved in serum resistance, and aid in the spread and invasion of C. sakazakii.  Other 

virulence factors that can potentially play a role, include a siderophore-interacting protein 

(sip) and a type III hemolysin (hly) gene (Cruz et al. 2011), a chitinase gene (Yan et al. 

2011), a diguanylate cyclase (DGC) gene (Abdesselam 2012), nanAKT gene clusters 

required for the utilisation of exogenous sialic acid in C. sakazakii (Joseph et al. 2013), a 

conserved stress regulator RpoS, and a nitroreductase gene (nr) (Hussain and Alammar 

2013), along with a flagellar capping protein (FliD), a flagellar transcriptional regulator 

(FlhD), two flagellar motor proteins (MotA and MotB), a muramidase gene involved in the 
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biosynthesis of the flagellum (flgJ), a response regulator (UvrY), the lipid A biosynthesis 

pathway (Lpx), an O-unit flippase (Wzx), and a superoxide dismutase (Sod) (Amalaradjou et 

al. 2014). 

 The outer membrane protein A, encoded by the ompA gene, is probably the best 

characterised virulence marker.  This was originally reported by Nair and Venkitanarayanan 

(2006) as a component target in a rapid detection method for Cronobacter and this gene is 

known to be present in all Cronobacter strains tested.  This ompA-encoding gene was 

subsequently identified as a major fibronectin-binding protein of C. sakazakii required during 

the invasion of brain microvascular endothelial cells (BMEC) in vitro (Nair et al. 2009).  

Similarly, Singamsetty et al. (2008) showed that Cronobacter invasion of human BMEC was 

dependent on the expression of ompA, a phenotype that was also recognised in E. coli K1 

(Prasadarao et al. 1996), though the epitopes involved in the interaction appeared to be 

different.  In additional, Kim et al. (2010a) constructed in-frame OmpX and/or OmpA deletion 

mutants in C. sakazakii using the lambda Red recombination system.  These data showed 

that both proteins play critical roles in bacterial invasion through apical as well as basolateral 

sides of the host cells, and they are also responsible for C. sakazakii transmission into the 

deeper organs, such as liver and spleen.  In a mouse model of necrotizing enterocolitis 

(NEC), Emami et al. (2011) demonstrated that C. sakazakii infection resulted in epithelial 

damage by recruiting greater numbers of dendritic cells (DC) compared to macrophages and 

neutrophils in the gut along with the suppression of DC maturation, which requires ompA 

expression in C. sakazakii. 

 

1.5 Detection protocols 

1.5.1 Conventional bacteriological culture 

The first detection protocol developed for Cronobacter species was described by Muytjens et 

al. (1988).  Based on this protocol, the US-Food and Drug Administration (US-FDA) 

recommended a method designed to isolate and enumerate Cronobacter species 

(Enterobacter sakazakii) from powdered infant formula in 2002 (refered to as the reference 

method) (http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/ucm114665.htm).  In 

2006, the International Organization for Standardization (ISO) and the International Dairy 

Federation (IDF) developed a technical standard protocol for the detection of Cronobacter 

species from milk-based powdered formula, known as ISO/TS 22964 (Anonymous 2006).  

Later on, the US-FDA reference method was improved by combining both a PCR-assay and 

two newly developed chromogenic agars for detection (Chen et al. 2009; Chen et al. 2010; 

Chen et al. 2012; Lampel and Chen 2009).  A comparision of three standard approaches is 

described in Table 1.4.  Briefly, pre-enrichment in either sterile water or buffered peptone  
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Table 1.4 Detection protocols for Cronobacter species in PIF 

Procedure FDA (Reference method 2002) ISO/TS 22964 (2006) FDA (Revised 2012) 

Pre-enrichment Make 1:10 (w/v) of sample in distilled 

water, incubated for 18 ± 2 h at 36 ± 

1°C 

Make 1:10 (w/v) of sample in BPW, incubated at 37°C 

for 18 ± 2 h 

Make 1:10 (w/v) of sample in BPW, 

incubated at 36 ± 1°C for 24  h 

Selective 

Enrichment 

 

Transfer 10 ml pre-enrichment to 90 

ml EE broth, incubated overnight at 36 

± 1°C 

Transfer 100 µl pre-enrichment to 10 ml 

mLST/vancomycin medium, incubated at 44°C for 24 

± 2 h 

Centrifuge 40 ml samples, 4,000 g for 10 

min, discard supertanant and resuspend 

pellets in 200 µl PBS; Spread two 100 µl 

samples onto Brilliance Enterobacter 

sakazakii Agar and R & F Enterobacter 

sakazakii chromogenic agar plates, 

incubated at 36 ± 1°C for 18-24 h 

Selection/ 

Isolation 

Make an isolation streak and spread 

plate from each EE broth onto VRBG 

agar, incubated overnight at 36 ± 1°C 

Streak from the cultured mLST/vancomycin medium 

one loopful on the chromogenic agar in Petri dishes, 

incubated at 44°C for 24 ± 2 h 

Confirmation 

 

Pick five presumptive positive colonies  

and streak onto TSA, incubated at 25 

± 1°C for 48-72 h 

Select five typical colonies and streak on TSA agar, 

incubated at 25°C for 48 ± 4 h 

Pick typical colonies from each agar and 

confirm with real-time PCR, and VITEK 

2.0/ Rapid ID 32 E biochemical tests 

Identification 

 

Yellow colonies are confirmed with the 

API 20E biochemical tests 

Select one yellow colony from each TSA plate for 

biochemical characterisation 

 

Detection Time  5-7 days 6 days 3 days 
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water (BPW) and an overnight incubation (ranging from 18 to 24 h), are requirements for the PIF 

samples to be tested, followed by selective enrichment and subsequent isolation using selective 

agars/media.  Typical colonies are confirmed using a selective agar and/or a suitable real-time 

PCR assay, with the final identification being based on biochemical and/or molecular confirmation 

step.  In the revised US-FDA protocol, there is an enrichment step, which is then followed by a 

molecular method for the quick confirmation.  This approach eliminates two to four days from the 

detection procedure compared to the reference method. 

Selective media for Cronobacter species, including Leuschner−Bew agar (Leuschner and 

Bew 2004), Chromogenic Cronobacter Isolation Agar (optimised from the original Druggan-

Fosythe-Iversen formula) (Iversen et al. 2004a), OK agar (Oh and Kang 2004), R & F 

Enterobacter sakazakii chromogenic plating medium (ESPM) agar (Restaino et al. 2006), 

Chromocult® Enterobacter sakzakii Agar (Merck Millipore, USA), Enterobacter sakazakii Isolation 

Agar (Oxoid, UK), COMPASS Enterobacter sakazakii Agar (Biokar Diagonistic,France) and 

HiCrome™ Cronobacter spp. Agar (Sigma-Aldrich, Switzerland) have all been developed, based 

on the α-glucosidase enzyme marker originally identified by Muytjens et al. (1984) and the β-

cellobiosidase activity (Restaino et al. 2006), which is known to be present in all Cronobacter 

strains.  Moreover, violet red bile agar (VRBA), MacConkey agar and desoxycholate agar, which 

are selective for Gram-negative bacteria, are also available for the isolation of Cronobacter from 

foods (Druggan and Iversen 2009; Forsythe 2010). 

However, despite the availability of selective agar media, some were shown to 

insufficiently support the growth of all Cronobacter strains and other related species, such as 

Franconibacter helveticus, Franconibacter pulveris and Siccibacter turicensis, which are often 

found in the same ecological niches (Iversen and Forsythe 2007).  Therefore, improvements in 

the design of selective media for the isolation and identification of Cronobacter are required. 

O’Brien et al. (2009) described the design of an one-step pre-enrichment and enrichment 

protocol using a chromogenic medium.  In this detection strategy the specific broth developed 

(denoted as Cronobacter enrichment broth [CEB]) facilitated a shortened two-day culture method 

for the detection of Cronobacter species in PIF.  Mullane et al. (2006) utilised a cationic-

magnetic-bead capture technique to improve the sensitivity for the detection of Cronobacter from 

PIF. 

The accuracy and reliability of commercially available identification kits for Cronobacter 

have been questioned, with reports of false-negative and false-positive identifications being 

attributed to kit failures (Iversen and Forsythe 2007; Restaino et al. 2006).  However, the Gen III 
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plate was reported to be a commercially available identification kit that is capable of successfully 

identifying the original six species (Healy 2010).  Quick and realiable platforms for the detection 

of Cronobacter species are in great demand by the PIF industry. 

 

1.5.2 Immuno-based detection protocols 

Immuno-based assays are convenient protocols that can be applied to detect specific bacteria.  

Assays using monoclonal antibodies are widely used in research as rapid detection tools.  These 

approaches can improve the sensitivity and specificity for detection.  Commercial kits based on 

enzyme-linked immunosorbent assay (ELISA) technology have been developed and the VITEK® 

immuno diagnostic assay system (denoted as VIDAS®, bioMérieux, France) has been used as a 

rapid platform for the detection of Salmonella, Escherichia coli O157:H7, Listeria species, 

Campylobacter jejuni and Staphylococcus species enterotoxins.  The VIDAS® Salmonella method 

has been validated and certified by the Association of Official Analytical Chemists (AOAC) as an 

approved method for analysis of Salmonella in foods.  This protocol was also approved by other 

regulatory organisations including Health Canada, the European Microbiological Method 

Assessment Scheme (EMMAS) and German Normalization Institute (DIN).  Research on a 

VIDAS® based Cronobacter kits is currently in progress; early results suggest that the method is 

rapid, reliable and sensitive for the detection of Cronobacter in a range of test matrices (Yan, 

unpublished data). 

 

1.5.3 Molecular-based detection protocols 

Molecular detection techniques have always been regarded as useful tools to extend our 

epidemiology knowledge of an organism.  Usually these assays are designed to target unique 

genes present in the pathogen of interest.  Many of the more recent assay formats are based on 

real-time PCR and several have been designed for the specific detection of Cronobacter species 

(Cai et al. 2013; Dong et al. 2013; Drudy et al. 2006; Fan et al. 2012; Kothary et al. 2007; Malorny 

and Wagner 2005; Nair and Venkitanarayanan 2006; Seo and Brackett 2005; Zhou et al. 2008).  

Targets used include the 16S rDNA gene, 16S-23S rDNA intergenic region, the dnaG gene, the 

ompA gene, the 1, 6 α-glucosidase-encoding gene (gluA) and a zinc-containing methalloprotease 

(zpx) (Table 1.5). 
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Table 1.5 Gene targets useful for the detection of Cronobacter species 

Genus loci Gene targets Reference 

ribosomal DNA (rDNA) 16S rDNA  
23S rDNA 
tRNAGlu  
FISH 

Iversen et al. (2004b); Derzelle and 
Dilasser (2006); Hassan-Rios et al. 
(2013); Iversen et al. (2007b); 
Almeida et al. (2009) 

1,6 α-glucosidase gluA Iversen et al. (2007a) 
MMS operon dnaG Seo and Brackett (2005); Drudy et 

al. (2006) 
Zinc-containing metalloprotease zpx Jaradat et al. (2009) 
Outer membrane protein A ompA Nair and Venkitanarayanan (2006) 
Species loci 
rfb (O-antigen) wehC [Csak O:1] & wehI [Csak O:2] 

wzx/wzy [Csak O:3-O:4,O:7; CturO:1-
O:3; Cmuy O:1; and Cmal O:1 and 
O:2; Cdub O:1 and O:2; Cuni O:1 ] 

Mullane et al. (2008b); Jarvis et al. 
(2011); Jarvis et al. (2013); Sun et 
al. (2011); Sun et al. (2012) 

β-subunit of RNA polymerase rpoB Stoop et al. (2009); Lehner et al. 
(2012) 

Diguanylate cyclase gene cgcA Carter et al. (2013) 
Other gene targets 
RNaseP 
infB (initiation factor) 

rnpA 
infB 

Kucerova et al. (2010) 
Kucerova et al. (2010) 

 

PCR assays targeting species-specific SNPs associated with genes such as rpoB (Lehner 

et al. 2012; Stoop et al. 2009) and cgcA (Carter et al. 2013) have been developed to facilitate the 

detection of all seven known species within the Cronobacter genus.  Figure 1.3 showed the 

applications of these molecular-based protocols for the identification of Cronobacter species.  

Interestingly, using rpoB protocol, C. malonaticus and C. sakazakii could not be differentiated and 

therefore a second PCR reaction was required to accurately identify each of these species.  Yan 

et al. (2011) published a PCR and array-based biomarker verification study for the detection and 

identification of Cronobacter species.  Here, these authors proposed to elucidate virulence 

markers, which may be helpful as biomarkers for differentiating Cronobacter species from other 

food-borne pathogens.  While these putative markers were identified, further validation 

experiments are currently being conducted by the authors. 
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Figure 1.3 A 1.0% agarose gel, showing the amplification of rpoB amplicons used to identify 

seven species of the genus (Lehner et al. 2012; Stoop et al. 2009).  Lane 1, C. sakazakii ATCC® 

BAA-894; Lane 2, C. malonaticus E615 (PCR amplification using rpoB C. sakazakii primer pair); 

Lane 3, C. malonaticus E615 (following with a second PCR amplification using rpoB C. 

malonaticus primer pair); Lane 4, C. muytjensii ATCC® 51329; Lane 5, C. dublinensis E187; Lane 

6, C. turicensis E694; Lane 7, C. universalis E680; Lane 8, C. condimenti 1330; and Lane M, 100 

bp DNA ladder. 

 

Molecular sub-typing has long been regarded as a useful approach that can be applied to 

elucidate the nature of those bacteria colonising a particular ecological niche.  Nazarowec-White 

and Farber (1999) first applied pulsed-field gel electrophoresis (PFGE) to characterise and sub-

type Cronobacter species.  Mullane et al. (2007a) used PFGE to characterise and track 

Cronobacter species in a PIF processing facility.  This study provided a basis for the development 

of efficient intervention measures contributing to the reduction of Cronobacter in the PIF 

manufacturing environment.  Recently, a standardised PFGE protocol for sub-typing Cronobacter 

has been develpoed and validated by PulseNet, a network of national and regional laboratory 

sites dedicated to tracking food-borne infections (Brengi et al. 2012).  Figure 1.4 showed a PFGE 

gel of isolates cultured from PIF and its environments. 

 A significant reduction in both time and cost associated with genome sequencing has 

made molecular detection methods increasingly accessable.  Multiple-locus variable-number 

tandem-repeat analysis (MLVA), was subsequently applied to sub-type a collection of geno- and 

pheno-typically diverse Cronobacter isolates (Mullane et al. 2008c).  Multilocus sequence 

analysis (MLSA) based on recN, rpoA and thdF genes was used in describing the genomic 

similarity of Cronobacter genes by Kuhnert et al. (2009).  El-Sharoud et al. (2009) applied recN 

gene sequence analysis to characterise Cronobacter strains recovered from dried milk and 

related products.  A similar MLST scheme using the following seven housekeeping genes: atpD, 

fusA, glnS, gltB, gyrB, infB, ppsA (3,036 nt concatenated length) has been developed by Baldwin 

    M             1              2            3            4              5              6             7             8             M                bp           

500 

1,000 
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et al. (2009) and a database containing defined sequence types (ST) covering all Cronobacter 

species is currently being maintained at the University of Oxford.  This database and the 

associated MLST protocols can be accessed at www.pubMLST.org/cronobacter.  Recently, the 

scheme has been applied to several epidemiologic investigations, screening for Cronobacter 

species in both commerical infant formula products and in hospitals or industrial environments 

(Gicova et al. 2014; Müller et al. 2013; Pan et al. 2014; Siqueira Santos et al. 2013). 

 

 
Figure 1.4 Pulsed-field gel electrophoresis (PFGE) profiles used to characterise and track 

Cronobacter species in a PIF processing facility.  Lane 1-9, sample 1-9 and Lane M, Salmonella 

Braenderup H9812, molecular marker, genomic DNA digested with XbaI.  The arrow-heads at the 

foot of the image show that these isolates have the same PFGE profile in lanes 4 and 5 and 

would be considered indistinguishable.  Similarly, isolates contained in lanes 8 and 9 have 

another indistinguishable profile cluster. 

 

  Whole-genome sequencing efforts can be expected to facilitate the correct identification 

of the bacterial species being studied; it can also provide detailed information regarding the 

unique geno- and phenotypic features.  Moreover, these approaches can be used for 

comparative purposes in order to rapidly and simultaneously investigate, the presence/absence 

of all annotated genes or coding sequences or/and polymorphisms that may contribute to a 

specific morphology or physiology.  Microarray-based comparative genomic indexing analysis of 

Cronobacter genus was originally performed by Healy et al. (2009) and this study identified 

 M          1           2          3         M          4           5          6         M            7         8            9         M                 kb 
1,135 

452.7 

244.4 

33.3 

138.9 
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species-specific genes that could be evaluated as candidate markers for inclusion in a molecular-

based detection protocol.  More recently, next generation sequencing has been used for the 

comprehensive analysis of 17 Cronobacter genomes in order to better understand the 

pathogenicity and evolution of the genus.  Some 126 unique Cronobacter biomarkers and 

putative virulence factors were identified (Yan et al. 2011).  While this approach might reveal 

species-specific genomic information, in essence, this is a method that will provide much more 

details useful for sub-typing this bacterium. 

 By detecting genus- and species-specific biomarker protein mass patterns, matrix-

assisted laser desorption ionization-time of flight mass spetrometry (MALDI-TOF MS) has 

became a reliable and powerful tool for the rapid detection of Cronobacter strains to the genus 

and species level.  Stephan et al. (2010) tested 54 Cronobacter target strains as well as 17 non-

target strains on MALDI-TOF, all of which were correctly identified. 

 

1.6 Epidemiology of Cronobacter species 

Cronobacter infections are rare and often under-reported, especially in developing and less-

developed countries (Estuningsih and Sani 2007; Friedemann 2009).  Thus the epidemiology of 

Cronobacter species is incomplete and poorly described.  All Cronobacter species, except C. 

condimenti, have been associated with clinical cases of infection in either adults or infants 

(Kucerova et al. 2011).  The majority of infections are in the adult population, and include most 

often bacteraemia, which haven’t been studied in details.  However, only strains from three 

species C. sakazakii, C. malonaticus, and C. turicensis, are known to be linked with neonatal 

infections, which has received considerable attention (Joseph et al. 2012b; Kucerova et al. 2011).  

Historically, the first reported cases of Cronobacter infection were reported in England in 1958 

(Urmenyi and Franklin 1961) and until 2008, there were nearly 120 cases of illness worldwide 

with 29 deaths noted, mostly affecting infants and children less than three years in age 

(FAO/WHO 2008).  In 1998 and 2001, two outbreaks were reported that were linked to the 

intrinsic contamination of PIF.  One of these occurred in Belgium (van Acker et al. 2001) and the 

other in the United States (CDC 2002; Himelright et al. 2002).  In both instances, Cronobacter 

was isolated from unopened cans of PIF together with others that were opened and from the 

same lot used to feed the neonates in each of the two hospitals’ intensive care units. 

Bowen and Braden (2006) first attempted to describe the epidemiology related to these 

infections.  These authors analysed the clinical case notes of 46 invasive infant Cronobacter 

infections reported between 1961 and 2005.  These included 12 infants presenting with 
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bacteraemia, 33 with meningitis, and 1 with a urinary tract infection (UTI).  When analysed, 

infants presenting with bacteraemia had higher birth weights (2,454 g), and a gestational age of 

37 weeks, with infections occurring at a younger age (6 days), compared with those infants 

presenting with meningitis.  Meningitis was reported to have a high mortality rate (42%) and many 

of the survivors (more than 74%) suffer chronic neurological and developmental complications 

(Reij and Zwietering 2007).  Friedemann (2009) analysed 120−150 confirmed neonatal 

Cronobacter-infections based on data published between 2000 and 2008.  The overall lethality 

rates of the 67 invasive infections noted was 26.9%.  Lethality of Cronobacter meningitis, 

bacteraemia and necrotising enterocolitis (NEC) was calculated to be 41.9% (P<0.0001), <10% 

and 19.0% (P<0.05), respectively.  Interestingly this study identified two key risk factors: a longer 

gestational age at birth and parentage not of European origin, as significant factors for a higher 

reporting probability of neonatal Cronobacter meningitis based on a logistic regression models 

(Friedemann 2009).  Jason (2012) analysed 98 cases (including 68 cases reported between 

1958-2004, and a further 30 cases that were documented between 2004 and 2010) of invasive 

Cronobacter disease in children without underlying disorders, of which 99% (95/96) were less 

than two months old.  The author found that the proportion of invasively infected infants with a 

pre-existing disorder/immunodeficiency did not change significantly in the time periods 

between1958-2003 (12%) and 2004-2010 (17%), and the proportions of Cronobacter-infected 

infants who were premature (13%) and/or of low birth weight (8%) were higher than the general 

population rate (<5%).  However, the proportions of cases involving term and normal birth weight 

infants were significantly higher in 2004-2020 (58%), compared with 1958-2003 (11%) (P<0.001) 

[-an infant was considered term if the records indicated that the case and/or the gestational age 

was specified as being at least 37 weeks.  An infant was considered premature if the records 

indicated that the case and/or the gestational age was less than 37 weeks].  Of all infected 

infants, twenty-six percent had received breast milk, 23% ready-to-feed formulas, and 90% 

consumed PIF or human milk fortifier.  Overall, premature and immunocompromised PIF-fed 

neonates continue to be disproportionately represented in reports of invasive Cronobacter 

infection, compared with their proportion in the general population. 

Many infections in newly born babies are transmitted from mother to child through the 

mother’s birth canal, which has long been suspected as a source of Cronobacter infections 

(Kandhai 2010; Townsend and Forsythe 2007).  In most cases, both the route of exposure and 

the incubation period are generally unclear.  Two of the earlier outbreaks demonstrated a clear 

relationship between Cronobacter isolates from infected patients and the isolates cultured from 
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unopened cans of PIF of the same batch consumed by these same patients (Block et al. 2002; 

Clark et al. 1990).  Although PIF is regarded as an important source of this pathogen, 

environmental or extrinsic sources of contamination should not be excluded (Noriega et al. 1990).  

It has been reported that plant material may be the natural habitat for Cronobacter species 

(Schmid et al. 2009).  Moreover, reports on Cronobacter species infections in immuno-

compromised adults (Gosney et al. 2006; See et al. 2007), may indicate other potential sources 

of contamination, such as the home environment or transient carriage states present in adult care 

takers, among others (Kandhai 2010).  It was estimated that the annual incidence rate among the 

low birth weight infants (i.e. weights < 2,500 g; children younger than 12 months of age) was 8.7 

per 100,000 infants in the USA (FAO/WHO 2008).  Similarly, another study estimated an 

incidence rate of 9.4 per 100,000 among very low birth weight infants (i.e. weight < 1500 g) (Stoll 

et al. 2004). 

Additionally, the prevalence of Cronobacter species infections in adults is increased in the 

elderly who have experienced strokes and wherein their abilities to swallow (dysphagia) is 

affected, thereby requiring reconstituted powdered protein supplements as part of their daily diet 

(FAO/WHO 2008; Gosney et al. 2006).  This is a problem that is likely to become more common 

because of the aging of the world’s population, and as trends for consumption of synthetic, 

dehydrated formulas for such patients increases. 

 

1.7 Contamination control in the manufacturing environment 

The presence of Cronobacter in PIF was clearly established in a survey conducted in 35 

countries in which 14% of the cans tested were positive (Muytjens et al. 1988).  In 2004, the Food 

and Agriculture Organization of the United Nations (FAO) and the World Health Organization 

(WHO) convened a meeting to address Cronobacter as an emerging pathogen epidemiologically 

linked to PIF (FAO/WHO 2004).  Later in a similar meeting held in 2008 (FAO/WHO 2008), the 

concern of these organisations was focused on the production of follow-up formula (FUF), which 

is given to older infants (6 months of age or older).  The prevelance of Cronobacter contamination 

in commerical PIF and FUF has been reported to be as high as 12% (Pan et al. 2014). 

Although PIF is most recognised source of Cronobacter species, environmental or 

extrinsic sources of contamination is also of concern (Noriega et al. 1990).  The design of new 

hygienic practices/measures has been an area of research that has progressed more slowley 

compared with other areas due to the nature of Cronobacter biofilm formation and its adhesive 

properties.  It has been known for some time that food contamination often originates from using 
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conventionally clean utensils and equipment for the preparation of infant formula in industrialised 

production, hospitals, day-care centers, food service kitchens and at home (Craven et al. 2010; 

Himelright et al. 2002; Jacobs et al. 2011; Mullane et al. 2008a; Mullane et al. 2007a).  

Commercial liquid chemical disinfectants have shown varying degress of efficacy in eliminating 

the contaminating organism (Condell, unpublished data).  This is further complicated by the 

strain-to-strain resistance of Cronobacter to disinfectants.  Data has shown that the best stategy 

to prevent biofilms from proliferating on food utensils has been to remove all trace amounts of 

infant formula or food, then follow up with the application of a suitable disinfectant (Meyer 2003; 

Simões et al. 2010).  The theory is that infant formula can act as a protective nourishing 

layer/barrier when left on utensils; therefore, removing all food particles from abiotic surfaces will 

increase the lethality of disinfectants. 

Describing the epidemiology of Cronobacter in a PIF production environment, can be 

regarded as a useful first step in an attempt to reduce the bacterial load and control 

dissemination.  Mullane et al. (2008a) investigated Cronobacter species in a powdered milk 

protein manufacturing facility and highlighted the importance attached to the correct installation 

and maintenance of air filters to reduce the dissemination of Cronobacter and other biological 

hazards in the food production setting.  Furthermore, these strategies facilitate the distinction 

between transient colonising bacteria and those that can persist for long periods of time.  These 

latter organisms could be regarded as having adapted to the production environment.  Data from 

on-going surveillance studies identified a Cronobacter sakazakii isolate that demonstrated a 

remarkable phenotype.  This isolate adapted and acquired a tolerance to temperatures of 60ºC 

for periods of time.  The bacterium also remained viable when in a desiccated state for several 

weeks (Cooney 2012).  This finding clearly supports the need to continuously monitor for 

Cronobacter species in the production environment and also to identify those isolates that persist.  

Understanding the molecular mechanisms associated with such characteristics may be helpful as 

a means of eliminating them. 

Walsh et al. (2011) provided further insights into the variability among strains in terms of 

their survival characteristics.  Environmental strains appeared to survive better in dry ingredients 

than clinical isolates, when tested in inulin and lecithin over a 338 day period, indicating that its 

patho-adaptation may contribute to a less desiccation-resistant phenotype (Walsh et al. 2011).  

Also, clinical strains appeared to be more thermotolerant compared with their environmental 

counterparts.  This resistance may be linked to a phenotype involving the production of 
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extracellular polysaccharide (EPS).  Based on these data, the authors proposed that the ability to 

produce EPS decreases its thermotolerant phenotype (Walsh et al. 2011). 

 Farmer et al. (1980) observed that many of the isolates that were studied originally had 

two different colony types referred to as types A and B.  Type A colonies were described as 

‘either dry or mucoid, crenated (notched or scalloped edges), and rubbery when touched with a 

loop’.  Type B colonies were described as possessing ‘a typical smooth colony appearance, 

easily removed with a loop’.  Based on similar descriptions in relation to colonies of Salmonella 

(Anriany et al. 2006), these Cronobacter colony descriptions can be related to those reported by 

Zogaj et al. (2003) as expressing the rugose phenotype.  Various studies using other enteric 

organisms such as Salmonella (Anriany et al. 2006), Vibrio cholerae (Ali et al. 2002) and 

Grimontia hollisae (formerly Vibrio hollisae) (Curtis et al. 2007) have shown that strains 

expressing the rugose phenotype impart: (a) a resistance to desiccation and antimicrobial agents 

such as hypochlorite; (b) an increased ability to form biofilms; and (c) the reversible rugose to 

smooth colony phase variation that was originally described by Farmer et al. (1980).  It has been 

reported that Cronobacter species possesses a bcsABZC operon (Grimm et al. 2008), which is 

required for cellulose expression.  These authors showed that a Cronobacter strain ES5, which 

was used in the development of a bacterial artificial chromosome (BAC) library, possesses the 

genetic machinery for cellulose biosynthesis.  These studies also suggested that the over-

expression of an exopolysaccharide composed of cellulose may play a role in rugosity, but the 

involvement and expression of other bacterial exopolysaccharides in rugosity should not be 

discounted.  Understanding how these phenotypes evolve at a molecular level may facilitate the 

development of strategies to eliminate a persistent population of Cronobacter, when detected.  

Several such strategies have been suggested, which include the use of biocides and natural 

antibacterial compounds, such as essential oils, polyphenols, prebiotics, and others, all of which 

are effective against Cronobacter (Abbasifar et al. 2014; Burt 2004; Joshi et al. 2014; Kim et al. 

2010b; Manach et al. 2004; Quintero et al. 2011; Zuber et al. 2008). 

 

1.8 Biocides to control Cronobacter species 

In attempts to ensure food safety and improve hygiene measures, the use of biocides and 

chemical-based disinfection protocols to control the microbial ecology of the production 

environment is an importance practice, in widespread use throughout the modern food industry.  

Several studies evaluated the ability of Cronobacter to survive treatment with common biocides, 

used for this purpose.  The efficacy of eight commercially available biocide formulations was 



25#

#

evaluated against a collection of 90 Cronobacter species cultured from various origins: food, 

water, clinical and environmental (Condell, unpublished data).  This study determined that each 

biocide formulation was completely effective in killing all Cronobacter strains tested, when 

cultured in a planktonic state, at the working concentration recommended by the manufacturer 

(Figure 1.5, kindly provided by Dr. Orla Condell).  Mean minimum inhibitory concentration (MIC) 

values determined for these biocides ranged from 0.2 to 50% of the recommended working 

concentration.  However, when the biocide formulations were re-analysed for their efficacy 

against surface-dried bacterial cells and Cronobacter contained in a biofilm, they all displayed a 

reduced killing effect.  Five of the biocides tested were ineffective at killing Cronobacter contained 

in a biofilm at twice the reported working concentration and three were unable to eradicate 

surface-dried Cronobacter after an hour of contact time.  These results further emphasised a 

critical need to understand the role of stress responses in Cronobacter species. 

 

 
Figure 1.5 Minimum inhibitory concentration of planktonic Cronobacter measured against eight 

food industry biocide formulations.  (Figure kindly provided by Dr. Orla Condell) 

 

In a similar approach, Kim et al. (2007a) examined the efficacy of 13 disinfectants used in 

hospitals, day-care centres, and food service kitchens for the disinfection of Cronobacter.  The 

authors found that the numbers of cells resistance to disinfectants depended on the composition 

of the disinfectants, the amount and type of organic matrix surrounding these bacterial cells, and 

the exposure time.  Overall the disinfectants had a higher efficiency in killing planktonic cells, 

when compared with cells incubated and dried on a stainless steel surface.  Additionally the 

presence of infant formula and biofilm formation enhanced the resistance to disinfectants. 
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Both of these studies indicated that biofilm or surface dried-associated phenotypes may 

contribute to the persistence of Cronobacter in the production environment.  Cleaning regimes 

should consider this possibility; incorporating control strategies to prevent the development of 

biofilm and surface-dried communities in the food processing environment. 

Other studies, evaluated the use of natural biocides often included as food additives as an 

alternative natural means to control Cronobacter.  Al-Holy et al. (2010) studied the effect of using 

natural biocides as food additives for the control of Cronobacter.  In their study lactic acid (LA), 

copper sulfate and monolaurin were used to inactivate Cronobacter species.  Data showed that 

the use of a synergistic interactive combination of LA and copper sulfate could be beneficial to 

control Cronobacter in PIF industry. 

Although biocides play an important role, their widespread use is not without its risks.  The 

current scientific literature continues to report on the links between the over-use of biocides in the 

clinical and domestic environments and the subsequent selection of bacterial isolates displaying 

an increased tolerance to these agents concomitant with the emergence of cross-resistance to 

clinically important antibiotics.  When evaluated the ability to develop a tolerance to commercial 

food-grade biocide formulations and to active biocidal compounds contained in these products, it 

was found that sub-lethal exposure of Cronobacter failed to increase their tolerance to any of the 

formulations tested or the actives contained therein (Condell, unpublished data).  Nonetheless, 

the potential for selection and dissemination of pathogens, such as Cronobacter in the food 

chain, that have become biocide tolerant, is an area that should be considered and monitored in 

the designing and implementation of cleaning regimes. 

 

1.8.1 Essential oils 

Essential oils, aromatic based liquids derived from plants, have been shown to inhibit food-borne 

pathogens, such as Salmonella species, E. coli O157:H7 and L. monocytogenes (Burt 2004).  

These oils demonstrate a potential for use in the food industry, particularly as consumer demands 

for pathogen-free food along with the minimal use of artificial preservatives continues to increase 

(Burt 2004).  The capacity for the use of essential oils in the control of Cronobacter has been 

evaluated, with work mainly focusing on trans-cinnamaldehyde (TC), a component of bark extract 

from the cinnamon plant (Amalaradjou and Venkitanarayanan 2011c). 

Studies examined the inhibition of Cronobacter on abiotic surfaces (Amalaradjou and 

Venkitanarayanan 2011b) as well as evaluating its use in reducing the tolerance of Cronobacter 

to environmental stresses (Amalaradjou and Venkitanarayanan 2011a).  These studies 
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determined that TC was an effective agent for the inhibition and inactivation of Cronobacter 

biofilms, in the reduction of Cronobacter tolerance to desiccation, acid and osmotic stresses as 

well as in enhancing the killing effect of heat treatments.  Indeed this compound was shown to 

down-regulate genes involved in biofilm formation (Amalaradjou and Venkitanarayanan 2011b) in 

addition to many important stress regulators within the genus, such as rpoS, phoP/phoQ and 

ompR (Amalaradjou and Venkitanarayanan 2011a).  By undertaking a proteomic analysis of the 

outer membrane and whole cell proteins from TC-treated C. sakazakii, these authors determined 

that TC disrupts Cronobacter metabolism; down-regulating proteins involved in amino acid 

metabolism as well as the F0F1 ATPase, thereby disrupting the production of ATP.  TC was also 

found to inhibit proteins involved in active transport across the membrane, flagellar biosynthesis, 

many genes associated with bacterial survival and defence such as catalase, superoxide 

dismutase and metaloprotease, as well as ompA, a known Cronobacter virulence factor involved 

in adherence and invasion (Kim et al. 2010a; Nair et al. 2009).  The ability of TC to interfere with 

proteins associated with motility and survival in the host indicated that it may have an effect on 

Cronobacter virulence (Amalaradjou and Venkitanarayanan 2011c).  More recently these authors 

investigated the efficacy of sub-inhibitory concentrations of TC for reducing C. sakazakii virulence 

in vitro using cell culture, microscopy and gene expression assays (Amalaradjou et al. 2014).  

Their results showed that TC significantly (p<0.05) suppressed C. sakazakii adhesion to and 

invasion of human and rat intestinal epithelial cells, and human brain microvascular endothelial 

cells, as well as reducing its survival and replication in human macrophages.  In additional, TC 

reduced the ability of C. sakazakii causing cell death in rat intestinal cells and more importantly 

significantly down-regulated the virulence genes critical for motility, host tissue adhesion and 

invasion, macrophage survival, and LPS synthesis in C. sakazakii.  These data suggest that TC 

may be a promising agent useful in the control of Cronobacter given its efficacy in attenuating 

virulence factors in C. sakazakii.  Further work is required to identify and verify an appropriate 

application protocol for essential oils in the control of food-borne pathogens. 

 

1.8.2 Polyphenols 

Polyphenols are compounds that are abundant in nature.  They are produced by plants and 

animals and often found in food and soil.  Plants produce polyphenols as a defence mechanism 

to protect against infections, thus many plant polyphenols elaborate an antibacterial activity 

(Manach et al. 2004).  Polyphenols have been evaluated as a potential food additive for the 

control of Cronobacter.  A study by Kim et al. (2010b) concluded that red muscadine juice, a rich 
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source of natural organic, phenolic acids and polyphenol compounds, displayed a 6 log10 

reduction against Cronobacter when exposed at 37°C for 2 h, with tannic acid (polyphenolic acid) 

showing the greatest antimicrobial activity.  This study suggested that the red muscadine juice 

had the potential for use in baby food as an inhibitor of Cronobacter (Kim et al. 2010b).  Similarly 

both blueberry bioactive (blueberry proanthocyanidins) and commerical blueberry juice showed 

an 8 log10 reduction of C. sakazakii after these cells were exposed for an hour (Joshi et al. 2014).  

Although further in vitro studies in food systems as well as in vivo animal feeding studies are 

required before any recommendations can be made, these data indicates the potential use of 

polyphenols as anti-bacterial agents that could be applied for preventing and treating 

Cronobacter infection. 

 

1.8.3 Prebiotics 

Prebiotics have been emerging over recent years as a beneficial food ingredient.  These are 

known to stimulate the growth of beneficial bacteria in the intestine and have been recently 

reported to inhibit bacterial adherence to host cell surfaces in vitro (Gibson et al. 2005).  

Prebiotics, in particular polydextrose (PDX) and galactooligosaccharides (GOS) have been 

evaluated for use in the prevention of infection by Cronobacter.  Quintero et al. (2011) determined 

that both GOS and a PDX/GOS combination had an inhibitory effect on the adherence of 

Cronobacter to intestinal derived cells in tissue culture experiments.  This work indicated that 

these prebiotics are inhibitory during the initial step in the establishment of a Cronobacter 

infection and therefore show some potential in the prevention of Cronobacter related illness 

(Quintero et al. 2011).  Furthermore, prebiotics have the added advantage of being food grade 

agents and further work in this area could be important in the development of prebiotics as a 

natural, non-invasive and safe method for the control of Cronobacter infection. 

 

1.8.4 Other antibacterial molecules or agents 

Thirty-three antimicrobial agents, including antimicrobial peptides (nisin, lacticin 3147, isracidin), 

organic acids, emulsifiers (organic acid esters), glycine, lysozyme, tocopherol, 

ethylenediaminetetraacetic acid (EDTA), milk fat globule membrane, and the lactoperoxidase 

system (LPOS) were evalued against C. sakazakii for its antimicrobial activity in reconstitued PIF 

(Oshima et al. 2012).  The propionic acid and monocaprylin in combination showed the best 

antimicrobial activities.  Furthermore, LPOS combined with lacticin 3147 can inhibit C. sakazakii 
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for 8 h at 37°C, or 12 h when the PIF was rehydrated at 40 or 50°C.  These findings highlight the 

potiential of combinatory approaches to improve the safety of PIF (Oshima et al. 2012). 

Recent experiments have shown great promise in the use of bacteriophages for the 

prevention of Cronobacter contamination (Abbasifar et al. 2014; Drahovska et al. 2013; Kim et al. 

2007b; Sillankorva et al. 2012; Zuber et al. 2008).  Kim et al. (2007b) investigated the biocontrol 

of Cronobacter on six phages isolated from sewage and UV irradiated cultures.  After selection, 

two out of six were carried on for further tests in broth medium and reconstitued PIF.  Both 

phages effectively inhibited the growth of Cronobacter when incubated at 12, 24, or 37°C.  Zuber 

et al. (2008) isolated 67 phages from environmental samples and tested their lytic host range 

against 40 Cronobacter isolates.  A cocktail of five phages prevented the outgrowth of 35 strains 

in artifically contaminated PIF.  Lately, Abbasifar et al. (2014) sucessfully developed a whole-

animal model, using Galleria mellonella larvae for pre-clinical testing of phage efficiency against 

Cronobacter.  Further studies are required in order to transfer this concept into practice.  Such 

studies would include the determination of the complete nucleotide sequence and subsequent 

bioinformatics analysis of these phages, the stability and/or inactivation of phage particles under 

conditions present during/after preparation of PIF, along with a broader evaluation of the range of 

the susceptible hosts (Kim et al. 2007b).  With the safe use of a bacteriophage preparation on 

ready-to-eat meat and poultry products as an antimicrobial agent against Listeria monocytogenes 

approved by FDA in 2006, the proposition of using phages to control Cronobacter’s ubiquity in the 

PIF industry holds some future promise.  

 

1.9 Risk analysis 

The implementation of microbiological criteria is one of the control measures that should be 

employed to reduce the risk of Cronobacter infection associated with PIF.  The FAO and WHO 

have played a leading role in the development of food safety risk models and guidelines, 

particularly towards food-borne pathogen.  A FAO/WHO joint workshop on Cronobacter was 

convened in 2004, in response to a request for scientific advice from the Codex Alimentarius 

Committee on Food Hygiene, to provide information or guidance to PIF manufacturing companies 

and parents in regard to Cronobacter infections (FAO/WHO 2004).  Subsequently, a joint 

FAO/WHO expert meeting on Microbiological Risk Assessment was addressed in 2006 

(FAO/WHO 2006a).  As a result, a web-based joint FAO/WHO expert meetings on 

microbiological risk assessment (JEMRA) Enterobacter sakazakii (Cronobacter species) in PIF 

model was developed to support the risk assessment of PIF contaminated with Cronobacter 
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(http://www.fstools.org/ESAK/Home.aspx).  It explicitly examines the impact of different preparation 

and handling strategies on Cronobacter species in PIF and describes the outputs in terms of the 

relative risk posed to infants.  More importantly, it provides tools to explore the possible impact of 

microbiological criteria through the specification of sampling plans for Cronobacter species in PIF. 

There are several types of sampling plans that can be employed for the microbiological 

testing of PIF.  The most common approach is attribute testing, which can be used to determine 

the presence/absence of Cronobacter.  For any single lot of PIF, the level of contamination and 

the within-lot variability will determine the likelihood that a sample will be positive for Cronobacter 

and thus accepted or rejected.  Three parameters can be used to characterise PIF production: 

the mean log10 concentration (MLC) (cfu/g) of Cronobacter across all PIF lots, the between-lot 

standard deviation (σb) across all PIF lots and the within-lot standard deviation (σw) for individual 

PIF lots.  Therefore, related process controls should be developed according to these 

parameters. 

In recent years, Hazard Analysis and Critical Control Point (HACCP) systems designed 

for prevision and management of contamination has been widely accepted and applied.  HACCP 

programmes are mandatory in the food industry, but infant formula establishments are not 

required at this stage to have quality system standards such as ISO 9000 in place.  Nevertheless, 

all infant forumla industry related manufactures are required to have in place effective good 

manufacturing practice (GMP) and related quality control procedures, which aid these food 

factories to monitor the production line, manage the product quality and further improve products 

and processes, thereby limit contamination by Cronobacter species. 

 

1.10 Future considerations 

Future attention to improve the control of Cronobacter should focus on five aspects as follows 

(FAO/WHO 2004, 2006b): 

− For manufacturers 

• Implementing an effective environmental monitoring programme to control the 

microbiological hazards from raw materials, during the entire processing chain, to the 

final products, so as to minimise the entry of Cronobacter into the PIF environment 

and avoid the growth/persistence of this pathogen in PIF products;  

• Implementing stategies to reduce the concentration and prevalence of Cronobacter in 

the manufacturing environment and PIF products; 
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• Using internationally validated detection and molecular sub-typing methods for the 

isolation of Cronobacter species; 

• Developing a greater range of alternative formula products that are commercially 

sterile for high risk groups; 

• Improving PIF product labels and communicating with consumers to create 

awareness of the correct way for the preparation of PIF products;  

• Supporting research that allows further evalution of the effectiveness of 

Enterobacteriaceae as an indicator organism pointing to conditions in the 

manufacturing environment or final product that have increased potential for 

harbouring Cronobacter species. 

− For governments and intergovernmental bodies 

• Establishing appropriate microbiological specifications for Cronobacter species in PIF 

to guide food manufacturing towards improved control in the quality of their PIF 

products and further reduce the risk of Cronobacter infection; 

• Applying risk assessment strategies during the development of national guidelines for 

the reduction of risks associated with PIF, such as appropriate educational 

programmes; 

• Educating health care professionals to provide high quality training to parents and 

professional caregivers to ensure PIF is prepared, handled and stored properly, in 

particular those who give cares to infants at high risk; 

• Developing guidelines for preparation, use and handling of infant formulas to 

minimum the risk; 

• Encouraging health professionals to investigate and report sources and vehicles 

(including PIF) of infection by Cronobacter species; 

• Investigating outbreaks of Cronobacter infection thoroughly to answer questions 

about the ecology of these organisms and the dose response. 

− For hospitals 

• Using commercial sterile liquid formula or formula which has undergone an effective 

point of use decontamination procedure (e.g. heating reconstituted formula) for high-

risk infants;  

• Educating parents to the fact that PIF is not a sterile product and that even a product 

meeting existing Codex standards can be contaminated with pathogens, which can 

cause serious illness; 
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• Assisting developing countries in establishing effective measures to minimum risk on 

Cronobacter infection. 

− For researchers and public health officials 

• Carrying out continuous research aimed at gaining a better understanding of the 

ecology, virulence, taxonomy and other characteristics of Cronobacter species so as 

to better target risk mitigation strategies and control measures; 

• Developing effective ways to reduce contamination in reconstituted PIF, such as strict 

time-tempreture control on rehydration, decreasing the time of feeding, addition of 

inhibitors, use of biopreservatives and acidification and combining treatments; 

• Devising optimal isolation and identification methods for Cronobacter species, taking 

into account the new research data demonstrating genetic and phenotypic diversity 

across the genus; 

• Revising the code of practice and related text including the microbiological 

specifications to better address the microbiological risks of PIF;  

• Developing effective and rapid Cronobacter detection protocols for the PIF industry; 

• Promoting the use of internationally validated detection and molecular sub-typing 

methods for Cronobacter species, such as the use of Enterobacteriaceae rather than 

coliform testing as an indicator of hygienic control in factories; 

• Establishing laboratory-based domestic along with international networks to alert 

authorities to Cronobacter outbreaks, such as an integrated food safety system 

(IFSS), a mandate put forward by the United States Food Safety and Modernization 

Act of 2011 (US-FSMA), which will house the Pathogen-Annotated Tracking 

Resource Network (PATRN) system (Gopinath et al. 2013a) as a prototype of an 

IFSS; 

• Addressing the particular needs of developing countries in determining disease 

burden and establishing intervention measures for infants who cannot be breast-fed 

for some reason. 

− For consumers 

• Being aware of the health care information related with infants; 

• Obtaining scientifically-grounded assistance from professionals, such as caregivers, 

doctors, PIF researchers. 
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2.1 Abstract 
Cronobacter species (formerly known as Enterobacter sakazakii) are opportunistic pathogens 

that can cause meningitis, necrotizing enterocolitis, bacteraemia and sepsis infection in 

vulnerable neonates following the consumption of contaminated powdered infant formula (PIF).  

The reference method for detection of this bacterium, using conventional bacteriological culture, 

takes up to seven days until the final confirmation.  Thus a detection platform for Cronobacter, 

which can provide a reliable result within a short time frame would be desirable for the PIF 

industry.  A collection of 208 pure isolates as well as spiked PIF samples were tested using the 

Vitek Immuno Diagnostic Assay System (VIDAS®) Cronobacter kits.  The results showed that all 

C. muytjensii, C. malonaticus, C. universalis and C. condimenti were effectively identified using 

VIDAS® Cronobacter kits.  The detection sensitivity for C. sakazakii, C. dublinensis and C. 

turicensis was 99.1, 87.5 and 88.9% respectively.  When the detection time, specificity, sensitivity 

and accuracy of VIDAS® Cronobacter kits were compared with other commercially available 

approaches, including Gen III, iQ-CheckTM and BacTrac & RiboFlow, VIDAS® Cronobacter kits 

can effectively detect most species of Cronobacter and requires the shortest time-duration (20 h).  

When Cronobacter species are competing with other opportunistic pathogens, including 

Enterococcus faecalis, Pantoea agglomerans, Citrobacter freundii, Staphylococcus aureus, 

Bacillus cereus, Enterobacter cloacae, Pseudomonas aeruginosa, the efficiency of VIDAS® 

Cronobacter kits varied from species to species.  In PIF samples spiked with same numbers of 

Cronobacter and Salmonella enterica, Cronobacter grew faster than Salmonella enterica, which 

may explain its dominance in PIF and its environment.  However, the detection limit of VIDAS® 

Cronobacter kits is high, therefore, a pre-enrichment step is important for the successful detection 

of Cronobacter on VIDAS® Cronobacter kits.  Overall, VIDAS® Cronobacter kits can effectively 

detect most Cronobacter species within a short time-duration.  Data from this study will help with 

further antibody development to improve the sensitivity of VIDAS® Cronobacter kits in an effort to 

detect all Cronobacter species effectively using the VIDAS® platform.  This approach may provide 

a useful basis upon which to improve positive release protocols for PIF industry and other foods. 

 

2.2 Introduction 

Cronobacter species (formerly known as Enterobacter sakazakii) are opportunistic pathogens 

that causes meningitis, necrotizing enterocolitis, bacteraemia and sepsis, predominantly in infants 

of less than one month old (Bar-Oz et al. 2001; Farmer et al. 1980).  Infection has been linked to 

the consumption of contaminated powdered infant formula (PIF) in several clinical cases (CDC 
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2002; Clark et al. 1990; Himelright et al. 2002; Simmons et al. 1989; van Acker et al. 2001; Weir 

2002).  Culture-based reference methods currently in use, which include pre-enrichment, 

enrichment, selection, and confirmation, can take up to 7 days prior to getting a definitive result 

(Anonymous 2006; Chen et al. 2009; Chen et al. 2010; Chen et al. 2012; Lampel and Chen 

2009).  This feature represents a major challenge for the global PIF industry.  Therefore, a 

simplified detection platform for Cronobacter capable of providing a reliable result within a short 

time frame would be desirable.  The Vitek Immuno Diagnostic Assay System (VIDAS®) 

(bioMérieux, March l’Étoile, France) is a system developed to perform in vitro immunoassay 

diagnostics automatically.  Protocols using kits for bacterial identification, including Salmonella 

SLM, Immuno-concentrated Salmonella (ICS), Listeria sp. (LIS), Listeria monocytogenes II 

(LMO2), Listeria sp. (LSX), and Staph Enterotoxin II (SET 2), E. coli O157 (ECO) 

(http://www.biomerieux-diagnostics.com) are already commercially available. 

In this study, we characterised 208 isolates along with artificially contaminated PIF 

samples using VIDAS® Cronobacter kits, which are under development as commercial kits, so as 

to investigate the specificity, sensitivity and accuracy as well as assess their utility for application 

to detect Cronobacter species in PIF and its environment.  We directly made a comparison of 

VIDAS® Cronobacter kits with three other commercially available Cronobacter detection 

strategies, in an effort to identify any advantages/disadvantages. 

 

2.3 Materials and methods 

2.3.1 Bacterial culture 

A collection of 208 bacterial isolates including representatives of all seven species of Cronobacter 

and 15 non-Cronobacter species were tested in this study (Table 2.1).  Cronobacter species 

designations were determined according to the classic rpoB method (Lehner et al. 2012; Stoop et 

al. 2009).  This collection includes isolates from clinical, food and the environments. 
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Table 2.1 Characteristics of strains tested in this study, their origin, and the parameters tested 

using VIDAS® Cronobacter kits, including relative fluorescence value (RFV) and final results 

(grey highlighting in the table indicates a false-negative result; yellow highlighting indicates a 

false-positive result) 

Strain ID Species Origin RFV Result 

1330 Cronobacter condimenti Spiced meat 10354 Positive 

E791 Cronobacter dublinensis Human (blood) 78 Negative 

CFS 237 Cronobacter dublinensis Environment 8153 Positive 

E798 Cronobacter dublinensis  Unknown 8277 Positive 

E799 Cronobacter dublinensis  Unknown 8261 Positive 

E187 Cronobacter dublinensis  Unknown 8109 Positive 

E464 Cronobacter dublinensis  Environment (milk powder) 8279 Positive 

E465 Cronobacter dublinensis  Environment (milk powder) 8094 Positive 

E515 Cronobacter dublinensis  Water 8140 Positive 

E633 Cronobacter malonaticus Baby food 8087 Positive 

E684 Cronobacter malonaticus Food 8325 Positive 

E685  Cronobacter malonaticus Food 8360 Positive 

E695 Cronobacter malonaticus Infant food 7993 Positive 

E752 Cronobacter malonaticus Infant food 8159 Positive 

E754 Cronobacter malonaticus Clinical 8157 Positive 

E763 Cronobacter malonaticus Clinical 8308 Positive 

E765 Cronobacter malonaticus Unknown 7995 Positive 

E766 Cronobacter malonaticus Milk powder 8269 Positive 

E772 Cronobacter malonaticus Milk powder 8142 Positive 

E825 Cronobacter malonaticus Breast (abscess) 8417 Positive 

E829 Cronobacter malonaticus Human (blood) 8223 Positive 

E831 Cronobacter malonaticus Clinical 8331 Positive 

E833 Cronobacter malonaticus Clinical 8534 Positive 

E837 Cronobacter malonaticus Neonate (faeces) 7905 Positive 

E868 Cronobacter malonaticus Clinical 8854 Positive 

E902 Cronobacter malonaticus Human (blood) 8354 Positive 

E933 Cronobacter malonaticus Unknown 8020 Positive 

CFS10 Cronobacter malonaticus Acid casein powder 8382 Positive 

CFS174 Cronobacter malonaticus Environment 8826 Positive 

E265 Cronobacter malonaticus Milk powder 8141 Positive 

E266 Cronobacter malonaticus Environment (milk powder) 5370 Positive 

E338 Cronobacter malonaticus Unknown 8589 Positive 

E532 Cronobacter malonaticus Human 8224 Positive 

E608 Cronobacter malonaticus Clinical 8068 Positive 

E615 Cronobacter malonaticus Clinical 7963 Positive 
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Strain ID Species Origin RFV Result 

E618 Cronobacter malonaticus Clinical 8094 Positive 

E621 Cronobacter malonaticus Clinical 7915 Positive 

E769 Cronobacter muytjensii Milk powder 5547 Positive 

E793 Cronobacter muytjensii Human (bone marrow) 8064 Positive 

ATCC® 51329 Cronobacter muytjensii Unknown 8241 Positive 

E488 Cronobacter muytjensii Unknown 8226 Positive 

E616 Cronobacter muytjensii Food 9553 Positive 

338 Cronobacter sakazakii Unknown 8303 Positive 

2688 Cronobacter sakazakii Unknown 1957 Positive 

206N Cronobacter sakazakii Clinical 8342 Positive 

207N Cronobacter sakazakii Clinical 8121 Positive 

208N Cronobacter sakazakii Clinical 8062 Positive 

228N Cronobacter sakazakii Clinical 8241 Positive 

254N Cronobacter sakazakii Clinical 8174 Positive 

255N Cronobacter sakazakii Clinical 8197 Positive 

302N Cronobacter sakazakii Clinical 8075 Positive 

303N Cronobacter sakazakii Clinical 7995 Positive 

304N Cronobacter sakazakii Clinical 8122 Positive 

305N Cronobacter sakazakii Clinical 8302 Positive 

306N Cronobacter sakazakii Clinical 8222 Positive 

A101 Cronobacter sakazakii PIF 7479 Positive 

ATCC® 12868 Cronobacter sakazakii Human 8328 Positive 

ATCC® 29004 Cronobacter sakazakii Unknown 8856 Positive 

ATCC® 29544 Cronobacter sakazakii Human 6675 Positive 

CFS101 Cronobacter sakazakii Unknown 8222 Positive 

CFS155 Cronobacter sakazakii Environment 8472 Positive 

E151 Cronobacter sakazakii Demineralized whey powder 8316 Positive 

E269 Cronobacter sakazakii Environment (milk powder) 8283 Positive 

E272 Cronobacter sakazakii Environment (milk powder) 8119 Positive 

E274 Cronobacter sakazakii Milk powder 8375 Positive 

E280 Cronobacter sakazakii Milk powder 8143 Positive 

E283 Cronobacter sakazakii Milk powder 8127 Positive 

E286 Cronobacter sakazakii Environment (milk powder) 7222 Positive 

E288 Cronobacter sakazakii Environment (milk powder) 8150 Positive 

E290 Cronobacter sakazakii Environment (milk powder) 8103 Positive 

E292 Cronobacter sakazakii Milk powder 8236 Positive 

E298 Cronobacter sakazakii Environment (milk powder) 8162 Positive 

E302 Cronobacter sakazakii Environment (milk powder) 8207 Positive 

E305 Cronobacter sakazakii Environment (milk powder) 7988 Positive 

E309 Cronobacter sakazakii Environment (milk powder) 8929 Positive 
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Strain ID Species Origin RFV Result 

E311 Cronobacter sakazakii Environment (milk powder) 8212 Positive 

E314 Cronobacter sakazakii Environment (milk powder) 9380 Positive 

E327 Cronobacter sakazakii Environment (milk powder) 5806 Positive 

E328 Cronobacter sakazakii Milk powder 8296 Positive 

E393 Cronobacter sakazakii Infant food 8321 Positive 

E456 Cronobacter sakazakii Unknown 8100 Positive 

E468 Cronobacter sakazakii Environment (milk powder) 8281 Positive 

E521 Cronobacter sakazakii Vacuum cleaner 8326 Positive 

E533 Cronobacter sakazakii Human 8334 Positive 

E535 Cronobacter sakazakii Human 8999 Positive 

E536 Cronobacter sakazakii Human 8111 Positive 

E537 Cronobacter sakazakii Human 8094 Positive 

E538 Cronobacter sakazakii Human 9462 Positive 

E539 Cronobacter sakazakii Human 8042 Positive 

E540 Cronobacter sakazakii Human 17 Negative 

E541 Cronobacter sakazakii Human (ear) 8297 Positive 

E542 Cronobacter sakazakii Human (throat) 8186 Positive 

E544 Cronobacter sakazakii Environment (clinical) 8171 Positive 

E545 Cronobacter sakazakii Human (blood) 9448 Positive 

E604 Cronobacter sakazakii Clinical 8191 Positive 

E607 Cronobacter sakazakii Environment (milk powder) 8300 Positive 

E612 Cronobacter sakazakii Human (faeces) 8250 Positive 

E614 Cronobacter sakazakii Environment (milk powder) 8199 Positive 

E620 Cronobacter sakazakii Human (faeces) 8193 Positive 

E622 Cronobacter sakazakii Environment (milk powder) 8212 Positive 

E623 Cronobacter sakazakii Environment (milk powder) 8251 Positive 

E624 Cronobacter sakazakii Environment (milk powder) 7891 Positive 

E627 Cronobacter sakazakii Milk powder 8239 Positive 

E631 Cronobacter sakazakii Baby food 8200 Positive 

E632 Cronobacter sakazakii Infant food 8030 Positive 

E654 Cronobacter sakazakii Clinical 8342 Positive 

E655 Cronobacter sakazakii Clinical 8360 Positive 

E656 Cronobacter sakazakii Clinical 8062 Positive 

E657 Cronobacter sakazakii Clinical 8280 Positive 

E699 Cronobacter sakazakii Infant food 8099 Positive 

E702 Cronobacter sakazakii Milk powder 8324 Positive 

E750 Cronobacter sakazakii Unknown 8403 Positive 

E751 Cronobacter sakazakii Infant food 9967 Positive 

E755 Cronobacter sakazakii Clinical 9614 Positive 

E756 Cronobacter sakazakii Clinical 8000 Positive 
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E758 Cronobacter sakazakii Clinical 8273 Positive 

E760 Cronobacter sakazakii Clinical 7858 Positive 

E764 Cronobacter sakazakii Unknown 7804 Positive 

E767 Cronobacter sakazakii Milk powder 8459 Positive 

E768 Cronobacter sakazakii Milk powder 8158 Positive 

E770 Cronobacter sakazakii Milk powder 8195 Positive 

E771 Cronobacter sakazakii Milk powder 8444 Positive 

E773 Cronobacter sakazakii Milk powder 8267 Positive 

E774 Cronobacter sakazakii Milk powder 8062 Positive 

E775 Cronobacter sakazakii Milk powder 8238 Positive 

E776 Cronobacter sakazakii Milk powder 7964 Positive 

E777 Cronobacter sakazakii Milk powder 8130 Positive 

E778 Cronobacter sakazakii Milk powder 8061 Positive 

E779 Cronobacter sakazakii Milk powder 8149 Positive 

E784 Cronobacter sakazakii Neonate 8233 Positive 

E786 Cronobacter sakazakii Neonate 8454 Positive 

E787 Cronobacter sakazakii Neonate 8372 Positive 

E788 Cronobacter sakazakii Clinical Environment 
(dishwasher brush) 

8233 Positive 

E789 Cronobacter sakazakii Neonate 8074 Positive 

E796 Cronobacter sakazakii Unknown 7911 Positive 

E807 Cronobacter sakazakii Milk powder 8220 Positive 

E811 Cronobacter sakazakii Milk powder 8048 Positive 

E821 Cronobacter sakazakii Milk powder  8193 Positive 

E822 Cronobacter sakazakii Milk powder 8199 Positive 

E823 Cronobacter sakazakii Neonate 8511 Positive 

E827 Cronobacter sakazakii Human (sputum) 7995 Positive 

E828 Cronobacter sakazakii Human (septum) 8251 Positive 

E830 Cronobacter sakazakii Unknown 7997 Positive 

E834 Cronobacter sakazakii Neonate (faeces) 8139 Positive 

E835 Cronobacter sakazakii Neonate (throat) 8009 Positive 

E846 Cronobacter sakazakii Neonate (faeces) 8068 Positive 

E857 Cronobacter sakazakii Milk powder 8156 Positive 

E893 Cronobacter sakazakii Clinical 8425 Positive 

E90 Cronobacter sakazakii Unknown 7889 Positive 

E903 Cronobacter sakazakii Milk powder 5118 Positive 

SP291 Cronobacter sakazakii PIF 10371 Positive 

E888 Cronobacter turicensis Milk powder 0 Negative 

E676 Cronobacter turicensis Food 8432 Positive 

E681 Cronobacter turicensis Food 7872 Positive 

E688 Cronobacter turicensis Food 8067 Positive 
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E694 Cronobacter turicensis Food 8365 Positive 

E866 Cronobacter turicensis Neonate 8292 Positive 

E609 Cronobacter turicensis Food 8259 Positive 

E625 Cronobacter turicensis Infant food 8411 Positive 

E626 Cronobacter turicensis Infant food 8140 Positive 

2684 Cronobacter universalis Unknown 521 Positive 

E680 Cronobacter universalis  Food 8231 Positive 

E797 Cronobacter universalis  Water 7936 Positive 

E413 Enterobacter cloacae Environment (milk powder) -1 Negative 

E436 Enterobacter cloacae Environment (milk powder) -2 Negative 

ATCC® 13047 Enterobacter cloacae Unknown -2 Negative 

E428 Franconibacter helveticus Unknown 9044 Positive 

E429 Franconibacter helveticus Unknown 1739 Positive 

E422 Franconibacter helveticus Unknown 685 Negative 

E435 Franconibacter helveticus Unknown 177 Negative 

E442 Franconibacter helveticus Unknown 79 Negative 

E446 Franconibacter helveticus Unknown 624 Negative 

E450 Franconibacter helveticus Unknown 158 Negative 

E475 Franconibacter helveticus Unknown 244 Negative 

E635 Franconibacter helveticus Unknown 542 Negative 

E719 Franconibacter helveticus Unknown 39 Negative 

Z1129 Franconibacter helveticus Unknown 21 Negative 

Z1159 Franconibacter helveticus Unknown 208 Negative 

Z509 Franconibacter helveticus Unknown 41 Negative 

Z513 Franconibacter helveticus Unknown 14 Negative 

Z517 Franconibacter helveticus Unknown 436 Negative 

Z603 Franconibacter helveticus Unknown 64 Negative 

E441 Franconibacter pulveris Unknown 3630 Positive 

E443 Franconibacter pulveris Unknown 3147 Positive 

Z1160 Franconibacter pulveris Unknown 550 Negative 

 Z516 Franconibacter pulveris Unknown 399 Negative 

Z601 Franconibacter pulveris Unknown 429 Negative 

E444 Franconibacter pulveris Unknown 42 Negative 

E910 Siccibacter turicensis Unknown -1 Negative 

E917 Siccibacter turicensis Unknown -3 Negative 

2972 Enterococcus faecalis Unknown -2 Negative 

ATCC® 11778 Bacillus cereus Unknown -3 Negative 

E94 Citrobacter freundii Food -2 Negative 

E95 Citrobacter freundii Food -1 Negative 

537 Citrobacter freundii Unknown -3 Negative 
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E813 Citrobacter koseri Milk powder 487 Negative 

E814 Citrobacter koseri Neonate (blood) 404 Negative 

ATCC® 259927 Escherichia coli Unknown 1 Negative 

V517 Escherichia coli Unknown 352 Negative 

E103 Klebsiella oxytoca Food -2 Negative 

E738 Klebsiella oxytoca Clinical -2 Negative 

LM 10  Listeria  Unknown -2 Negative 

NCTC 13372 Listeria  Unknown -2 Negative 

573 Pantoea agglomerans Unknown 48 Negative 

ATCC® 9027 Pseudomonas aeruginosa Unknown -1 Negative 

06N1956 Salmonella Unknown -2 Negative 

S1 Salmonella Unknown -1 Negative 

ATCC® 9027 Staphylococcus aureus Unknown 133 Negative 

 

2.3.2 Preparation of bacterial samples 

Single colonies were grown overnight (18 h) in tryptone soy broth (TSB) at 37°C.  These were 

then heated in 2-3 ml volumes for 15 min at 95-100°C in a water bath.  The tubes were then 

cooled to room temperature prior to VIDAS® assay.  The reagents used in the VIDAS® 

Cronobacter assay included proprietary reagents as follows: 

• a VIDAS® solid phase receptacle (SPR), 

• a modified VIDAS® Salmonella (SLM) strip with an empty well (N°6) (Figure 2.1), 

• the enzyme-linked conjugate. 

 

 

 

 

 

Figure 2.1 Representation of a single strip for VIDAS® Cronobacter kits 

 

2.3.3 VIDAS® Cronobacter assay 

All reagents were removed from the refrigerator and allowed to come to room temperature for at 

least 30 minutes.  The bacterial samples were then homogenised and 500 µl of which were 

transferred into the sample well (well N°1, Figure 2.1) on the strip.  Then a 400 µl of Cronobacter 

conjugate was carefully dispensed into well N°6 (Figure 2.1).  The black SPR®s and the strips 
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were inserted into the instrument before commencing testing.  An overview of the procedure flow 

for this assay is shown in Figure 2.2.  Results were obtained in approximately 50 minutes.  The 

sensitivity, specificity, and accuracy were calculated using the following formula. 

 
 

 
Figure 2.2 Overview of the VIDAS® testing protocol 

 

2.3.4 Detection limit of VIDAS® Cronobacter kits 

An overnight TSB culture of C. sakazakii SP291 (appropriately 108 cuf/ml) were serially diluted 

eight times using fresh TSB, infant milk, or reconstituted PIF respectively.  Each dilution was 

treated as a individual sample and tested using VIDAS® Cronobacter kits in duplicate. 

 

Sensitivity (%) = 
Number of true positive 

Number of true positive + Number of false negative 
X 100% 

Specificity (%) = 
Number of true negative 

Number of true negative + Number of false positive 
X 100% 

Accuracy (%) = 
Number of true positive  + Number of true negative 

Number of all isolates 
X 100% 
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2.3.5 Detection of Cronobacter against other competing bacterial flora 

Cronobacter sakazakii 2688 and Cronobacter universalis 2684 were selected to compete against 

other opportunistic pathogens, including Enterococcus faecalis 2972, Pantoea agglomerans 573, 

Citrobacter freundii 537, Staphylococcus aureus ATCC® 27733, Bacillus cereus ATCC® 11778, 

Enterobacter cloacae ATCC® 13047, Pseudomonas aeruginosa ATCC® 9027 (Table 2.1).  Single 

colonies of Cronobacter and competing flora were inoculated into 10 ml TSB broth and grown 

overnight at 37°C.  After overnight enrichment, samples were tested using the VIDAS® 

Cronobacter kits as described above and the BacTrac & RibiFlow approach as described by Zhu 

et al. (2012). 

 

2.3.6 Investigate the potential utility of composite sampling 

Cronobacter sakazakii SP291 and Salmonella enterica Derby 3331 were grown overnight at 37°C 

seperately and then serially dilute to 10-1 cfu/ml.  Selected cell numbers of SP291 and 3331 were 

spiked into one sample as shown in Table 2.4.  These samples were tested for the detection of 

Cronobacter using VIDAS® Cronobacter kits and BacTrac & RiboFlow Cronobacter kits, as well 

as Salmonella using VIDAS® Salmonella kits and BacTrac & RiboFlow Salmonella kits as 

described above.  Meanwhile, samples with the same bacterial cell numbers were incubated 

overnight at 37°C and subsequently tested for the detection of Cronobacter and Salmonella 

similarly. 

 

2.4 Results and discussion 

2.4.1 Detection of pure isolates using VIDAS® Cronobacter kits 

A total of 208 isolates were tested using VIDAS® Cronobacter kits.  Figure 2.3 described the 

detection sensitivity of all seven species.  All C. muytjensii, C. malonaticus, C. universalis and C. 

condimenti were effectively identified.  The detection sensitivity for C. sakazakii, C. dublinensis 

and C. turicensis was 99.1, 87.5 and 88.9% respectively. 

Three Cronobacter isolates were not detected using VIDAS® Cronobacter kits.  This may 

be due to fact that the antibody coated internally on the SPR and used to capture Cronobacter 

antigens was genetrated according to the original two serotypes (C. sakazakii O:1 and O:2) 

developed in UCD-Centre for Food Safety (Mullane et al. 2008).  However, fifteen Cronobacter 

serotypes have now been described (Jarvis et al. 2011; Jarvis et al. 2013; Sun et al. 2012; Sun et 

al. 2011).  Including these new serotypes to create new antibodies may offer a solution to 

positively detect these three Cronobacter isolates. 
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Figure 2.3 Detection of Cronobacter species using the VIDAS® Cronobacter kits 

 

The distribution of non-Cronobacter isolates were listed on Figure 2.4.  VIDAS® 

Cronobacter kits gave false positive results for two Franconibacter helveticus and two 

Franconibacter pulveris strains.  This might be caused by the fact that F. helveticus and F. 

pulveris are closely related with Cronobacter species.  Both species were recently proposed to be 

included in the genus Cronobacter (Brady et al. 2013), however, further whole genome 

sequencing approaches suggest otherwise (Gopinath et al. 2013; Grim et al. 2013; Stephan et al. 

2014).  Therefore, a more specific approach to antibody development is required in order to 

improve the performance of the VIDAS® Cronobacter kits. 

 

 
Figure 2.4 Distribution of 45 non-Cornobacter strains 
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2.4.2 Comparisons of VIDAS® Cronobacter kits with three other commercially available methods 

for the detection of Cronobacter species 

Gen III MicroPlate (Biolog, USA) test panel provides a standard micro-method using 94 

biochemical tests to profile and identify a broad range of Gram-negative and Gram-positive 

bacteria (Bochner 1989).  The Biolog Microbial Identification System software (e.g. OmniLog® 

data Collection) is used to identify the bacterium from its phenotypic pattern in the GNE III 

MicroPlate.  According to Healy (2010), GENIII is a reliable system that facilitates the 

identification of Cronobacter species.  Recently, more rapid detection methods were reported with 

a higher sensitivity and specificity, which included a combination of impedance technology 

(BacTrac 4300 Microbiological Analyzer) and ribosomal RNA based lateral flow assay 

(RiboFlow™) (BacTrac & RiboFlow) (Zhu et al. 2012), along with specific fluorescent 

oligonucleotide probes used to detect target DNA during the amplification by hybridising to these 

genes (iQ-Check) (Baguet et al. 2012).  Using the experimental data from this study along with 

data available from these three publications, comparisions among VIDAS®, GEN III, iQ-Check, 

and BacTrac & RiboFlow were made (Figure 2.5). 

 

 
Figure 2.5 Comparisions of VIDAS, GEN III, iQ-Check, and BacTrac & RiboFlow for the detection 

of Cronoabcter species 

 
VIDAS® Cronobacter kits are the only commercially available protocols that can detect 

Cronobacter species within 20 h.  With 163 Cronobacter and 45 non-Cronobacter tested, the 

specificity, sensitivity, and accuracy of VIDAS® Cronobacter kits are 91.1, 98.2, 96.6% 

respectively.  Six of seven species were tested on GEN III and BacTrac & RiboFlow.  With 60 
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Cronobacter and 30 non-Cronobacter tested, GEN III reported a higher specificity (100%), a 

lower sensitivity (88.3%) and accuracy (92.2%), which requires 42 h for the detection as reported 

by Healy (2010).  BacTrac has low sensitivity and approximately 30% of the samples had to be 

subsequently confirmed by RiboFlow as described by Zhu et al. (2012).  A combined approach 

(using BacTrac and RiboFlow) was found to provide a higher specificity, sensitivity and accuracy 

with 29 h time frame (Zhu et al. 2012).  Fifty-two strains consisting of five Cronobacter species 

and 31 non-Cronobacter strains were unambiguously detected on iQ-Check within 48 h as 

described by Baguet et al. (2012).  When compared with these other platforms, VIDAS® 

Cronobacter kits were the fastest detection strategy with relatively high specificity and sensitivity, 

while iQ-Check and BacTrac & RiboFlow had the highest specificity and sensitivity.  All three 

methods have their potiental for the application to detect Cronobacter species in PIF and 

environmental samples. 

 

2.4.3 Detection limit of the VIDAS® Cronobacter kits 

The detection limit of VIDAS® Cronobacter kits was analysed when Cronobacter was present in 

TSB, infant milk or reconstituted PIF (Table 2.2).  A given cell number is considered as the 

detection limit when it is measured as the lowest number of Cronobacter that can be effectively 

detected by VIDAS® Cronobacter kits.  The detection limit of Cronobacter in TSB was found to be 

105 cfu/ml, compared to 107 cfu/ml in infant milk and reconstituted PIF samples.  These data 

highlighted the fact that pre-enrichment is a necessary step in order to detect Cronobacter 

species in contaminated samples when using the VIDAS® Cronobacter kits.  Compared with TSB, 

infant milk and reconstituted PIF have a higher detection limit. 

 

Table 2.2 Detection limit of the VIDAS® Cronobacter kits when Cronobacter species are present 

in various medium 

Medium 
Cell number(s) of Cronobacter (cfu/ml) 

100 101 102 103 104 105 106 107 108 

TSB − − − − − + + + + 
Infant Milk − − − − − − − + + 
Reconstituted PIF − − − − − − − + + 

Note: ‘+’represents positive detection;  ‘−’ represents negative detection. 
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2.4.4 Detection of Cronobacter against competing flora 

Previously Zhu et al. (2012) reported C. sakazakii 2688 to be an acid and heat-resistant strain, 

while C. universalis 2684 was susceptible to both conditions.  These two strains were selected to 

represent the genus of Cronobacter.  Both strains were spiked with competitive flora and tested 

for Cronobacter using VIDAS® Cronobacter kits, BacTrac & RiboFlow, and ISO/TS 22964 

protocol (Table 2.3). 

 All three methods were able to detect Cronobacter sakazakii successfully in the presence 

of the competing flora, with the exception that VIDAS® Cronobacter kits, which failed to detect the 

spiked Cronobacter sakazakii and Enterobacter cloacae.  BacTrac & RiboFlow combined 

systems could detect Cronobacter universalis against the competing flora, while only two of the 

seven samples detected were positive on VIDAS® Cronobacter kits.  It is possible that 

Cronobacter universalis 2684 exhibited a slower growth rate when competing with other flora, 

however, VIDAS® Cronobacter kits requires a minimum of 105 cfu/ml cell number to enable it to 

successfully detect Cronobacter.  The high detection limit certainly is a disadvantage for the 

application of VIDAS® Cronobacter kits.  Interestingly, the ISO/TS standard protocol missed the 

detection of C. universalis against Enterobacter cloacae ATCC® 13047.  It is unclear, at present 

as to how this might have happened. 

 

Table 2.3 Detection of Cronobacter on samples composite of Cronobacter species and other 

competing bacterial flora using VIDAS® Cronobacter kits 

 Competing Flora VIDAS® BacTrac & RiboFlow ISO/TS 22964 

Cronobacter 
sakazakii  
2688 

Enterococcus faecalis 2972 + + + 
Pantoea agglomerans 573 + + + 
Citrobacter freundii 537 + + + 
Staphylococcus aureus ATCC® 27733 + + + 
Bacillus cereus ATCC® 11778 + + + 
Enterobacter cloacae ATCC® 13047 - + + 
Pseudomonas aeruginosa ATCC® 9027 + + + 

Cronobacter 
universalis  
2684 

Enterococcus faecalis 2972 - + + 
Pantoea agglomerans 573 - + + 
Citrobacter freundii 537 - + + 
Staphylococcus aureus ATCC® 27733 + + + 
Bacillus cereus ATCC® 11778 - + + 
Enterobacter cloacae ATCC® 13047 - + - 
Pseudomonas aeruginosa ATCC® 9027 + + + 

Note: ‘+’represents positive detection;  ‘−’ represents negative detection. 
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2.4.5 Detection of composite samples 

Both Cronobacter and Salmonella enterica belong to the family Enterobacteriaceae and they are 

highly relevant pathogens to PIF producers (FAO/WHO 2006).  Varying cell numbers of 

Cronobacter sakazakii SP291 and Salmonella enterica Derby 3331 were combined in 

reconstituted PIF prior to being detected on both the VIDAS® Cronobacter kits and BacTrac & 

RiboFlow platforms (Table 2.4). 

 

Table 2.4 Detection of Cronobacter on samples composite of various concentration of 

Cronobacter sakazakii SP291 and Salmonella enterica Derby 3331 

Sample composite 
Without Enrichment With Overnight Enrichment 
VIDAS BacTrac & Riboflow VIDAS BacTrac & Riboflow 

C7S0 - + + + 
C6S1 - + + + 
C5S2 - + + + 
C4S3 - + + + 
C3S4 - + + + 
C2S5 - + + + 
C1S6 - - - - 
C0S7 - - - - 

Note: ‘C’ represents Cronobacter sakazakii SP291; ‘S’ represents Salmonella enterica Derby 3331; 
footnote number stands for the cell number in Log10 cfu/ml format; ‘+’represents positive detection;  
‘−’ represents negative detection. 

 
Cronobacter could not be detected in artificially contaminated PIF samples using VIDAS® 

Cronobacter kits, even at a starting concentration of 107 cfu/ml Cronobacter, though the detection 

limit of VIDAS® Cronobacter kits in PIF was 107 cfu/ml.  Interestingly, BacTrac & RiboFlow 

effectively detected Cronobacter at 102 cfu/ml, regardless of the fact that there was 105 cfu/ml of 

Salmonella in the bacterial mixture.  After being enriched for 18 h at 37°C, both VIDAS® 

Cronobacter kits and BacTrac & RiboFlow were found to detect Cronobacter effectively at 

numbers of 102 cfu/ml.  This showed that when the cell number is 100,000 times higher, 

Salmonella enterica could outcompete Cronobacter, thereafter acting as the dominant flora.  This 

finding is relevant for those working in food safety and quality assurance, as these data suggest 

that Cronobacter could escape identification and therefore grow rapidly when provided with 

suitable growth conditions.  In addition, an enrichment step was necessary for the detection of 

Cronobacter using VIDAS® Cronobacter kits.  These results indicated that BacTrac & RiboFlow 

might have a potential use for the composite sample due to its high sensitivity. 

Low concentration of Cronobacter sakazakii SP291 and Salmonella enterica Derby 3331 

were spiked in PIF and then grown overnight.  The detection of Cronobacter was carried out 
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using VIDAS® and BacTrac & RiboFlow Cronobacter kits (Table 2.5).  Similarly these samples 

were also used for the detection of Salmonella enterica using VIDAS® and BacTrac & RiboFlow 

Salmonella kits (Table 2.5).  This experiment was designed in an effort to identify the dominant 

flora when both Cronobacter species and Salmonella enterica were present and given the same 

nutrition. 

 

Table 2.5 Detection of Cronobacter and Salmonella enterica on the composite PIF samples 

Sample Composite 
Detection of Cronobacter Detection of Salmonella enterica 

VIDAS BacTrac & Riboflow VIDAS BacTrac & Riboflow 

C3S-1 + + - - 
C2S0 + + - - 
C1S1 + + - - 
C0S2 + + + + 

Note: ‘C’ represents Cronobacter sakazakii SP291; ‘S’ represents Salmonella enterica Derby 3331; 
footnote number stands for the cell number in Log10 cfu/ml format; ‘+’represents positive detection;  
‘−’ represents negative detection. 

 

 Cronobacter were positively detected in all composite samples on both VIDAS® and 

BacTrac & RiboFlow Cronobacter kits.  However, both VIDAS® and BacTrac & RiboFlow 

Salmonella kits recorded negative results for the detection of Salmonella in all samples apart 

from one containing less than 10 cells of Cronobacter and less than 100 cells of Salmonella 

enterica.  Given the fact that VIDAS® Cronobacter kits has a high detection limit, this result 

showed that Cronobacter could grow better when competing with Salmonella enterica, given the 

same nutrient environment.  This also explains the dominant role of Cronobacter in PIF and its 

environments when competing with Salmonella enterica.  It is known that Cronobacter and 

Salmonella enterica are both category A organisms, which show clear evidence of causality and 

are of concern to powdered infant formula manufactures (FAO/WHO 2004).  However, when 

Salmonella enterica cells are 100 times more concentrated than Cronobacter, they both grow 

unambiguously. 

 

2.5 Conclusions 

The VIDAS® Cronobacter kits can effectively detect most species of Cronobacter and requires a 

short time-duration (within 20 h), compared to other commercially available methods, including 

GEN III, iQ-Check, BacTrac & RiboFlow.  However, the detection limit of VIDAS® Cronobacter 

kits is high, therefore, a pre-enrichment step is important for the reliable detection of Cronobacter 

using VIDAS® Cronobacter kits.  When competing flora was present in the same environment 
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with Cronobacter species, the efficiency of VIDAS® Cronobacter kits varies from species to 

species, a feature that might require a selective enrichment to increase the growth of 

Cronobacter in order to detect Cronobacter in mixed samples.  When PIF samples were spiked 

with equal numbers of Cronobacter and Salmonella enterica, Cronobacter grow better than 

Salmonella enterica.  Furthermore, new antibodies should be developed and evaluated before 

the VIDAS® Cronobacter kits are released for routine testing in the PIF industry.  This approach 

may provide a useful basis upon which to improve positive release protocols for PIF and other 

foods. 
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3.1 Abstract 
Cronobacter spp. (formerly Enterobacter sakazakii) is an emergent food-borne pathogen 

consisting of seven species including C. sakazakii, C. malonaticus, C. muytjensii, C. turicensis, C. 

dublinensis (with three subspecies, dublinensis, lausannensis, and lactaridi), C. universalis, and 

C. condimenti.  To date, 12 Cronobacter serogroups have been identified.  In this study, MboII 

restriction fragment length polymorphism patterns and DNA sequences of O-antigen gene 

clusters were used to identify novel serogroups of Cronobacter spp.  Sequence analysis of the O-

antigen regions, located between galF and gnd, of strains with distinct restriction fragment length 

polymorphism patterns revealed five unique gene clusters.  These new O-antigen gene clusters 

were species-specific and were termed C. turicensis O:3, C. muytjensii O:2, C. dublinensis O:1, 

C. dublinensis O:2, and, C. universalis O:1.  Polymerase chain reaction assays were developed 

using primers specific to O-antigen processing genes and used to screen a collection of 

Cronobacter strains to determine the frequency of these newly identified serotypes. 

 

3.2 Introduction 

Cronobacter spp. are emerging opportunistic pathogens known to cause infections including 

necrotizing enterocolitis, septicemia, and meningitis, particularly among neonates and the elderly 

(Flores et al. 2011).  The genus consists of seven species: C. sakazakii, C. malonaticus, C. 

muytjensii, C. turicensis, C. dublinensis, C. universalis, and C. condiment (Iversen et al. 2008; 

Joseph et al. 2012b). 

 The O-antigen is a highly variable component of the lipopolysaccharide of Gram-negative 

bacteria and is used for the development of both serological and molecular typing methods.  This 

structure of oligosaccharide repeats ranges in size from two to eight sugar residues, and its 

variability comes from the presence of different sugars, their unique order and arrangement, and 

the chemical bonds between residues (Samuel and Reeves 2003).  O-antigen encoding gene 

clusters are flanked by the galF and gnd genes in most Enterobacteriaceae, containing from 6 to 

19 genes, and are usually 6- to 20-kb in length (Samuel and Reeves 2003).  Typically O-antigen 

gene clusters contain three types of genes: those specific to the biosynthesis pathways of 

nucleotide sugars, glycosyltransferase genes that provide unique linkages between sugar 

residues, and O-antigen processing genes required for assembly of polysaccharide repeat units 

and their subsequent transport through the periplasm (Samuel and Reeves 2003).  There are 

three known pathways for O-antigen processing, including one, which is Wzx/Wzy-dependent, an 

ABC transporter-dependent pathway, and one, which is synthase-dependent (Cuthbertson et al. 



76#

#

2010; Rartz and Whitfield 2002).  The most common O-antigen processing pathway in 

Enterobacteriaceae is the Wzx/Wzy-dependent transport process, which utilises two proteins, an 

O-antigen flippase (Wzx), and an O-antigen polymerase (Wzy).  However, in some instances O-

antigens are processed via an ABC transporter mechanism using the Wzm protein in conjunction 

with an ATP binding protein, designated Wzt (Cuthbertson et al. 2010; Lewis et al. 2012).  

The use of serotype-specific polymerase chain reaction (PCR) assays in lieu of the more 

traditional serological methods, is accepted for typing Escherichia coli, Salmonella species, 

Shigella species, and many other Gram-negative bacteria including Cronobacter spp. (DeBroy et 

al. 2011; Jarvis et al. 2011; Liu et al. 2008; Liu et al. 2010; Mullane et al. 2008; Wang et al. 2007).  

Previous work in our laboratory and others has identified 12 Cronobacter serogroups including C. 

sakazakii serogroups O:1 through O:7, C. malonaticus serogroups O:1 and O:2, C. muytjensii 

serogroup O:1, as well as C. turicensis serogroups O:1 and O:2 (Jarvis et al. 2011; Mullane et al. 

2008; Sun et al. 2012a; Sun et al. 2012b; Sun et al. 2011).  In this study, we extend the 

characterisation of Cronobacter O-antigen loci by adding five new serogroups.  Furthermore, we 

developed five new serogroup-specific PCR assays to facilitate the characterisation of 

Cronobacter spp. 

 

3.3 Materials and methods 

3.3.1 Bacterial strains used in this study 

A collection of 270 bacterial isolates, representing seven Cronobacter species, was used in this 

study.  All strain information and results were submitted to the Pathogen Annotated Tracking 

Resource Network (PATRN), located at http://www.patrn.net/ (Gopinath et al. 2013).  

Franconibacter helveticus and Franconibacter turicensis, which are taxonomically related to 

Cronobacter, were included as negative-controls for the O-antigen-specific PCR screening.  The 

seven Cronobacter strains used for O-antigen sequence analysis in this study are listed in Table 

3.1. 

 

3.3.2 Restriction fragment length polymorphism (RFLP) analysis of O-antigen amplicons by use 

of MboII 

O-antigen gene clusters ranging in size from 9,794 to 14,788 bp were amplified using primers 

specific to the galF and gnd genes of Cronobacter (Table 3.2) as described previously (Jarvis et 

al. 2011; Mullane et al. 2008).  Amplicons recovered (1.5 µg) were digested with MboII (New 

England Biolabs, Ipswich, MA) according to the manufacturer’s instructions.  Restriction digests 
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were subjected to gel electrophoresis using 1.5% agarose gels and were visualised with ethidium 

bromide (0.5 µg/ml, final concentration).  TIFF images were imported into BioNumerics software 

(version 6.6, Applied Maths, Inc., Austin, TX) and dendrograms were generated using the Dice 

similarity coefficient and the unweighted-pair group method with arithmetic mean (UPGMA) 

method.  A band tolerance of 1% and optimisation coefficient setting of 3% were applied. 

 

Table 3.1 Cronobacter strains used for O-antigen sequencing 

Strain Name Synonyms Species Country of origin Sample type 

E609  C. turicensis Unknown Food 
LMG 23825 E464, CI464, CCUG 58094, 

DSM 18707, LMG 23825 
C. dublinensis subsp. 
lactaridi 

Zimbabwe Milk powder production facility 

LMG 23823 CFS237, DSM 8705, 
DES187, LMG 23823 

C. dublinensis subsp. 
dublinensis 

Ireland Milk powder production facility 

LMG 23824 E515, CI515, CCUG 58095, 
DSM 18706, LMG 23824 

C. dublinensis subsp. 
lausannensis 

Switzerland Water fountain basin 

ATCC® 51329 83-07-023, #2, 701 C. muytjensii Unknown Unknown 

NCTC 9529 E797, CI797, MWB 3 C. universalis United Kingdom Water 
E764 CI764 C. sakazakii Czech Republic Clinical 

 

3.3.3 Amplification and sequencing of Cronobacter O-antigen gene clusters 

The O-antigen regions of five Cronobacter strains were mined from annotated whole genome 

sequences in RAST (Aziz et al. 2008) using the SEED viewer (Overbeek et al. 2005). The Whole 

Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank and the accession 

numbers for the genome sequences are Cronobacter dublinensis subsp. lactaridi LMG 23825 

(AJKX00000000), Cronobacter dublinensis subsp. lausannensis LMG 23824 (AJKY00000000), 

Cronobacter dublinensis subsp. dublinensis LMG 23823 (AJKZ00000000), Cronobacter 

muytjensii ATCC® 51329 (AJKU0000000), Cronobacter universalis NCTC 9529 

(AJKW00000000).  When it was necessary, fragmented gene clusters were assembled using 

BioNumerics software version 6.6 (Applied Maths, Inc., Austin, TX).  BLASTp analysis was used 

to predict open reading frames (ORFs) and in cases where this analysis indicated translation 

errors or when gaps were detected, further sequencing was performed as described previously 

(Jarvis et al. 2011).  The O-antigen gene cluster of Cronobacter turicensis E609 was amplified 

using primers specific to the galF and gnd genes of Cronobacter as described above and 

sequenced using the primer walking method (Giesecke et al. 1992).  The bacterial genomic DNA 

purification and PCR amplification methods were described as above and the DNA was 

submitted to Eurofins MWG Operon (Ebersberg, Germany) for sequencing. 
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Table 3.2 Polymerase chain reaction primers used in this study to identify new serogroups 

Target gene Serogroup(s) Primer name Primer sequence Amplicon size (bp) 

wzx C. dublinensis O:1 
E464-wzxF1 TCGTTTTGATGCTCTCGCTGCG 

435 
E464-wzxR1 ACAAATCGCGTGCTGGCTTGAA 

wzx C. sakazakii O:4 
E764-wzxF1 CAGTAGCGGGGACATGGCTT 

216 
E764-wzxR1 CCTGCCAGTAACCTGCATCCTC 

wzx C. turicensis O:3 
E609-wzxF1 GCATCCCTTCAGAGTAGCGCA 

236 
E609-wzxR1 ACCACCTGCCATTGTCCTACTG 

wzx C. muytjensii O:2 
51329-wzxF1 CGCTGCGATTATGGTAGTGGGT 

475 
51329-wzxR1 TTCCCAGCTCAGCTCGTTTGC 

wzx C. universalis O:1 
E797-wzxF1 CATTCTCGCTTCCGCAGTTGC 

145 
E797-wzxR1 CCCAACCATCATTAGGGCCGAG 

wzm C. dublinensis O:2 
E515-wzmF1 CTCGGTTCATGGATTTGCGGC 

227 
E515-wzmR1 CAGCGTGAAAACAGCCAGGT 

Primers for amplification of O-antigen regions  

galF 
Cronobacter spp.a 

EsgalF-F2 TACCCACTCCTCCAAGAACG 
8,000 – 14,000 

gnd gndSeqR1 TTTGTCACGAGAGCGGTTGAATAC 
galF 

C. dublinensis O:2 
GalF-E515 TTGTCGCTGCGGGTATCAAAG  

gnd GndR-E515 ACGCACTTTCTCGATGAACTCG  
galF 

C. dublinensis O:1 
GalF-E464 ACACCTCCTACGAACTTGAAGC  

gnd GndR-E464 TAAGGTAGCTGCTCAGCTCG  
galF 

C. sakazakii O:4 
GalF-E764 AGAAATGCTGCCAATCGTCG  

gnd GndR-E764 GTTGAGGTTCCAGTTGTGCTC  
aThis primer pair was used to amplify the O-antigen regions of C. muytjensii O:2, C. turicensis O:3, and C. universalis O:1. 
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3.3.4 Analysis of Cronobacter O-antigen gene clusters 

The Pfam database was used to search for conserved protein domains, and phylogenetic 

analyses were done within MEGA5 (Finn et al. 2008; Tamura et al. 2011).  Evolutionary 

relationships of wzx and wzy nucleotide sequences were determined within MEGA5 (Tamura et 

al. 2011), using the neighbour-joining method (Saitou and Nei 1987), with evolutionary distances 

computed using the maximum composite likelihood method (Tamura et al. 2004).  Prediction of 

transmembrane-spanning domains of Wzx and Wzy were identified using Hidden Markov Models 

(HMM) program (Krogh et al. 2001). 

 

3.3.5 Development of serogroup-specific PCR assays 

PCR primers specific to the wzx genes of C. turicensis E609, C. dublinensis subspecies lactaridi 

LMG 23825, C. dublinensis subspecies dublinensis LMG 23823, C. muytjensii ATCC® 51329, C. 

universalis NCTC 9529, and the wzm gene of C. dublinensis subspecies lausannensis LMG 

23824 were designed (Table 3.2).  Table 3.2 also contains primer sequence for the wzx gene 

from C. sakazakii O:4 strain E764 that was part of this study.  The PCR cycling conditions for all 

reactions used to screen 270 strains included an initial denaturation step at 95ºC for 2 min, 

followed by 25 cycles of 95ºC for 30 s, 55ºC for 30 s, and 72ºC for 1 min, with a final extension 

step at 72ºC for 5 min.  

 

3.3.6 Nucleotide sequence accession numbers 

The nucleotide sequences of the O-antigen regions for C. turicensis E609, C. dublinensis 

subspecies lactaridi LMG 23825, C. dublinensis subspecies dublinensis LMG 23823, C. 

dublinensis subspecies lausannensis LMG 23824, C. muytjensii ATCC® 51329, C. universalis 

NCTC 9529, and C. sakazakii O:4 E764, were deposited in GenBank under accession numbers 

JX475926, JQ390549, JQ390550, JQ390551, JQ390552, JQ390553, and JQ390548, 

respectively. 

 

3.4 Results 

3.4.1 RFLP cluster analysis of Cronobacter O-antigen gene clusters with MboII restriction 

digestion 

RFLP analysis was performed on a subset of Cronobacter spp., including the strains from which 

the O-antigen regions were sequenced revealing five novel Cronobacter molecular-based 

serogroup clusters (Figure 3.1).  Two RFLP clusters were identified for C. dublinensis, one for C. 
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muytjensii, a single cluster for C. turicensis, and the RFLP pattern of the single C. universalis 

strain is distinct from those other strains studied (Figure 3.1).  One of the C. dublinensis clades 

contains three distinct RFLP patterns and the C. turicensis clade consists of two patterns (Figure 

3.1). 

 

!

Figure 3.1 Restriction fragment length polymorphism analysis of MboII digests from Cronobacter 

O-antigen gene clusters.  The dendrogram was generated using BioNumerics software v6.6 with 

an 80% similarity value in an effort to distinguish serogroup specific clusters.  An asterisk (*) 

indicates the Cronobacter strains analysed in this study.  The scale at the top represents 

similarity in percentage. 

 

3.4.2 Sequence analysis of novel Cronobacter serogroup-specific O-antigen gene clusters 

The nucleotide sequences from the O-antigen gene clusters (including the galF and gnd genes) 

of C. turicensis E609, C. dublinensis subspecies lactaridi LMG 23825, C. dublinensis subspecies 

dublinensis LMG 23823, C. dublinensis subspecies lausannensis LMG 23824, C. muytjensii 

ATCC® 51329, and C. universalis NCTC 9529 were 13,275, 12,883, 13,867, 9,794, 14,788, and 

12,288 bp in length, respectively.  BLASTp analysis revealed five unique O-antigen gene clusters 

among these six strains (Table 3.3, Figure 3.2). 
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Figure 3.2 O-antigen gene clusters of Cronobacter serogroups.  A: Predicted genes for the C. 

turicensis O:3 derived from sequence of E609.  B: Predicted genes for the C. dublinensis O:1 

derived from sequence of LMG 23825 and LMG 23823.  Dotted lines in weoB and weoC 

indicated the 984-bp deletion in LMG 23823.  C: Predicted genes for C. dublinensis O:2 derived 

from sequence of LMG 23824.  D: Predicted genes for C. muytjensii O:2 derived from sequence 

of ATCC® 51329.  E: Predicted genes for C. universalis O:1 derived from sequence of NCTC 

9529. 

 

 The O-antigen gene cluster of C. turicensis E609 was designated as serogroup C. 

turicensis O:3 and consists of 12 predicted proteins, eleven of which are 81-99% homologous to 

C. sakazakii serogroup O:5 (Table 3.3 and Figure 3.2).  The nucleotide sequence of C. 

dublinensis LMG 23825 and LMG 23823 O-antigen gene clusters, designated as serogroup C. 

dublinensis O:1, are 95% similar with one another and they encode for the same 12 ORFs (Table 

3.3 and Figure 3.2).  A second C. dublinensis serogroup, C. dublinensis O:2, was identified in 

strain LMG 23824.  This gene cluster encodes for eight predicted proteins that share 42-82% 

homology with a predicted polysaccharide synthesis region in Pantoea ananatis and both 
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Table 3.3 Open reading frames (ORFs) in the new Cronobacter O-antigen gene clusters 

ORF Gene Position  Size (bp) Strain (GenBank accession no) Identity (%) Putative function 

C. turicensis O:3 
1 rmlB 1097...2177 360 Cronobacter sakazakii O:3 2156 

(HQ646168.1) 
94(340) dTDP-D-glucose-4,6-dehydratase 

2 rmlD 2183...3079 298 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

94(280) dTDP-4-dehydrorhamnose reductase 

3 rmlA 3128…4006 292 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

99(289) Glucose-1-phosphate thymidylyltransferase 

4 rmlC 4010…4557 182 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

95(171) dTDP-4-dehydrorhamnose 3,5-epimerase 

5 qdtA 4561…4941 139 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

95(127) dTDP-4-oxo-6-deoxy-D-glucose-3,4-
oxoisomerase 

6 qdtb 5398…6505 367 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

95(350) 3-amino-5-hydroxybenzoic acid synthase 
family 

7 wzx 6502…7752 416 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

92(383) Flippase 

8 wepH 7803…8689 302 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

87(262) Glycosyltransferase 

9 wepI 8852…9907 366 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

90(315) Glycosyltransferase 

10 wepJ 9963…11054 363 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

85(310) Glycosyltransferase 

11 wepK 11054…11968 304 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

81(245) Glycosyltransferase 

12 wzy 11952…13049 365 Cronobacter sakazakii O:5 G2706 
(JQ674748.1) 

92(334) Polymerase 

C. dublinensis O:1 
1 rmlB 1284…2357 357 Shigella flexneri 2a str. 301 (NP_707936) 84 (350) dTDP-glucose 4,6 dehydratase 

2 rmlA 2360…3229 289 Citrobacter sp. 30_2 (ZP_04562572) 81 (287) glucose-1-phosphate thymidylyltransferase 

3 weoA  3226…3648 140 Escherichia coli (CBN82195) 64 (132) putative dTDP-6-deoxy-3,4-keto-hexulose 
isomerase 

4 weoB 3620…4072 150 Shewanella pealeana ATCC 700345 
(YP_001501262) 

51 (131) N-acetyltransferase GCN5 

5 weoC 4073…5005 310 Pectobacterium carotovorum (ACT12350) 59 (310) hypothetical protein 

6 weoD 5005…6108 367 Escherichia coli E22 (EDV84141) 66 (366) DegT/DnrJ/EryC1/StrS aminotransferase 
family 
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ORF Gene Position Size (bp) Strain (GenBank accession no) Identity (%) Putative function 
7 wzx 6105…7355 416 Aeromonas caviae Ae398 (ZP_08521426) 54 (416) O-antigen flippase 

8 weoE 7364…8548 394 Escherichia coli ECA95 091 (AAK60455) 41 (390) glycosyltransferase Glycos_transf_1 

9 wzy 8532…9740 402 Photobacterium damselae subsp. damselae 
CIP 102761 (ZP_06154774) 

23 (342) O-antigen polymerase 

10 weoF 9753…10532 259 Dinoroseobacter shibae DFL 12 
(YP_001534197) 

36 (260) hypothetical protein 

11 weoG 10593…11432 279 Escherichia coli O112ab (ACD37090) 36 (290) glycosyltransferase 

12 weoH 11441…12190 249 Shigella dysenteriae (ACA24781) 64 (244) glycosyltransferase 

C. dublinensis O:2 
1 weoI  1105…1875 256 Pantoea ananatis AJ13355 (BAK11859) 42 (250) hypothetical protein 

2 weoJ 1886…2260 124 Zymomonas mobilis ZM4 (YP_003377805) 59 (120) capsule biosynthesis phosphatase 

3 weoK 2257…3798 513 Pantoea ananatis AJ13355 (BAK11860)  72 (513) capsular polysaccharide biosynthesis protein 

4 weoL 3795…4499 234 Pantoea ananatis AJ13355 (BAK11861) 74 (234) capsular polysaccharide biosynthesis protein 

5 wzm 4492…5292 266 Pantoea ananatis AJ13355 (BAK11862) 82 (266) ABC-2 type transporter permease 

6 wzt 5294…6049 251 Pantoea ananatis AJ13355 (BAK11863) 81 (248) ABC O-antigen transporter 

7 weoM 6060…6905 281 Pantoea ananatis AJ13355 (BAK11864) 49 (267) glycosyltransferase 

8 weoN 6906…8081 391 Pantoea ananatis AJ13355 (BAK11865) 56 (339) WavE lipopolysaccharide synthesis 

C. muytjensii O:2 
1 rmlB 1281…2363 360 Cronobacter muytjensii O:1 (AEH27506) 99 (360) dTDP-D-glucose-4,6-dehydratase 

2 rmlD 2366…3262 298 Cronobacter muytjensii O:1 (AEH27507) 99 (298) TDP-6-deoxy-L-mannose dehydrogenase 

3 rmlA 3311…4189 292 Cronobacter muytjensii O:1 (AEH27508) 100 (292) glucose-1-phosphate thymidylyltransferase 

4 rmlC 4193…4741 184 Cronobacter muytjensii O:1 (AEH27509) 80 (184) dTDP-6-deoxy-D-glucose-3,5 epimerase 

5 weoP 4744…5163 139 Cronobacter muytjensii O:1 (AEH27510) 83 (139) WxcM domain protein isomerase 

6 weoQ 5138…5608 156 Cronobacter sakazakii G2706 O:5 (AFI60277) 89 (156) dTDP-D-Fuc3N acetyltransferase 

7 weoR 5601…6704 367 Cronobacter sakazakii G2706 O:5 (AFI60278) 85 (367) DegT/DnrJ/EryC1/StrS aminotransferase 

8 wzx 6701…7951 416 Cronobacter sakazakii G2706 O:5 (AFI60279) 76 (413) O-antigen flippase 

9 weoS 7999…8913 304 Cronobacter sakazakii G2706 O:5 (AFI60280) 63 (286) glycosyltransferase group 2 
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#

ORF Gene Position Size (bp) Strain (GenBank accession no) Identity (%) Putative function 
10 weoT 9020…10105 361 Cronobacter sakazakii G2706 O:5 (AFI60281) 73 (352) glycosyltransferase group 1 

11 weoU 10162…11250 362 Cronobacter sakazakii G2706 O:5 (AFI60282) 60 (363) hypothetical protein 

12 weoV 11250…12161 303 Cronobacter sakazakii G2706 O:5 (AFI60283) 58 (303) lipopolysaccharide core biosynthesis 

13 wzy 12145…13242 365 Cronobacter sakazakii G2706 O:5 (AFI60284) 71 (364) O-antigen polymerase 

C. universalis O:1 
1 wzx 1162…2451 429 Cronobacter sakazakii O:7 G2592 (AFI60292) 91 (429) O-antigen flippase 

2 wzy 2451…3578 375 Escherichia coli O98:K-:H8 (ABB04486) 43 (320) O-antigen polymerase 

3 weoW 3579…4736 385 Cronobacter sakazakii O:7 G2592 (AFI60293) 78 (306) glycosyltransferase 

4 weoX 4736…5911 391 Cronobacter sakazakii O:7 G2592 (AFI60294) 80 (388) glycosyltransferase group 1 

5 fnlA 5886…6932 348 Cronobacter sakazakii O:7 G2592 (AFI60295) 99 (344) L-fucosamine synthetase 

6 fnlB 6934…8037 367 Cronobacter sakazakii O:7 G2592 (AFI60296) 98 (367) Nucleoside-diphosphate-sugar epimerase 

7 fnlC 8037…9167 376 Cronobacter turicensis z3032 (AEH27465) 97 (376) C-2 epimerase 

8 weoY 9167…10375 402 Cronobacter turicensis z3032 (AEH27466) 95 (402) L-fucosamine transferase 

9 weoZ 10366…10770 134 Cronobacter turicensis z3032 (AEH27467) 96 (134) hypothetical protein 

 

Table 3.4 Distribution of Cronobacter serogroups among 270 strains tested 0#

Species 
Numbers of Strains 

Csak Cmal Cmuy Cdub Ctur Cuni NDe Total 
O:1a O:2b O:3c O:4c O:1c O:2c O:1c O:2c O:1c O:2d O:1c O:3c O:1c   

C. sakazakii 76 83 10 16          15 200 

C. malonaticus     9 25         34 
C. muytjensii       3 5      5 13 

C. dublinensis         6 4    1 11 

C. turicensis           2 5  2 9 

C. universalis             1 1 2 

C. condimenti              1 1 

Percentage (%) 28.1 30.7 3.7 5.9 3.3 9.3 1.1 1.9 2.2 1.5 0.7 1.9 0.4 9.3 100 
aPCR specific to the wehC gene (Mullane et al. 2008);  bPCR specific to the wehI gene (Mullane et al. 2008);  cPCR specific to the wzx gene (this study and 1#
Jarvis et al. 2011);  dPCR specific to the wzm gene (this study); eND, not determined or negative with Cronobacter PCR assays. 2#
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of these O-antigen regions encode for predicted ABC transporter genes for O-antigen 

processing (Table 3.3 and Figure 3.2). 

The O-antigen gene cluster from C. muytjensii ATCC® 51329, designated serogroup 

C. muytjensii O:2, encodes for 13 predicted proteins.  ORFs 1-5 were 75-100% homologous 

to the predicted proteins of the C. muytjensii serogroup O:1 gene cluster (Jarvis et al. 2011).  

ORFs 6-13 in this gene cluster were 58-89% homologous to O-antigen proteins from C. 

sakazakii O:5 (Table 3.3, Figure 3.2) (Jarvis et al. 2011; Sun et al. 2012b).  

 Finally, the O-antigen gene cluster of C. universalis NCTC 9529, designated C. 

universalis serogroup O:1, encodes nine predicted proteins.  ORF 1 and ORFs 3-6 encode 

for predicted proteins that were 78-98% homologous to proteins in the C. sakazakii O:7 O-

antigen region (Sun et al. 2012b).  ORF 2 of C. universalis O:1, a feature that was lacking 

from the C. sakazakii O:7, encodes for an O-antigen polymerase, Wzy, and was 43% 

homologous to the Wzy protein from E. coli O98:H8 (Table 3.3).  The last three predicted 

proteins in the C. universalis O:1 gene cluster share 95-97% homologies with the last three 

ORFs predicted in the O-antigen region of C. turicensis serogroup O:1 (Table 3.3) (Jarvis et 

al. 2011). 

 

3.4.3 Nucleotide sugar synthesis pathway genes 

BLASTp analysis of the C. turicensis O:3 O-antigen gene cluster revealed six predicted 

sugar synthesis proteins including RmlBDAC, QdtA and QdtB.  QdtC, which is usually 

present in conjunction with QdtA and QdtB, is missing in the C. turicensis O:3 O-antigen 

region because of a 396 bp gap in the nucleotide sequence revealed by BLASTn analysis of 

C. turicensis O:3 and C. sakazakii O:5 (Table 3.3 and Figure 3.2) (Sun et al. 2012b).  The C. 

dublinensis O:1 gene clusters from LMG 23825 and LMG 23823 contain six predicted sugar 

synthesis genes.  However, there was a 984 bp deletion in LMG 23823, resulting in 

truncations in the ORFs encoding WeoB, which is predicted to encode for an 

acetyltransferase, and WeoC, which has no predicted function (Table 3.3, Figure 3.2).  The 

C. dublinensis O:2 O-antigen gene cluster does not contain any predicted sugar synthesis 

genes, suggesting that the sugars in this oligosaccharide structure may be coded for 

elsewhere in the genome (Table 3.3, Figure 3.2).  The O-antigen gene cluster from ATCC® 

51329, designated as C. muytjensii O:2, encodes for seven predicted nucleotide sugar 

synthesis proteins, including RmlBDAC enzymes involved in the synthesis of dTDP-L-

rhamnose (Samuel and Reeves 2003).  These four ORFs, as well as ORFs 5, 6, and 7 of this 

gene cluster, share identity with ORFs 1-7 of the C. muytjensii O:1 gene cluster, suggesting 

a similar sugar repeat oligosaccharide composition for these two serogroups (Table 3.3, 

Figure 3.2) (Jarvis et al. 2011).  The O-antigen gene cluster of C. universalis NCTC 9529 

serogroup O:1 encodes for three putative sugar synthesis proteins, including FnlABC, which 
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catalyses the synthesis of 2-acetamido-2,6-dideoxy-hexose (UDP-L-FucNAc) in E. coli and 

Shigella O-antigens (Table 3.3, Fig 3.2) (Liu et al. 2008; Perepelov et al. 2006; Samuel and 

Reeves 2003). 

 

3.4.4 Glycosyltransferase genes 

Twenty-six families of glycosyltransferase genes have been identified based on amino acid 

homology (Campbell et al. 1997).  The O-antigen gene cluster of C. turicensis O:3, C. 

dublinensis O:1, and C. dublinensis O:2 gene clusters encode for four, three, and one 

predicted glycosyltransferase proteins, respectively (Table 3.3, Figure 3.2).  The C. 

muytjensii serogroup O:2 O-antigen region possesses the genes for two 

glycosyltransferases; one from family 1 and the other from family 2 (Table 3.3, Figure 3.2).  

Finally, there are three glycosyltransferases predicted from the O-antigen gene cluster of C. 

universalis serogroup O:1 (Table 3.3, Figure 3.2). 

 

3.4.5 O-antigen processing genes 

The O-antigen gene clusters of C. turicensis O:3, C. dublinensis O:1, C. muytjensii O:2, and 

C. universalis O:1 all encode predicted Wzx and Wzy proteins (Table 3.3, Figure 3.2).  HMM 

analysis showed that all of the predicted Wzx proteins have between eight and thirteen 

transmembrane-spanning domains and the Wzy proteins were predicted to have between 

eight to ten transmembrane-spanning domains.  BLASTp analysis of the predicted O-antigen 

processing proteins from the C. dublinensis O:2 gene cluster revealed that they utilise ABC-

transporter proteins for O-antigen processing.  In comparison to the O-antigen gene cluster 

of P. ananatis strain AJ13355, ORFs five and six are 81% and 61% homologous to Wzm and 

Wzt, respectively (Table 3.3, Figure 3.2) (Hara et al. 2012).  The Wzm protein is an ABC-2 

type transporter permease and the Wzt protein is an ABC O-antigen transporter (Table 3.3, 

Fig 3.2). 

 

3.4.6 Serogroup-specific PCR assays for Cronobacter 

Analysis of the Cronobacter O-antigen regions sequenced in this study facilitated the design 

of six serogroup-specific assays.  Five of the assays use PCR primers specific to the O-

antigen wzx gene sequences, namely C. turicensis O:3, C. sakazakii O:4, C. dublinensis O:1, 

C. muytjensii O:2, and C. universalis O:1 (Table 3.2).  A sixth serogroup-specific assay was 

designed using primers specific to the wzm gene identified in the C. dublinensis O:2 gene 

cluster (Table 3.2).  Table 3.4 summarises previous results (Jarvis et al. 2011; Mullane et al. 

2008) along with those obtained using these new PCR assays to screen our strain collection 

of 270 Cronobacter isolates.  The C. turicensis O:3 PCR assay identified a new group of five 

(1.9%) strains in the collection.  Sixteen (5.9%) C. sakazakii O:4 strains and all six (2.2%) C. 
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dublinensis O:1 strains in the collection were positively identified by wzx PCR assays and the 

C. dublinensis wzm assay was positive with four serogroup O:2 strains.  The new C. 

muytjensii serogroup O:2 consists of five (1.9%) strains, and the C. universalis O:1 

serogroup is represented by one strain (0.4%) in our collection (Table 3.4).  

These data combined with the RFLP data in Figure 3.1 revealed several novel 

serogroup-specific Cronobacter clades; all of them were species-specific (Table 3.4, Figure 

3.1).  It was of interest that C. sakazakii strains in the present study and previously reported 

as an undetermined serogroup (Jarvis et al. 2011) were identified as serogroup O:4 using a 

wzx PCR assay (Table 3.4).  These results correlate well with those reported by Sun et al. 

(2012b), who described a C. sakazakii serogroup O:4 strain identified using a wzy-based 

PCR assay.  Twenty-five (9.3%) of the isolates in our collection were negative with the 

Cronobacter serogroup-specific PCR assays developed in this and previous studies (Table 

3.4) (Jarvis et al. 2011; Mullane et al. 2008).  Of these, there are fifteen C. sakazakii, two C. 

turicensis, five C. muytjensii, one C. dublinensis, one C. universalis, and one C. condimenti 

PCR-negative strains, suggesting additional serogroups in the genus. 

 

3.5 Discussion 

In this study, our BLASTp analysis of Cronobacter O-antigen gene sequences revealed 

several predicted and shared proteins between bacterial genera and species.  Predicted 

proteins of the C. muytjensii O:2 O-antigen region share homologies with the C. muytjensii 

O:1 and C. sakazakii O:5 O-antigen regions (Table 3.3) (Jarvis et al. 2011).  The result from 

predicted proteins (Table 3.3) and nucleotide phylogeny (Figure 3.3) suggest that C. 

turicensis O:3 and C. sakazakii O:5 have descended from a common ancestor that was also 

closely related to C. muytjensii O:2, a prediction that is supported by multilocus sequence 

type (MLST) analysis (Joseph et al. 2012a).  

The wzx and wzy nucleotide phylogeny of the C. sakazakii O:5, C. muytjensii O:2, 

and C. turicensis O:3 clade with its closest neighbour the C. sakazakii O:3 and C. muytjensii 

O:1 clade, supports the overlap in predicted proteins from the O-antigen genes clusters of 

these two groups (Figure 3.3, Table 3.3) (Jarvis et al. 2011).  The first six predicted proteins 

in the C. universalis O:1 region are homologous with C. sakazakii O:7 proteins with the 

exception of ORF 2, which is missing in C. sakazakii O:7 (Table 3.3) (Sun et al. 2012b).  

Phylogenetic analysis of the nucleotide sequences of wzx and wzy genes confirms this close 

relationship between these serogroups (Figure 3.3, Table 3.3).  The nesting of the E. coli 

O103 strain with the C. sakazakii O:4 gene cluster reflects a shared antigenic structure 

between the two species at the genetic level (Figure 3.3).  The C. dublinensis O:2 gene 

cluster and the O-antigen gene cluster from P. ananatis demonstrated 45-82% protein 

homology and seven of the eight predicted proteins in this gene cluster were functionally 
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similar; the exception being ORF 2, which is homologous to a predicted capsule biosynthesis 

protein from Zymomonas mobilis subsp. mobilis (Table 3.3).  Additionally they both encode 

for ABC-transporter genes for O-antigen processing.  These data suggest that the O-antigen 

gene clusters of P. ananatis and C. dublinensis O:2 have a similar evolutionary origin.  The 

proteins with the highest homology in these two O-antigen regions are Wzm and Wzt, the O-

processing genes, which are usually the most divergent genes in O-antigen regions 

containing ABC-transporter genes (Cuthbertson et al. 2010). 

 

 
Figure 3.3 Evolutionary relationships of concatenated wzx and wzy nucleotide sequences 

from Cronobacter serogroups, Escherichia coli O29, E. coli O103, and Shigella dysenteriae 

D11.  Relationships were analysed in MEGA5 using the Neighbour-Joining method with 

distances computed using the Maximum Composite Likelihood method.  Numbers on the 

branches denote bootstrap percentages from 1000 bootstrap replicates with a cut-off value of 

50%.  The accession numbers for the O-antigen gene clusters are as follows: Cronobacter 

NCTC 11467 (ATCC® 29544) (EU076545), ATCC® BAA-894 (NC_009778), NCTC 8155 

(EU076546), G2594 (JQ674747), G2706 (JQ674748), G2704 (JQ674749), G2592 

(JQ674750), E. coli O103 (EF027106), S. dysenteriae D11 (EU294172), and E. coli O29 

(EU294173).  The nucleotide sequence from C. sakazakii O:7 G2592 does not contain wzy. 
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Not surprisingly, we identified two serogroups in this study, C. dublinensis O:1 and C. 

turicensis O:3, which consist of strains that were PCR-positive despite their vastly different 

RFLP fingerprints (Figure 3.1 and Table 3.3).  This result, also observed in previous work by 

Jarvis et al. (2011), indicates that although RFLP analysis of O-antigen gene clusters has 

proven to be useful for initial screening, different patterns do not always correlate with 

different O-antigens.  Further serogroup specific PCR amplification is needed for the 

confirmation in this case.  The new serotypes identified extend the epidemiologic 

classification of Cronobacter to sub-species level, and add to those serotypes of importance 

to neonatal health. 

 

3.6 Conclusions 

In conclusion, we identified five new Cronobacter spp. serogroups using PCR assays specific 

to O-antigen genes.  Four of these PCR assays are specific to wzx genes in C. turicensis 

O:3, C. muytjensii O:2, C. dublinensis O:2, and C. universalis O:1.  One assay is specific to 

the wzm gene found in the O-antigen gene cluster of C. dublinensis O:2 strains, which have 

ABC transporter mechanisms for O-antigen processing.  Unlike the PCR assays previously 

described for Cronobacter, these new assays are all species-specific and represent the 

continuation of an approach that is useful for monitoring Cronobacter serotypes found among 

clinical, environmental, and food isolates. 
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4.1 Summary 
Cronobacter species are opportunistic pathogens commonly found in the environment.  

Cronobacter sakazakii of sequence type 4 (ST-4) has been associated previously with 

recorded cases of infantile meningitis.  However, in this study we identified ST-1 (n=84 

isolates, 63.9%) as the dominant sequence type during surveillance of a number of 

powdered infant formula (PIF) production environments.  The majority of these isolates 

clustered with an indistinguishable pulsotype and persisted for at least an 18-month period.  

A custom designed multi-genome DNA microarray was able to distinguish Cronobacter 

isolates of various species into distinct clusters and the results indicated two phylogenetic 

lineages among ST-4 strains.  The geno- and phenotypic features of a collection of 168 

isolates, in particular ST-1 and -4 isolates were studied and significant differences were 

noted.  When ST-1 isolates were cultured from PIF, and compared with ST-4 isolates of 

clinical origin, the former produced stronger biofilm at both 28 and 37°C; whilst the latter 

exhibited higher swim activity and greater binding of the Congo red dye.  These differences 

may be consistent with a form of patho-adaptation.  Understanding how this pathogen adapts 

to the PIF manufacturing environment will support targeted improvements in food safety 

measures. 

 

4.2 Introduction 
Cronobacter species (formerly known as Enterobacter sakazakii) was accepted as a new 

bacterial genus in 2007 (Iversen et al. 2007).  It consists of seven species, including C. 

sakazakii, C. malonaticus, C. turicensis, C. muytjensii, C. dublinensis, C. universalis, and C. 

condimenti (Iversen et al. 2008; Joseph et al. 2012a).  The epidemiological link between 

Cronobacter infection in neonates and contaminated powdered infant formula (PIF) has been 

previously established (Himelright et al. 2002; Hunter and Bean 2013).  Outbreaks of 

infection have been associated with contaminated food products and the presence of this 

bacterium in PIF production environments (CDC 2002; Stephan et al. 2011). 

In order to rapidly and accurately characterise Cronobacter species in PIF and its 

associated environments, several molecular-based protocols have been developed, which 

include direct target-gene detection and sub-typing methods (Cai et al. 2013; Derzelle and 

Dilasser 2006; Drudy et al. 2006; Fricker-Feer et al. 2011; Jarvis et al. 2011; Jarvis et al. 

2013; Lehner et al. 2012; Liu et al. 2006; Molloy et al. 2009; Mullane et al. 2008b; Pan et al. 

2014; Stoop et al. 2009; Sun et al. 2011).  Pulsed-field gel electrophoresis (PFGE) is an 

accepted method for tracking isolates across the food chain and this approach is generally 

considered to be suitable for epidemiological studies (Brengi et al. 2012; Craven et al. 2010; 

El-Sharoud et al. 2009; Miled-Bennour et al. 2010; Molloy et al. 2009; Mullane et al. 2008a; 
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Mullane et al. 2007; Terragno et al. 2009; Yan and Fanning 2014).  A multi-locus sequence 

typing (MLST) scheme for Cronobacter species was developed, which focuses on single 

nucleotide polymorphisms associated with seven housekeeping genes (including atpD, fusA, 

glnS, gltB, gyrB, infB, and pps) and identifies their associated alleles (Joseph et al. 2012b).  

This protocol has been used to describe some of the diversity related to the genus (Baldwin 

et al. 2009; Hariri et al. 2013; Joseph and Forsythe 2012; Joseph et al. 2012b).  Both PFGE 

and MLST have been widely applied to study the genomic diversity of Cronobacter isolated 

from manufacturing facilities, commercial PIF and follow-up formula, along with clinical 

isolates (Gičová et al. 2014; Müller et al. 2013; Pan et al. 2014).  These reports highlight the 

dominance of C. sakazakii and the importance of the ST-4 clonal complex as the etiological 

agent in meningitis cases.  However, there is a lack of data comparing the phenotypes of 

isolates within these clusters. 

This study reports on a 26-month PIF surveillance programme in four production 

facilities geographically located in distinct regions.  It was designed to describe the geno- and 

phenotypes of the Cronobacter species recovered.  Molecular sub-typing approaches used 

included targeted PCRs, PFGE, MLST, and a novel multi genome microarray (as 

summarised in Figure 4.1).  Bacterial isolates recovered were investigated for phenotypes, 

which are related to bacterial survival such as motility, biofilm formation, and morphotypes.  

Comparative analysis of these phenotypes was carried out to investigate the differences 

expressed by isolates of different MLST types, in particular ST-1 and -4.  These findings 

extend our current understanding of the epidemiology and ecology of Cronobacter species in 

the PIF production environment. 

 

 
Figure 4.1 A schematic flow diagram describing the study design and the molecular sub-

typing approaches for Cronobacter species. 
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4.3 Experimental Procedures 
4.3.1 Bacterial isolates 

One hundred and thirty-three Cronobacter isolates were cultured from finished products (FP), 

semi-finished products (BP), and environmental swabs (Env) at PIF facilities in four different 

geographical regions between April, 2011 and May, 2013.  Thirty-one clinical isolates and 

four laboratory type strains were included for comparison (as listed in supplementary Table 

S4.1).  All bacteria were grown on tryptone soy agar (TSA, Oxoid Ltd., Basingstoke, UK) at 

37°C overnight and stored at -80°C on cryo-beads (Technical Service Consultants Ltd., 

Lancashire, UK). 

 

4.3.2 Purification of DNA and PCR amplification of target genes 

Template DNA was purified using a simple boiling procedure (which yielded approximately 

50 ng for a 50 µl PCR reaction mixture).  Real-time PCR was used to confirm the bacterial 

genus (Drudy et al. 2006; Seo and Brackett 2005).  The bacterial species were identified 

using rpoB as the gene target as described previously (Lehner et al. 2012; Stoop et al. 

2009).  Serotyping was carried out as originally described (Jarvis et al. 2011; Jarvis et al. 

2013; Mullane et al. 2008b; Sun et al. 2011).  All amplicons were analysed in 1% [w/v] 

agarose gels, in 1X TBE buffer, stained with SYBR® Safe (Life Technologies, CA, USA), 

visualised and photographed with a Kodak Gel Logic 1500 Imaging System (Carestream 

Health, Inc., NY, USA). 

 

4.3.3 PFGE sub-typing of Cronobacter 

PFGE analysis was performed on all 168 bacterial isolates (supplementary Table S4.1).  A 

modified version of the standard PulseNet protocol for Cronobacter (Brady et al. 2013) was 

used.  Briefly, pulsed-field certified agarose (BioRad, Hercules, CA) was selected for 

preparing agarose plugs.  Each plug was lysed with 0.1 mg/ml proteinase K at 54°C for 90 

min, followed by two 10 min washes with 18 MΩ water and a further three 15 min washes in 

Tris-HCl [pH 8.0]-Ethylenediaminetetraacetic acid (EDTA) (TE) buffer.  The restriction 

digestion was carried out at 37°C for 3 h using 50 U XbaI.  Treated plugs were cast into a 1% 

[w/v] agarose gel and electrophoresed in a 0.5X Tris-Borate EDTA (TBE, Sigma-Aldrich, 

Gillingham, UK) buffer with a CHEF Mapper® XA system (BioRad, Hercules, CA).  The 

running conditions used were as follows: initial switch time 2.16 s, final switch time 63.8 s, 

voltage 6 V, at an angle of 120°, with a run time of 20 h at a constant temperature of 14°C.  

The resulting gel was then stained with 0.01% [w/v] SYBR® Safe staining buffer for 30 min 

and de-stained with 500 ml 18 MΩ water for a further 30 min.  Tiff images were then acquired 

and uploaded to BioNumerics version 7.1 (Applied Maths, Sint-Martens-Latem, Belgium) for 

analysis using the DICE coefficient and unweighted pair group method with arithmetic mean 
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(UPGMA) method.  Both the optimisation and band matching tolerance were 1.0%.  When 

comparing the DNA fingerprint patterns, a cut off value of 90% similarity was applied. 

 

4.3.4 MLST characterisation of Cronobacter 

MLST analysis was carried out on all 168 strains (strain information listed in supplementary 

Table S4.1).  All PCR reactions included Taq DNA polymerase with ThermoPol® buffer (New 

England Biolabs Inc., USA) and were assembled into mixtures following manufacturer’s 

instructions.  Primers for all seven housekeeping genes were those used previously (Joseph 

et al. 2012b).  Amplicons were dispatched for commercial Sanger sequencing (MWG 

Eurofins, Ebersberg, Germany).  The nucleotide sequence trace files were uploaded to 

BioNumerics version 7.1 (Applied Maths, Sint-Martens-Latem, Belgium) and mapped against 

the MLST Cronobacter website for assignment of each allele, ST profile and clonal cluster 

(http://pubmlst.org/cronobacter/).  A minimum spanning tree was generated to analyse the 

relatedness of all isolates studied. 

 

4.3.5 DNA microarray analysis 

A custom designed multi-genome DNA microarray was developed by the US-FDA for the 

identification and characterisation of Cronobacter species (Gopinath et al. 2015).!This array 

contains over 21,402 unique genes, representing the pan-genomes of all seven currently 

recognised Cronobacter species.  The probe development and optimisation are described in 

detail by Gopinath et al. (2015). 

For this study 58 of the 168 isolates were selected for microarray analysis along with 

14 isolates representing other Cronobacter species and nearest neighbours, such as 

Salmonella enterica serovar Typhimurium, Klebsiella pneumoniae, Citrobacter freundii, 

Siccibacter turicensis, Franconibacter helveticus, and Franconibacter pulveris, which were 

used as controls for this custom designed pan-genome microarray (Table 4.1).  Briefly, 

genomic DNA was purified from all of these bacterial isolates, fragmented by DNase I and 

labeled as reported previously (Gopinath et al. 2015; Jackson et al. 2011).  Hybridisation was 

performed according to the Affymetrix GeneChip Expression Analysis Technical Manual for 

the 49-format array.  Following hybridisation, washing and staining procedures were carried 

out on an Affymetrix FS-450 fluidics station (Affymetrix, CA, USA) using the 

mini_prok2v1_450 fluidics script.  Reagents for washing and staining were prepared 

according to the GeneChip® Expression Analysis Technical Manual.  Arrays were then 

scanned using an Affymetrix GeneChip® Scanner 3000 running AGCC software (Affymetrix, 

CA, USA).  For each gene represented on the microarray, probe set intensities were 

summarised using the Robust MultiArray Averaging (RMA) method (Bioconductor Affy 

Package and Affymetric Power Tools) and compared across all strains investigated.  If the 
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same gene in different strains had an RMA intensity difference greater than 8-fold (log2 = 3), 

this gene was considered to be “different” between those two isolates.  Thereafter, 

absence/presence gene calls similar to binary nucleotide calls for each isolate were 

generated into fasta-formatted files, which were then directly uploaded to MEGA5 software 

package.  Phylogenetic trees were generated using the maximum likelihood method as 

described in Jackson et al. (2011). 

 

Table 4.1 Pan-genome DNA microarray analysis of a sub-set of isolates selected from the 

PFGE and MLST studies as well as others, representing other species of Cronobacter and 

their nearest neighbours 

ID Species Serotype MLST ST ST clonal complex 

Cronobacter isolates selected from the PFGE and MLST assays 

206N Cronobacter sakazakii Csak O:2 4 ST-4 complex 
207N Cronobacter sakazakii Csak O:2 4 ST-4 complex 
208N Cronobacter sakazakii Csak O:2 4 ST-4 complex 
255N Cronobacter sakazakii Csak O:2 4 ST-4 complex 
306N Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ2 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ3 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ4 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ5 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ6 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ13 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ14 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ15 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ17 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ19 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ24 Cronobacter sakazakii Csak O:4 1 ST-1 complex 
CQ25 Cronobacter sakazakii Csak O:4 1 ST-1 complex 
CQ26 Cronobacter sakazakii Csak O:4 1 ST-1 complex 
CQ31 Cronobacter sakazakii Csak O:2 4 ST-4 complex 
CQ32 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ34 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ35 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ36 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ37 Cronobacter sakazakii Csak O:3 1 ST-1 complex 
CQ38 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ40 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ42 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ43 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ44 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ45 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ46 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ61 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ68 Cronobacter sakazakii Csak O:1 57 ST-1 complex 
CQ75 Cronobacter sakazakii Csak O:3 8 ST-8 complex 
CQ83 Cronobacter sakazakii Csak O:4 6 Unknown 
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ID Species Serotype MLST ST ST clonal complex 

CQ92 Cronobacter sakazakii Csak O:4 6 Unknown 
CQ99 Cronobacter sakazakii Csak O:4 6 Unknown 
CQ111 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
CQ112 Cronobacter sakazakii Csak O:4 1 ST-1 complex 
CQ114 Cronobacter sakazakii Csak O:2 31 Unknown 
CQ115 Cronobacter sakazakii Csak O:2 31 Unknown 
CQ116 Cronobacter sakazakii Csak O:2 31 Unknown 
CQ121 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
CQ122 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
CQ123 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
CQ124 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
CQ126 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
CQ127 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
CQ128 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
E654 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
E657 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
E755 Cronobacter sakazakii Csak O:4 8 ST-8 complex 
E758 Cronobacter sakazakii Csak O:4 8 ST-8 complex 
E760 Cronobacter sakazakii Csak O:2 264 Unknown 
E788 Cronobacter sakazakii Csak O:3 4 ST-4 complex 
ATCC® BAA-894 Cronobacter sakazakii Csak O:1 1 ST-1 complex 
CQ41 Cronobacter malonaticus Cmal O:2 129 ST-129 complex 
CQ62 Cronobacter malonaticus Cmal O:2 129 ST-129 complex 
ATCC 51329 Cronobacter muytjensii Cmuy O:2 81 ST-81 complex 

Other Cronobacter species included for the internal controls 

CI825 Cronobacter malonaticus Cmal O:2 7 ST-7 complex 
464 Cronobacter dublinensis Cdub O:1 79  
CFS237 Cronobacter dublinensis Cdub O:1 106  
E515 Cronobacter dublinensis Cdub O:2 80 ST-80 complex 
z3032 Cronobacter turicensis Ctur O:1 19 ST-24 complex 
797-2 Cronobacter universalis Cuni O:1 54  
LMG26250 Cronobacter condimenti Unknown 98  

Nearest neighbours used as controls 
STM Salmonella enterica 

Typhimurium     
 

214 Klebsiella pneumoniae      
508 Siccibacter turicensis      
z1159 Franconibacter helveticus      
z513 Franconibacter helveticus      
1160 Franconibacter pulveris      
601 Franconibacter pulveris      

 

4.3.6 Bacterial motility assays 

Swim and swarm assays were performed on all 168 isolates as described previously (Martins 

et al. 2013).  Briefly, agar plates were freshly prepared using Luria-Bertani (LB) broth (Becton 

Dickinson, MD, USA) supplemented with 0.3% [w/v] agar (Sigma-Aldrich, Gillingham, UK) for 

the swim assay or with 0.6% [w/v] agar along with 0.5% [w/v] glucose for the swarm assay.  



! 101!

Overnight cultures were stabbed into the center of the swim plates and spotted onto the 

swarm plates, and these were subsequently incubated at 37°C for 8 and 24 h, respectively.  

The diameter of the colony growth on each plate was measured using a standard ruler, 

recorded and imaged using a Kodak Gel Logic 1500 imaging system (Carestream, Dublin, 

Ireland) and a Nikon D3100 (Nikon, Japan) camera.  Salmonella enterica serovar 

Typhimurium DT104 13348 - a strain expressing a high motility phenotype was included as 

the positive control for these assays.  All assays were performed in duplicate. 

 

4.3.7 Biofilm formation assay 

Biofilm formation in standard 96-well microtiter plates for all 168 isolates was performed 

using minimal media M9 (6 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 2 mM 

MgSO4, 0.1% glucose and 0.1mM CaCl2).  After overnight growth in TSB media, a 1:100 

dilution was prepared and a 200 µl cell suspension was inoculated in each of the 96-well 

microtiter plates.  These inoculated plates were then incubated at either 28 or 37°C for 72 h.  

A crystal violet (CV) staining assay was carried out which comprised three brief washes with 

200 µl of phosphate buffered saline (PBS) solution, followed by a 20 min fixation step with 

200 µl methanol.  Plates were allowed to air dry for 15 min.  After the later step, all plates 

were then stained with 200 µl 0.4% [w/v] CV for a period of 15 min and washed with 200 µl 

PBS, followed by air drying for another 15 min.  The formed biofilm was then dissolved with 

200 ul of 33% [v/v] acetic acid for 30 min.  The biofilm formed was then measured at an 

optical density of 570 nm in a microtiter plate reader (Tecan, Männedorf, Switzerland) and 

analysed as described previously (Martins et al. 2013).  Salmonella Typhimurium 

ATCC®14028 - a strong biofilm forming strain was selected as the positive control for the 

biofilm formation assays.  These biofilm assays were performed in triplicate with biological 

duplicate applied. 

 

4.3.8 Detection of the Congo red dye binding 

The colony morphology of Cronobacter species on Congo red agar was examined for the 

binding of the Congo red dye as described previously (Finn et al. 2013).  Congo red agar 

plates were prepared using LB agar without salt as a base, and supplemented with 40 µg/ml 

Congo red dye (Sigma-Aldrich, Gillingham, UK) as well as 20 µg/ml of Coomassie brilliant 

blue (Thermofisher Scientific, Waltham, MA).  Three microliters of an overnight culture was 

inoculated in the center of the Congo red plates and incubated at 28°C for 72 h.  The 

morphology of each colony was photographed using a Nikon D3100 (Nikon, Japan) camera.  

Salmonella Typhimurium ATCC®14028 was included as the positive control.  The experiment 

was performed in duplicate. 
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4.3.9 Examination of cellulose production 

The production of cellulose by Cronobacter species was examined on calcofluor agar plates 

as described previously (Finn et al. 2013).  A concentration of 50 µg/ml fluorescent 

brightener 28 (Sigma-Aldrich, Gillingham, UK) was added into the LB agar without salt.  

Three microliters of an overnight culture grown in TSB medium were inoculated into the 

center of the plate and incubated at 28°C for 72 h.  The morphology and color of each colony 

was photographed under a 366 nm UV light using a Nikon D3100 (Nikon, Japan) camera.  

Binding of any cellulose produced by the bacterial isolate was observed by the presence of a 

blue colony under UV light.  Salmonella Typhimurium ATCC®14028 - a strong biofilm forming 

strain was included as the positive control.  Each isolate was tested in duplicate. 

 

4.3.10 Statistical analysis 

All data were analysed using Microsoft Excel 2010 and IBM SPSS Statistics version 20 

unless indicated specifically.  The student t test was performed with the null hypothesis to 

understand the statistic significance among isolates of different groups.  Bivariate correlation 

analysis was carried out using a Spearman’s rho coefficient among different phenotype traits 

in various groups.  Correlation was considered significant at the level of 0.01 (**) and 0.05 

(*). 

 

4.4 Results 
4.4.1 Cronobacter species and serotypes identified in the PIF production site 

Using species-specific PCR amplification of the rpoB gene as described by Stoop et al. 

(2009) and Lehner et al. (2012), C. sakazakii was identified in 129 (97.0%) of the 133 

isolates cultured from PIF production sites, constituting the dominant species (Figure 4.2).  

Four isolates (3.0%) were detected as C. malonaticus.  No other Cronobacter species was 

found in this study.  Serotypes of all PIF isolates were determined by using PCR assays as 

described by Mullane et al. (2008b), Jarvis et al. (2011) and Jarvis et al. (2013) (Figure 2).  

Of the recovered 129 Cronobacter sakazakii isolates, the following serotypes were identified, 

including C. sakazakii O:1 (Csak O:1, 71 isolates, 53.4%), Csak O:2 (24 isolates, 18.0%), 

Csak O:3 (19 isolates, 14.3%) and Csak O:4 (15 isolates, 11.3%).  Two isolates were 

identified as C. malonaticus O:1 (Cmal O:1, 1.5%), and two others as C. malonaticus O:2 

(Cmal O:2, 1.5%). 
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Figure 4.2 Species and serotypes distributed across all 133 PIF isolates cultured from raw 

materials, environment, semi products, or finish products along with 31 clinical isolates and 

other type strains. 

 

4.4.2 PFGE sub-typing analysis 

Following molecular sub-typing by PFGE, and based on the analysis of the pulsotypes 

obtained, fourteen clusters (with similarities above 90%) were identified comprising of 133 

PIF isolates along with 35 clinical and type strains, which were included for comparison 

(Figure 4.3).  Four clustered pulsotypes (denoted as C1, C5, C6, and C14) were identified in 

one of the four facilities analysed.  The pulsotype designated as cluster C1 consisted of 70 

isolates cultured from facility A and all of these were identified as C. sakazakii serotype O:1 

(Figure 4.3).  These isolates were recovered from finished product (denoted as FP) or the 

production environments (denoted as Env), and these were isolated on three separate 

occasions in December, 2011, May through September, 2012, and again in May, 2013.  

These data suggest that the isolates within this cluster appeared to persist in the PIF 

production facility for a period of at least 18 months.  Furthermore, these results indicated the 

possibility that cross-contamination occurred between the production environment and the 

finished product.  Cluster C5 included four isolates of C. malonaticus serotype O:1, which 

were cultured on three occasions in June, July, and September, 2012 from either base 

powder or the environment of facility A (Figure 4.3).  Cluster C6 consisted of four isolates 

cultured from the environment of facility A in April, 2012 and which were identified as C. 
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sakazakii serotype O:2 (Figure 4.3).  Cluster C14 included two C. malonaticus serotype O:2 

isolates, which were recovered from the environment of facility A in July, 2012 (Figure 4.3). 
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Figure 4.3 Dendrogram showing the 14 clusters of all 168 strains, denoted as cluster C1 to 

C14, as generated by BioNumerics v7.1.  The similarity cut off value considered was 90%.  

Both the optimisation and tolerance value was 1.0%. 
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Code

CQ48

CQ55

CQ49

CQ53

CQ32

CQ61

CQ34

CQ38

CQ42

CQ47

CQ50

CQ52

CQ54

CQ57

CQ58

CQ43

CQ59

CQ44

CQ45

CQ46

CQ56

CQ40

CQ60

CQ36

CQ77

CQ67

CQ81

CQ82

CQ98

CQ100

CQ102

CQ104
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CQ51

CQ63

CQ65
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CQ71
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CQ86
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CQ103
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CQ93

CQ113
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254N

305N

E654

E657

ATCC 29544
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ATCC BAA-894

ATCC 29004

E754

E656

E788

E893

E604
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IsolatDate
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26/06/2012
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04/07/2012
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12/09/2012

02/07/2012
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15/07/2012

17/07/2012
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18/07/2012

19/07/2012
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12/09/2012
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1
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1

1
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1
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1
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1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
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1

1

1

1

1

1

1

1

4

4

1

1

8

8

1

4

7

8

4

4
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ST-1 complex

ST-1 complex

ST-1 complex

ST-1 complex

ST-1 complex

ST-1 complex
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Of note, four clusters (including C4, C7, C9, and C10) were recognised as cross-

contaminants since these were recovered from facilities in different geographical regions.  

The latter observation could be attributed to the transfer of ingredients between facilities, 

which were used in the formulation of PIF.  Cluster C4 contained 12 C. sakazakii isolates, 

which were cultured from either finished product, base powder or the environment during 

April, July, August, October, and December, 2011 in three production locations (denoted as 

facilities A, C and D; Figure 4.3).  All were identified as C. sakazakii serotype O:4.  Isolates in 

this cluster appeared to persist in these facilities over a 9-month period and contaminated the 

environment as well as the plant’s production lines.  Similarly, cluster C7 included 18 C. 

sakazakii of serotype O:2, and these were cultured from base powder, finished product, or 

the environments in three of the facilities (facilities B, C and D; Figure 4.3) during June, July, 

and October, 2011, July and October, 2012, respectively.  These results indicate that the 

isolates persisted for a period of 17-month in these facilities.  Cluster C9 included 10 C. 

sakazakii of serotype O:3.  These were cultured from two facilities (denoted as facilities A 

and B; Figure 4.3) on a number of occasions, during April and December, 2011; January 

through March, June and July, 2012.  The isolates were cultured from finished product, base 

powder, or the production environments.  Based on these findings Cronobacter isolates 

appeared to be persisting over a period of at least 16 months.  Finally, cluster C10 consisted 

of eight C. sakazakii serotype O:3 isolates, which were isolated in June, July and September, 

2012 from base powder, finished product, or environments at both facility A and B (Figure 

4.3). 

Cronobacter isolates of clinical origin clustered independently into six groups, which 

included cluster C2 (two isolates) and C3 (two isolates) of C. sakazakii serotype O:1, C8 (ten 

isolates) of C. sakazakii serotype O:2, C11 (three isolates) of C. malonaticus serotype O:1, 

C12 (three isolates) of C. malonaticus serotype O:2, and C13 (two isolates) of C. sakazakii 

serotype O:4.  In addition, five PIF isolates (including one C. malonaticus and four C. 

sakazakii isolates), nine clinical isolates, along with four type strains did not group into any of 

the previously described clusters. 

 

4.4.3 MLST profiling 

MLST sub-typing was performed with all 133 PIF isolates, along with 31 clinical isolates and 

four type strains (supplementary Table S4.1).  Sequence trace files were uploaded to 

BioNumerics v7.1 to aid with the generation of a minimum spanning tree (Figure 4.4). The 

crosslink among isolates of PIF origin is highlighted in the orange circle.  Of the 133 PIF 

isolates, ST-1 (n=84 isolates, 63.2%) was identified as the dominant sequence type, followed 

by 35 isolates (26.3%) that were identified as ST-4 (Figure 4.4 [a]).  Other ST types identified 

included ST-6 (3.0%), ST-8 (0.8%), ST-31 (3.0%), ST-57 (0.8%), ST-103 (0.8%), ST-129 
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(1.5%) and a single unknown type (0.8%).  When these ST types were grouped by bacterial 

species, C. sakazakii was identified among ST-1, -4, -6, -8, -31, -57, and -103, while C. 

malonaticus was represented by ST-6 and -129 (Figure 4.4 [a]).  A single unknown ST type 

was identified as C. malonaticus serotype O:2.  Additionally, the 31 clinical strains studied 

consisted of 23 C. sakazakii and 8 C. malonaticus.  ST-4 was the dominant type among 

these clinical isolates, comprising 45.2% of these.  Lastly, five ST-7 C. malonaticus isolates 

and five ST-8 C. sakazakii isolates together comprised 32.2% of the collection. 

 

 
Figure 4.4 MLST distributions of 133 PIF and 31 clinical isolates. (a) PIF isolates; (b) All 164 

PIF and clinical isolates studied.  Distinct sequence types are separated into various colors. 

 

4.4.4 Phylogenetic analysis of Cronobacter species using a custom designed multi-genome 

DNA microarray 

Recently, the US-FDA developed a custom designed multi-genome DNA microarray platform 

that contains over 21,402 unique genes (470,844 probes), representing the pan genome of 

seven Cronobacter species (Gopinath et al. 2015).  We used the microarray to characterise a 

sub-set of 58 isolates obtained from the PIF manufacturing facilities, clinical sources, and 

type strains, which were initially identified by their clustering arrangements using PFGE and 

MLST (Table 4.1).  Microarray analysis aptly distinguished the seven Cronobacter species 

from one another, and from non-Cronobacter species, which were used as controls for this 

custom designed pan-genome microarray.  Within each species, the isolates grouped into 

various distinct sub-clusters based on their pan genomic diversity.  In addition, microarray 

analysis clearly highlighted more actively evolving lineages at the nucleotide level for C. 

sakazakii than what was observed with other members of the genus (Figure 4.5).  For 

example, the microarray separated C. sakazakii isolates into six clusters and the strains 

111111111

575757575757575757

444444444

151515151515151515

444444444

264264264264264264264264264

888888888

888888888

606060606060606060 103103103103103103103103103

313131313131313131

666666666

777777777

888888888

818181818181818181

129129129129129129129129129

606060606060606060

777777777

UNUNUNUNUNUNUNUNUN

(a) (b) 

111111111

575757575757575757

444444444

103103103103103103103103103

888888888

313131313131313131

666666666

129129129129129129129129129

UNUNUNUNUNUNUNUNUN



! 108!

clearly segregated according to sequence type.  This might attribute to the fact that C. 

sakazakii accounts for approximately 84.8% of the Cronobacter isolates analysis by the 

microarray. 

 

 
Figure 4.5 The multi-genome microarray identification of Cronobacter species and its 

comparison with MLST and PFGE sub-typing method. 

 

 Interestingly the microarray also placed 25 ST-4 isolates into two distinct sub-clusters, 

suggesting that there may be two evolutionary lineages for this sequence type.  Microarray 

gene differences noted between the two lineages are shown in supplemental Tables S4.2 

and S4.3.  Strains from lineage 1 differed from those in lineage 2 by 24 genes, of which 

seven were phage-related.  In contrast, isolates within the lineage 2 cluster differed from 
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those in lineage 1 across 71 genes, of which 17 were associated with the pESA3-encoded 

type six secretion system (T6SS) gene cluster (Franco et al. 2011). 

To better understand this diversity, PCR analysis of these 25 isolates were carried 

out using primers to detect plasmid pESA3, and the presence or absence of four regions 

within the T6SS gene cluster as described by Franco et al. (2011).  Supplemental Table S4.4 

summarises the results of this PCR analysis.  All 25 isolates were PCR-positive for the single 

plasmid IncFIB incompatibility group replication protein gene, repA (ESA_pESA3, location 

115 to 588), which signifies that these isolates possess the pESA3 common virulence 

plasmid.  Further PCR analysis of the T6SS in the 25 isolates revealed that most of the 

isolates representing each lineage possess the 5’ end of the T6SS gene cluster.  However, 

none of the ST4 lineage 1 isolates possessed the vgrG gene, a known T6SS effector protein 

(Hachani et al. 2014), while eight out of nine ST-4 lineage 2 isolates did.  This lineage-

specific pattern was repeated for the 3’ targets associated with this end of the T6SS gene 

cluster. 

 

4.4.5 Bacterial motility assays 

Bacterial motility is a phenotype that can support the survival of an organism in a given 

ecological niche.  Cronobacter species are by definition a motile genus; nonetheless, few 

studies have explored this phenotype in a collection of isolates cultured from the PIF 

production environment.  Salmonella Typhimurium DT104 13348, was included for 

comparison purposes as it demonstrated a suitable swim and swarm phenotype (Finn et al. 

2013; Martins et al. 2013).  After 8 h of incubation at 37°C, thirty-four isolates (20.2%) were 

observed to have an increased swim phenotype, with one (0.6%) exhibiting no change in its 

swimming ability and 133 others (79.2%) that displayed a reduced swim activity when 

compared to the reference strain (Figure 4.6, supplementary Table S4.1).  By extending the 

incubation time to a total of 24 h at 37°C, twenty-five isolates (14.9%) were observed to have 

a reduced swim activity, with 143 of the remaining isolates (85.1%) able to spread across the 

entire plate, indicating that these isolates possessed the same swim activities when 

compared to the reference.  The reference strain Salmonella Typhimurium DT104 13348 

demonstrated a good swarm activity, however, in comparison with the reference, all 

Cronobacter isolates exhibited a reduced swarm activity at both 8 and 24 h when incubated 

at 37°C (supplementary Table S4.1). 
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Figure 4.6 Swim ability of Cronobacter isolates compared to the reference strain S. 

Typhimurium DT104 13348.  The reference strain showed an average swim activity of 60 

mm after 8h of incubation at 37°C.  (a) E657, C. sakazakii serotype O:1, clinical origin;  (b) 

CQ8, C. sakazakii serotype O:4, PIF origin; (c) ATCC® BAA-894, C. sakazakii serotype O:1, 

PIF origin;  (d) 206N, C. sakazakii serotype O:2, clinical origin. 

 

4.4.6 Biofilm formation under defined substrate-growth condition 

The ability to form a biofilm under laboratory-defined conditions for all Cronobacter isolates 

was studied.  This was investigated by incubating bacterial cultures in M9 minimal medium at 

28 and 37°C in standard microtiter plates (supplementary Table S4.1).  Salmonella 

Typhimurium ATCC® 14028, a strong biofilm forming strain, was included as the positive 

control.  When incubated at 28°C, the formation of a strong biofilm was observed in 115 

isolates (68.5%), whereas 35 isolates (20.8%) were defined as moderate biofilm formers, 

and 18 isolates (10.7%) demonstrated weak biofilm formation.  Similarly, when exposed to a 

temperature of 37°C, 119 isolates (70.8%) formed strong biofilms, with 32 isolates (19.1%) 

producing moderate biofilms and 17 isolates (10.1%) forming weak biofilms.  Interestingly, 

temperature dependent biofilm formation was observed among 36 isolates.  Fifteen isolates 

produced strong biofilms at 28°C and formed moderate biofilms when incubated at 37°C.  

Twenty strong biofilm formers at 37°C produced moderate or weak biofilms at 28°C, while 

one moderate biofilm former at 37°C had weak biofilm formation when incubated at 28°C. 

 

4.4.7 Morphotypes of Cronobacter species 

All Cronobacter isolates were incubated separately on Luria-Bertani (LB) agar plates 

supplemented with either Congo red or calcofluor.  The colony colour and morphology were 

recorded as an indication of the binding of the Congo red dye (Figure 4.7) and cellulose 

production (supplementary Table S4.1).  Salmonella Typhimurium ATCC® 14028 was 

selected as the reference strain.  Four morphotypes were noted as shown in Figure 7, which 

included the red, dry, and rough (RDAR, Figure 4.7[a]), the brown, dry, and rough (BDAR, 

Figure 4.7[b]), the red and smooth (RAS, Figure 4.7[c]), and the brown and smooth (BAS, 

Figure 4.7[d]) types.  The reference strain was defined as RDAR (Figure 4.7[a]).  The most 

60 mm 
Increased Decreased 

            (a)                                (b)                         Reference                        (c)                               (d) 
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common morphotype among the Cronobacter species studied was BAS, as noted in 95 

isolates (56.5%), followed by 43 isolates (25.6%) that were identified as BDAR, 21 isolates 

(12.5%) exhibited the RAS morphotype, and in 9 isolates (5.4%) the RDAR morphotype was 

observed.  Only isolates defined by either the RDAR or BDAR morphotypes were considered 

positive for the Congo red dye binding, and these accounted for 31.0% of the tested isolates.  

Isolates that exhibited a RAS morphotype (12.5%) were considered to exhibt reduced 

binding of the Congo red dye, while those with the BAS morphotype (56.5%) didn’t show any 

binding of the Congo red dye. 

 

 
Figure 4.7 Four types of cell morphology observed from the Congo red dye binding.  (a) red, 

dry, and rough (RDAR);  (b) brown, dry, and rough (BDAR);  (c) red and smooth (RAS);  and 

(d) brown and smooth (BAS). 

 

Production of cellulose was detected through monitoring the fluorescent signal 

observed at 366 nm under UV light.  The reference strain generated a strong fluorescence 

signal.  Most Cronobacter isolates (118 isolates, 70.2%) produced weak cellulose, while 50 

isolates (29.8%) were negative for this phenotype (supplementary Table S4.1). 

 

(a) (b) 

(c) (d) 
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4.4.8 Comparative analysis of selected phenotypes expressed by Cronobacter ST-1 and -4 

when recovered from various sources 

In order to determine whether or not the origin of a Cronobacter isolate would reflect on its 

phenotype, we sought to evaluate a number of correlations amongst the isolates in the 

various groups as shown in Table 4.2.  When all ST-1 (group 1 in Table 4.2) isolates were 

compared against those of ST-4 (group 2 in Table 4.2) regardless of the origins, significant 

differences in the ability to swim (when measured for 8 and 24 h) and to bind the Congo red 

dye (P =0.000) were noted.  Analysis of these phenotypic comparisons showed that ST types 

had significant negative correlations with swim activities at both 8 (r =-0.414, P=0.000) and 

24 h (r =-0.527, P =0.000), as well as with the ability to form biofilms under laboratory defined 

conditions at 37°C (r =-0.353, P =0.000) (Table 4.2).  In contrast, correlations that were 

significantly positive were noted for biofilm formation at 28°C (r =0.173, P =0.044) and the 

Congo red dye binding (r =0.310, P =0.000) (Table 4.2).  These data indicated that ST-1 

isolates exhibited a greater ability to swim and to form stronger biofilms at 37°C when 

compared to ST-4 isolates, while the latter sequence type could form better biofilms at 28°C 

and exhibit greater binding of the Congo red dye (Table 4.2).  When both were cultured from 

PIF, similar correlations were observed between ST-1 (group 3 in Table 4.2) and -4 (group 4 

in Table 4.2) isolates; however, when recovered from clinical sources, a significant difference 

was observed in their ability to swarm after 24 h of incubation [between ST-1 (group 5 in 

Table 4.2) and -4 (group 6 in Table 4.2) isolates]. 

When bacterial isolates defined by MLST as ST-1 cultured either from PIF (group 3 in 

Table 4.2) or clinical (group 5 in Table 4.2) sources were compared, a significantly different 

phenotype (P =0.000) was observed for cellulose production.  Based on the assessment of 

these data, it is tempting to speculate that the origin of an isolate (PIF or clinical, as shown 

here) may have a significantly negative correlation with the ability to swarm after 24 h 

incubation (r =-0.232, P =0.023) and to form a biofilm at 37°C (r =-0.222, P =0.038) (Table 

4.2).  Overall, ST-1 isolates of PIF origin expressed a better swarm ability and a greater 

biofilm formation at 37°C when compared to those ST-1 of clinical origin. 

Similarly, when ST-4 isolates of PIF (group 4 in Table 4.2) and clinical (group 6 in 

Table 4.2) origin were compared, phenotypic differences were observed in their ability to 

swim (when measured at both 8 and 24 h, P =0.000), and to form a biofilm at both 28 (P 

=0.000) and 37°C (P =0.009).  In this case there was a positive correlation with the ability to 

swim after 8 (r =0.717, P =0.000) and 24 h (r =0.480, P =0.001) incubation, and a negative 

ability to form biofilm at both 28 (r =-0.592, P =0.000) and 37°C (r =-0.510, P =0.000) (Table 

4.2).  These observational comparisons suggest that ST-4 isolates of PIF origin were less 

able to swim (Figure 4.8), but exhibited the capacity to form a stronger biofilm at both 28 and 

37°C, than those of clinical origin. 
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Table 4.2 Bivariate correlation analysis of all phenotypic traits investigated in various groups as divided by ST types and sample origins using a 

Spearman’s rho coefficient 
 Swimg (8h) Swim (24h) Swarm (8h) Swarm (24h) Biofilmh formation 

at 28°C 
Biofilm formation 
at 37°C 

Cellulose 
productioni 

Congo red 
dye bindingj 

Group 1a vs Group 2b -0.414** k -0.527** 0.015 0.125 0.173*l -0.353** 0.048 0.310* 
Group 3c vs Group 4d -0.651** -0.667** 0.055 0.106 0.346** -0.231** 0.030 0.292** 

Group 5e vs Group 6f 0.000 0.000 -0.415 0.562* 0.451 0.041 -0.182 0.162 

Group 3 vs Group 5 -0.009 0.000 0.147 -0.232* -0.195 -0.222* 0.099 0.061 

Group 4 vs Group 6 0.717** 0.480** -0.181 0.180 -0.592** -0.510** 0.053 -0.016 

Group 3 vs Group 6 0.199* 0.000 -0.056 0.102 -0.237* -0.456** 0.067 0.212* 

Group 4 vs Group 5 0.258 0.226 0.269 -0.377* -0.374* -0.245 0.140 -0.137 

Note: 
aGroup 1: all ST-1 isolates studied; 
bGroup 2: all ST-4 isolates studied; 
cGroup 3: ST-1 isolates cultured from PIF and its environments; 
dGroup 4: ST-4 isolates cultured from PIF and its environments; 
eGroup 5: ST-1 isolates cultured from clinical; 
fGroup 6: ST-4 isolates cultured from clinical; 
gIn the motility assay (including swim and swarm tests), the diameter of each colony was measured after incubation and normalised against the reference 
strain; 
hOD570 nm values for each isolate were normalised against the reference strain; 
iCellulose production when lacking (negative) was designated as ‘1, while weak production was assigned as ‘2’; 
jCongo red dye binding: RAS was assigned as ‘1’ with BAS being designated as ‘2’ (both considered negative for the Congo red dye binding); while RDAR 
was designated as ‘3’, and BDAR as ‘4’ (both considered positive for the Congo red dye binding); 
k **: Correlation is significant at the 0.01 level; 
l *: Correlation is significant at the 0.05 level. 
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Figure 4.8 The comparisons amongst ST-1 and ST-4 isolates, which are of PIF and 

clinical origin for its ability to swim.  (a) CQ74, ST-1, PIF origin; (b) CQ113, ST-1, PIF 

origin; (c) E654, ST-1, clinical origin; (d) E657, ST-1, clinical origin; (e) CQ14, ST-4, 

PIF origin; (f) CQ27, ST-4, PIF origin; (g) 206N, ST-4, clinical origin; (h) E788, ST-4, 

clinical origin. 

 

When ST-1 isolates of PIF origin (group 3 in Table 4.2) were compared 

against the recognised ST-4 isolates of clinical origin (group 6 in Table 4.2), 

statistically significant differences in biofilm formation at both 28 (P =0.001) and 37°C 

(P =0.000), as well as the Congo red dye binding (P =0.014) were noted.  

Furthermore, some of these correlated positively between the two groups, 

specifically in the case of their swim phenotype (r = 0.199, P =0.047) and the binding 

of the Congo red dye (r =0.212, P =0.034).  In contrast, negative correlations were 

observed when comparing biofilm formation at both 28 (r =-0.237, P =0.018) and 

37°C (r =-0.456, P =0.000) (Table 4.2).  These comparisons suggested that ST-1 

isolates of PIF origin were capable of forming stronger biofilms when compared to 

ST-4 isolates of clinical origin, while the latter appeared to exhibit a better swim 

phenotype along with an increased binding of the Congo red dye.  Finally, when ST-4 

isolates of PIF origin (group 4 in Table 4.2) and ST-1 isolates of clinical origin (group 

5 in Table 4.2) were compared, the statistically significant differences observed 

included the ability to swim (P =0.000) and the production of cellulose (P =0.002).  

ST-4 isolates cultured from PIF appeared to have a greater ability to swarm (r =-

0.377, P =0.024) and to form stronger biofilm at 28°C (r =-0.374, P =0.025) than 

clinically derived ST-1 isolates (Table 4.2). 

 

(e) (f) 
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4.5 Discussion 

Molecular sub-typing methods have been recognised for their utility in supporting 

epidemiology investigations involving bacteria of importance to public health.  Data 

presented in this study applied several techniques, including targeted gene-based 

PCR, PFGE, MLST, and a recently described pan genomic-based DNA microarray, 

to molecularly characterise a collection of 168 Cronobacter isolates.  These isolates 

were cultured from PIF and its production environment, along with others obtained 

from clinical cases.  Following molecular sub-typing, phenotypic features related to 

the survival of Cronobacter in limited nutrient environments, such as clinical and PIF 

production environments were investigated. 

The predominant Cronobacter species cultured from the four PIF production 

environments studied was C. sakazakii.  This finding is in agreement with others, 

including Müller et al. (2013) who reported on the microbial ecology of a Swiss PIF 

facility, Mozrová et al. (2013) who studied a dairy farm and its environment in the 

Czech Republic and Pan et al. (2014) who reported on Cronobacter species found in 

commercially available PIF products. 

C. sakazakii O:1 (53.4%) was identified as a common serotype detected in 

PIF and its manufacturing environment, followed by Csak O:2 (18.0%) in this study.  

While in the Swiss investigation, Müller et al. (2013) reported Csak O:2 (62.4%) as 

the most common serotype, followed by Csak O:7 (17.0%).  These differences may 

reflect the diversity among the genus serotypes associated with facilities located in 

these regions. 

The 133 Cronobacter isolates, along with the additional 35 clinical and type 

strains were further investigated using PFGE and MLST (Figures 4.3 and 4.4).  We 

were able to identify 14 different pulsotypes using PFGE, while MLST identified 13 

ST, one of which was a new sequence type.  Interestingly, PFGE profiles showed 

differences between isolates of PIF and clinical origin by clustering these separately, 

whilst MLST did not differentiate between them (Figure 4.4[b]).  Most of the isolates 

within a given pulsotype were associated with a single ST or clonal complex.  Some 

exceptions to this included isolates within clusters C-9 and -10, each of which 

included one isolate designated as ST-1, while all remaining isolates within the 

cluster belong to ST-4.  This observation has been reported previously and our data 

support these earlier studies, which stated that combining both PFGE and MLST as 

a sub-typing approach would improve accuracy (Pan et al. 2014). 

Two earlier studies have been reported using microarray-based protocols to 

investigate the genomic diversity within the genus Cronobacter.  Healy et al. (2009) 

used a microarray design platform based on 276 open reading frames, which were 
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selected from C. sakazakii ATCC® BAA-894, to determine the gene differences 

among five of the six Cronobacter species initially described by Iversen et al. (2008).  

Kucerova et al. (2010) constructed a 387,000 probe oligonucleotide microarray 

covering the whole genome of C. sakazakii ATCC® BAA-894, in an effort to identify 

the pan-genome of Cronobacter using five of the seven recognised species. 

The microarray reported here was developed for the molecular 

characterisation of Cronobacter from foods, primarily to address source attribution in 

trace-back investigations, and to investigate the genomic diversity and evolutionary 

history of Cronobacter species.  Fifty-eight isolates selected from this study were 

compared directly with five nearest neighbours and nine type strains (Figure 4.5).  

The microarray was able to accurately assess each strain’s identity and could 

differentiate Cronobacter species from its nearest neighbours.  Furthermore, the 

microarray results support the rpoB-based identities of Cronobacter species as 

described by Stoop et al. (2009) and Lehner et al. (2012).  These results also concur 

with recently published studies that discuss the phylogenetic divergence of the genus 

from the most recent common ancestral species into two major clusters, one 

consisting of C. dublinensis and C. muytjensii, and the other comprised by C. 

sakazakii, C. malonaticus, C. universalis and C. turicensis as postulated by Grim et 

al. (2013b).  C. condimenti was a distant outlier of these two clusters.  Of note, these 

results also offer a more in-depth analysis to the recent proposal to include 

Enterobacter pulveris, E. helveticus and E. turicensis as members of this genus 

(Brady et al. 2013) and the results support their reclassification into two new genera, 

Siccibacter and Franconibacter as proposed by Stephan et al. (2014).  These data 

agreed with the genome sequence information reported previously (Gopinath et al. 

2013; Grim et al. 2013a; Stephan et al. 2013).  In addition, C. sakazakii strains 

splited into sequence type clades and ST-4 strains further segregated into two clades 

comprising distinct lineages, which differed in the presence or absence of genes 

associated with the pESA3-encoded T6SS.  In C. sakazakii ATCC® BAA-894, the 

T6SS is a recently characterised protein secretion system, which consists of 16 

ORFs (ESA_pESA3p 05491 to 5506) (Franco et al. 2011).  T6SSs have been 

studied primarily in the context of pathogenic bacterial-host interactions (Ma et al. 

2009).  Recent data suggest, however, that these versatile protein secretion systems 

may also function to promote commensal or mutualistic relationships between 

bacteria and eukaryotes, or to mediate cooperative or competitive interactions 

between bacteria (Jani and Cotter 2010).  One hypothesis is that T6SSs may be 

involved in overall cell fitness, promulgating ecological driven selection processes as 

cells interact with other cells present within their environment.  Using PCR primers as 
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reported by Franco et al. (2011) to detect genes within the T6SS gene cluster, we 

molecularly characterised this plasmid region in these 25 strains that distinctly 

clustered using the microarray.  The primers for the T6SS cluster target vgrG gene 

(ESA_pESA3p05500) present on pESA3, as well as three other primer pairs were all 

used to assess whether the entire T6SS was present (or absent) as described by 

Franco et al. (2011).  The vgrG (valine-glycine repeat G protein) gene codes for a 

T6SS effector protein and is a single-copy gene in this cluster.  The VgrG protein 

also has related sequences, which are distributed on the chromosome, but most of 

these are not associated with any other T6SS gene cluster (Franco et al. 2011).  

Furthermore, the chromosomal T6SS genes in C. sakazakii ATCC® BAA-894 do not 

share significant homology at the nucleotide level with the pESA3 T6SS gene locus 

(Kucerova et al. 2010).  These results suggest that this region of the virulence 

plasmid, in these strains, may be in “genetic flux”, with either insertions or deletions 

most likely occurring in 3’ region of the gene locus.  These observations further 

support the perceived changes in gene content as measured by PCR-

positive/negative relevance in this region as described by Franco et al. (2011).  

However, the reasons for these changes remain unknown. 

Microarray analysis showed that within the C. sakazakii cluster, six ST were 

identified, while 11 PFGE pulsotypes could also be grouped (Figure 4.5).  

Interestingly, the ST-4 isolates, which were divided into two sub-clusters denoted as 

lineage 1 and lineage 2 also differentiated according to serotypes: C. sakazakii O:2 

and C. sakazakii O:3, respectively.  Previous results reported by Hariri et al. (2013) 

suggested that ST-4 strains form a distinct cluster with related ST such as ST-110, -

107 and -108, which has been defined as the ST-4 clonal complex.  The finding of 

two closely related lineages among ST-4 strains further defines and improves the 

phylogenetic resolution of this important meningitis-causing group. 

Phenotype correlation analysis showed significant differences (P<0.01) in 

respect to swim phenotype exhibited after a 24 h incubation period along with an 

ability to swarm at both 8 and 24 h.  Isolates in lineage 1 demonstrated an increased 

ability to swarm at both 8 (r=-0.650, P=0.000) and 24 h (r=-0.442, P=0.027), whilst 

isolates in lineage 2 had better swim ability at 24 h (r=0.579, P=0.002) (data not 

shown). 

Previously, MLST studies highlighted the importance of ST-4 that were linked 

to serious cases of meningitis (Hariri et al. 2013).  The same ST has also been 

identified among non-clinical isolates, including those cultured from PIF and follow-

up-formula (Baldwin et al. 2009; Müller et al. 2013; Pan et al. 2014).  An example of 

the latter is C. sakazakii SP291, which was included in this study but did not cluster 



! 118!

with any of the 14 pulsotypes.  This isolate was originally cultured from an 

environmental sample obtained from facility B, and is historically known to persist in 

PIF production environments for a period of at least 30 months (Cooney 2012).  In 

this study, ST-1 was identified as the most frequent sequence type recovered, 

following the screening of all four PIF production sites from different geographical 

regions (Figure 4.4[a]), a feature reported previously by Pan et al. (2014).  

Furthermore, an ST-1 isolate, C. sakazakii ATCC® BAA-894, was cultured from a PIF 

source with a pulsotype profile that matched a clinical isolate.  This isolate was linked 

to the death of an infant, who consumed a contaminated batch of PIF in Tennessee 

in 2001 (CDC 2002).  These observations raise questions as to the nature of the 

phenotypic differences between ST-1 and ST-4, which may in part account for the 

dominance of each ST in different niche settings. 

The phenotypes related to the survival of ST-1 and ST-4 isolates have not 

been compared previously, and moreover, such a comparison is warranted, based 

on the findings of this study.  Phenotypic experiments designed to compare both 

sequence type were performed on 168 isolates.  These experiments included 

comparisons between cell motility (swim and swarm), biofilm formation, the Congo 

red dye binding and cellulose production (supplementary Table S4.1).  In general, 

Cronobacter isolates of ST-1 exhibited a greater ability to swim and to form biofilms 

at 37°C when compared to ST-4 isolates, while the latter formed a stronger biofilm at 

28°C and exhibited greater ability of the Congo red dye binding compared to the 

former.  Similarly, ST-1 isolates recovered from PIF demonstrated a greater swarm 

activity and formed stronger biofilms at 37°C when compared to those ST-1 of clinical 

origin; while amongst ST-4, clinical isolates exhibited a better swim activity when 

compared to PIF isolates, however, the latter formed stronger biofilm at both 28 and 

37°C when compared to the former.  More importantly, ST-1 isolates cultured from 

PIF, formed a stronger biofilm at both 28 and 37°C compared to ST-4 isolates of 

clinical origin; while the latter exhibited a more active swimming ability and a greater 

binding of the Congo red dye.  As demonstrated in the present study, ST-1 is a 

common sequence type that was cultured from PIF and the associated 

manufacturing environments investigated.  The ability of a bacterium to swim and to 

bind the Congo red dye are known to be determinants related to virulence.  This 

phenotypic difference between these two Cronobacter sequence types, may in part 

explain why ST-4 isolates of clinical origin are more often linked to cases of 

meningitis.  It is tempting to speculate that these observations may represent a type 

of patho-adaptation.  Further, they are consistent with phenotypes described by Yan 
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et al. (2013) for C. sakazakii SP291, a ST-4 isolate whose origin was the PIF 

production environment. 

 In conclusion, C. sakazakii O:1 ST-1 was found to be the most common 

sequence type cultured from four geographically distinct PIF production facilities.  

Seventy of 84 ST-1 C. sakazakii clustered as a distinct pulsotype and these could be 

recovered over an 18-month period.  Phenotypic differences were noted when 

comparisons were made between ST-1 and -4 isolates, including differences in 

bacterial motility, biofilm formation, the Congo red dye binding and cellulose 

production, all of which were considered to be relevant for bacterial survival in these 

environments.  These may contribute to the patho-adaptation of this pathogen, as it 

becomes disseminated along the food chain and accounts for the epidemiological 

observations in both cases.  Further in depth phenotypic characterisation may 

provide clues as to how this phenotype is controlled in response to critical signals 

and subsequently expressed.  Furthermore, this type of approach may highlight 

bacterial targets that could be useful in the development of biomarkers for use in 

control protocols. 

 

4.6 Acknowledgements 

The authors would like to thank Drs. Matthew McCusker and Sarah Finn for their 

assistant with the phenotype assays. 

 

4.7 References 

Baldwin, A., Loughlin, M., Caubilla-Barron, J., Kucerova, E., Manning, G., Dowson, 

C., Forsythe, S. 2009. Multilocus sequence typing of Cronobacter sakazakii 

and Cronobacter malonaticus reveals stable clonal structures with clinical 

significance which do not correlate with biotypes. BMC Microbiol 9: 223. 

Brady, C., Cleenwerck, I., Venter, S., Coutinho, T., De Vos, P. 2013. Taxonomic 

evaluation of the genus Enterobacter based on multilocus sequence analysis 

(MLSA): proposal to reclassify E. nimipressuralis and E. amnigenus into 

Lelliottia gen. nov. as Lelliottia nimipressuralis comb. nov. and Lelliottia 

amnigena comb. nov., respectively, E. gergoviae and E. pyrinus into 

Pluralibacter gen. nov. as Pluralibacter gergoviae comb. nov. and 

Pluralibacter pyrinus comb. nov., respectively, E. cowanii, E. radicincitans, E. 

oryzae and E. arachidis into Kosakonia gen. nov. as Kosakonia cowanii 

comb. nov., Kosakonia radicincitans comb. nov., Kosakonia oryzae comb. 

nov. and Kosakonia arachidis comb. nov., respectively, and E. turicensis, E. 



! 120!

helveticus and E. pulveris into Cronobacter as Cronobacter zurichensis nom. 

nov., Cronobacter helveticus comb. nov. and Cronobacter pulveris comb. 

nov., respectively, and emended description of the genera Enterobacter and 

Cronobacter. Syst Appl Microbiol 36(5): 309-319. 

Brengi, S.P., O'Brien, S.B., Pichel, M., Iversen, C., Arduino, M., Binsztein, N., 

Jensen, B., Pagotto, F., Ribot, E.M., Stephan, R., Cernela, N., Cooper, K., 

Fanning, S. 2012. Development and validation of a PulseNet standardized 

protocol for subtyping isolates of Cronobacter species. Foodborne Pathog Dis 

9(9): 861-867. 

Cai, X.Q., Yu, H.Q., Ruan, Z.X., Yang, L.L., Bai, J.S., Qiu, D.Y., Jian, Z.H., Xiao, 

Y.Q., Yang, J.Y., Le, T.H., Zhu, X.Q. 2013. Rapid detection and simultaneous 

genotyping of Cronobacter spp. (formerly Enterobacter sakazakii) in 

powdered infant formula using real-time PCR and high resolution melting 

(HRM) analysis. PLoS One 8(6): e67082. 

CDC. 2002. Enterobacter sakazakii infections associated with the use of powdered 

infant formula--Tennessee, 2001. Morb Mortal Wkly Rep 51(14): 297-300. 

Cooney, S. 2012. A sudy on the epidemiology and behavior of selected bacteria 

colonizing a powdered infant formula (PIF) low moisture production 

environment. Vol PhD thesis. University College Dublin, Dublin, Ireland. 

Craven, H.M., McAuley, C.M., Duffy, L.L., Fegan, N. 2010. Distribution, prevalence 

and persistence of Cronobacter (Enterobacter sakazakii) in the 

nonprocessing and processing environments of five milk powder factories. J 

Appl Microbiol 109(3): 1044-1052. 

Derzelle, S., Dilasser, F. 2006. A robotic DNA purification protocol and real-time PCR 

for the detection of Enterobacter sakazakii in powdered infant formulae. BMC 

Microbiol 6: 100. 

Drudy, D., O'Rourke, M., Murphy, M., Mullane, N.R., O'Mahony, R., Kelly, L., Fischer, 

M., Sanjaq, S., Shannon, P., Wall, P., O'Mahony, M., Whyte, P., Fanning, S. 

2006. Characterization of a collection of Enterobacter sakazakii isolates from 

environmental and food sources. Int J Food Microbiol 110(2): 127-134. 

El-Sharoud, W.M., O'Brien, S., Negredo, C., Iversen, C., Fanning, S., Healy, B. 2009. 

Characterization of Cronobacter recovered from dried milk and related 

products. BMC Microbiol 9: 24. 

Finn, S., Hinton, J.C., McClure, P., Amezquita, A., Martins, M., Fanning, S. 2013. 

Phenotypic characterization of Salmonella isolated from food production 

environments associated with low-water activity foods. J Food Prot 76(9): 

1488-1499. 



! 121!

Franco, A.A., Kothary, M.H., Gopinath, G., Jarvis, K.G., Grim, C.J., Hu, L., Datta, 

A.R., McCardell, B.A., Tall, B.D. 2011. Cpa, the outer membrane protease of 

Cronobacter sakazakii, activates plasminogen and mediates resistance to 

serum bactericidal activity. Infect Immun 79(4): 1578-1587. 

Fricker-Feer, C., Cernela, N., Bolzan, S., Lehner, A., Stephan, R. 2011. Evaluation of 

three commercially available real-time PCR based systems for detection of 

Cronobacter species. Int J Food Microbiol 146(2): 200-202. 

Gičová, A., Oriešková, M., Oslanecová, L., Drahovská, H., Kaclíková, E. 2014. 

Identification and characterization of Cronobacter strains isolated from 

powdered infant foods. Lett Appl Microbiol 58(3): 242-247. 

Gopinath, G.R., Gangiredla, J., Grim, C.J., Jackson, S.A., Patel, I.R., Yan, Q.Q., 

Chase, H.R., Lee, B., Hwang, S., Trach, L., Park, E., Yoo, Y., Chung, T., 

Sathyamoorthy, V., Pava-Ripoll, M., Kotewicz, M.L., Carter, L., Iversen, C., 

Pagotto, F., Stephan, R., Fanning, S., Tall, B.D. 2015. Development of a 

custome-designed, pan genomic DNA microarray to characterize strain-level 

diversity among Cronobacter spp. Sci Rep: In submission. 

Gopinath, G.R., Grim, C.J., Tall, B.D., Mammel, M.K., Sathyamoorthy, V., Trach, 

L.H., Chase, H.R., Fanning, S., Stephan, R. 2013. Genome sequences of two 

Enterobacter pulveris strains, 601/05T (LMG 24057T DSM 19144T) and 

1160/04 (LMG 24058 DSM 19146), isolated from fruit powder. Genome 

Announc 1(6): e00991-00913. 

Grim, C.J., Gopinath, G.R., Mammel, M.K., Sathyamoorthy, V., Trach, L.H., Chase, 

H.R., Tall, B.D., Fanning, S., Stephan, R. 2013a. Genome sequence of an 

Enterobacter helveticus strain, 1159/04 (LMG 23733), isolated from fruit 

powder Genome Announc 1(6): e01038-01013. 

Grim, C.J., Kotewicz, M.L., Power, K., Pagotto, F., Gopinath, G., Mammel, M.K., 

Jarvis, K.G., Yan, Q.Q., Kothary, M.H., Franco, A.A., Patel, I.R., Jackson, 

S.A., Hu, L., Sathyamoorthy, V., Iversen, C., Lehner, A., Stephan, R., Farber, 

J.M., Fanning, S., Tall, B.D. 2013b. Pan genome analysis of the emerging 

foodborne pathogen Cronobacter spp. suggests a species-level bidirectional 

divergence driven by niche adaption. BMC Genomics 14: 366. 

Hachani, A., Allsopp, L.P., Oduko, Y., Filloux, A. 2014. The VgrG proteins are "a la 

carte" delivery systems for bacterial type VI effectors. The Journal of 

biological chemistry 289(25): 17872-17884. 

Hariri, S., Joseph, S., Forsythe, S.J. 2013. Cronobacter sakazakii ST4 strains and 

neonatal meningitis, United States. Emerg Infect Dis 19(1): 175-177. 



! 122!

Healy, B., Huynh, S., Mullane, N., O'Brien, S., Iversen, C., Lehner, A., Stephan, R., 

Parker, C.T., Fanning, S. 2009. Microarray-based comparative genomic 

indexing of the Cronobacter genus (Enterobacter sakazakii). Int J Food 

Microbiol 136(2): 159-164. 

Himelright, I., Harris, E., Lorch, V., Anderson, M., Jones, T., Craig, A., Kuehnert, M., 

Forster, T., Arduino, M., Jensen, B., Jernigan, D. 2002. Enterobacter 

sakazakii infections associated with the use of powdered infant formula - 

Tennessee, 2001. Morb Mortal Wkly Rep 51(14): 298-300. 

Hunter, C.J., Bean, J.F. 2013. Cronobacter: an emerging opportunistic pathogen 

associated with neonatal meningitis, sepsis and necrotizing enterocolitis. J 

Perinatol 33(8): 581-585. 

Iversen, C., Mullane, N., McCardell, B., Tall, B.D., Lehner, A., Fanning, S., Stephan, 

R., Joosten, H. 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(Pt 6): 1442-1447. 

Iversen, C., Lehner, A., Mullane, N., Bidlas, E., Cleenwerck, I., Marugg, J., Fanning, 

S., Stephan, R., Joosten, H. 2007. The taxonomy of Enterobacter sakazakii: 

proposal of a new genus Cronobacter gen. nov. and descriptions of 

Cronobacter sakazakii comb. nov. Cronobacter sakazakii subsp. sakazakii, 

comb. nov., Cronobacter sakazakii subsp. malonaticus subsp. nov., 

Cronobacter turicensis sp. nov., Cronobacter muytjensii sp. nov., Cronobacter 

dublinensis sp. nov. and Cronobacter genomospecies 1. BMC Evol Biol 7: 64. 

Jackson, S.A., Patel, I.R., Barnaba, T., LeClerc, J.E., Cebula, T.A. 2011. 

Investigation the global genomic diversity of Escherichia coli using a multi-

genome DNA microarray platform with novel gene prediction strategies. BMC 

Genomics 12: 349. 

Jani, A.J., Cotter, P.A. 2010. Type VI secretion: not just for pathogenesis anymore. 

Cell host & microbe 8(1): 2-6. 

Jarvis, K.G., Grim, C.J., Franco, A.A., Gopinath, G., Sathyamoorthy, V., Hu, L., 

Sadowski, J.A., Lee, C.S., Tall, B.D. 2011. Molecular characterization of 

Cronobacter lipopolysaccharide O-antigen gene clusters and development of 

serotype-specific PCR assays. Appl Environ Microbiol 77(12): 4017-4026. 



! 123!

Jarvis, K.G., Yan, Q.Q., Grim, C.J., Power, K.A., Franco, A.A., Hu, L., Gopinath, G., 

Sathyamoorthy, V., Kotewicz, M.L., Kothary, M.H., Lee, C., Sadowski, J., 

Fanning, S., Tall, B.D. 2013. Identification and characterization of five new 

molecular serogroups of Cronobacter spp. Foodborne Pathog Dis 10(4): 343-

352. 

Joseph, S., Forsythe, S.J. 2012. Insights into the emergent bacterial pathogen 

Cronobacter spp., generated by multilocus sequence typing and analysis. 

Front Microbiol 3: 397. 

Joseph, S., Cetinkaya, E., Drahovska, H., Levican, A., Figueras, M.J., 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(Pt 6): 1277-1283. 

Joseph, S., Sonbol, H., Hariri, S., Desai, P., McClelland, M., Forsythe, S.J. 2012b. 

Diversity of the Cronobacter genus as revealed by multilocus sequence 

typing. J Clin Microbiol 50(9): 3031-3039. 

Kucerova, E., Clifton, S.W., Xia, X.Q., Long, F., Porwollik, S., Fulton, L., Fronick, C., 

Minx, P., Kyung, K., Warren, W., Fulton, R., Feng, D.Y., Wollam, A., Shah, 

N., Bhonagiri, V., Nash, W.E., Pepin, K.H., Wilson, R.K., McClelland, M., 

Forsythe, S.J. 2010. Genome sequence of Cronobacter sakazakii BAA-894 

and comparative genomic hybridization analysis with other Cronobacter 

species. PLoS One 5(3): 1-10. 

Lehner, A., Fricker-Feer, C., Stephan, R. 2012. Identification of the recently 

described Cronobacter condimenti by a rpoB based PCR system. J Med 

Microbiol 61(7): 1034-1035. 

Liu, Y., Cai, X., Zhang, X., Gao, Q., Yang, X., Zheng, Z., Luo, M., Huang, X. 2006. 

Real time PCR using TaqMan and SYBR Green for detection of Enterobacter 

sakazakii in infant formula. J Microbiol Methods 65(1): 21-31. 

Ma, A.T., McAuley, S., Pukatzki, S., Mekalanos, J.J. 2009. Translocation of a Vibrio 

cholerae type VI secretion effector requires bacterial endocytosis by host 

cells. Cell host & microbe 5(3): 234-243. 

Martins, M., McCusker, M.P., McCabe, E.M., O'Leary, D., Duffy, G., Fanning, S. 

2013. Evidence of metabolic switching and implications for food safety from 

the phenome(s) of Salmonella enterica serovar Typhimurium DT104 cultured 

at selected points across the pork production food Chain. Appl Environ 

Microbiol 79(18): 5437-5449. 



! 124!

Miled-Bennour, R., Ells, T.C., Pagotto, F.J., Farber, J.M., Kerouanton, A., Meheut, T., 

Colin, P., Joosten, H., Leclercq, A., Besse, N.G. 2010. Genotypic and 

phenotypic characterisation of a collection of Cronobacter (Enterobacter 

sakazakii) isolates. Int J Food Microbiol 139(1-2): 116-125. 

Molloy, C., Cagney, C., O'Brien, S., Iversen, C., Fanning, S., Duffy, G. 2009. 

Surveillance and characterisation by pulsed-field gel electrophoresis of 

Cronobacter spp. in farming and domestic environments, food production 

animals and retail foods. Int J Food Microbiol 136(2): 198-203. 

Mozrová, V., Břeňová, N., Mrázek, J., Lukešová, D., Marounek, M. 2013. 

Surveillance and characterisation of Cronobacter spp. in Czech retail food 

and environmental samples. Folia Microbiol (Praha) 59(1): 63-38. 

Mullane, N., Healy, B., Meade, J., Whyte, P., Wall, P.G., Fanning, S. 2008a. 

Dissemination of Cronobacter spp. (Enterobacter sakazakii) in a powdered 

milk protein manufacturing facility. Appl Environ Microbiol 74(19): 5913-5917. 

Mullane, N., O'Gaora, P., Nally, J.E., Iversen, C., Whyte, P., Wall, P.G., Fanning, S. 

2008b. Molecular analysis of the Enterobacter sakazakii O-antigen gene 

locus. Appl Environ Microbiol 74(12): 3783-3794. 

Mullane, N.R., Whyte, P., Wall, P.G., Quinn, T., Fanning, S. 2007. Application of 

pulsed-field gel electrophoresis to characterise and trace the prevalence of 

Enterobacter sakazakii in an infant formula processing facility. Int J Food 

Microbiol 116(1): 73-81. 

Müller, A., Stephan, R., Fricker-Feer, C., Lehner, A. 2013. Genetic diversity of 

Cronobacter sakazakii isolates collected from a Swiss infant formula 

production facility. J Food Prot 76(5): 883-887. 

Pan, Z., Cui, J., Lyu, G., Du, X., Qin, L., Guo, Y., Xu, B., Li, W., Cui, Z., Zhao, C. 

2014. Isolation and molecular typing of Cronobacter spp. in commercial 

powdered infant formula and follow-up formula. Foodborne Pathog Dis 11(6): 

456-461. 

Seo, K.H., Brackett, R.E. 2005. Rapid, specific detection of Enterobacter sakazakii in 

infant formula using a real-time PCR assay. J Food Prot 68(1): 59-63. 

Stephan, R., Lehner, A., Tischler, P., Rattei, T. 2011. Complete genome sequence of 

Cronobacter turicensis LMG 23827, a food-borne pathogen causing deaths in 

neonates. J Bacteriol 193(1): 309-310. 

Stephan, R., Grim, C.J., Gopinath, G.R., Mammel, M.K., Sathyamoorthy, V., Trach, 

L.H., Chase, H.R., Fanning, S., Tall, B.D. 2013. Genome sequence of 

Enterobacter turicensis strain 610/05 (LMG 23731), isolated from fruit 

powder. Genome Announc 1(6): e00996-00913. 



! 125!

Stephan, R., Grim, C.J., Gopinath, G.R., Mammel, M.K., Sathyamoorthy, V., Trach, 

L.H., Chase, H.R., Fanning, S., Tall, B.D. 2014. Re-examination of the 

taxonomic status of Enterobacter helveticus, Enterobacter pulveris, and 

Enterobacter turicensis as members of Cronobacter and description of 

Siccibacter turicensis com. nov., Franconibacter helveticus comb. nov., and 

Franconibacter pulveris com. nov. . Int J Syst Evol Microbiol 64(Pt 10): 3402-

3410. 

Stoop, B., Lehner, A., Iversen, C., Fanning, S., 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(2): 165-168. 

Sun, Y., Wang, M., Liu, H., Wang, J., He, X., Zeng, J., Guo, X., Li, K., Cao, B., Wang, 

L. 2011. Development of an O-antigen serotyping scheme for Cronobacter 

sakazakii. Appl Environ Microbiol 77(7): 2209-2214. 

Terragno, R., Salve, A., Pichel, M., Epszteyn, S., Brengi, S., Binsztein, N. 2009. 

Characterization and subtyping of Cronobacter spp. from imported powdered 

infant formulae in Argentina. Int J Food Microbiol 136(2): 193-197. 

Yan, Q.Q., Fanning, S. 2014. Pulsed-field gel electrophoresis (PFGE) for pathogenic 

Cronobacter species. In Pulsed Field Gel Electrophoresis: Methods and 

Protocols, Vol In press (ed. K Jordan, D Marion). Springer Science, New 

York. 

Yan, Q.Q., Power, K.A., Cooney, S., Fox, E., Gopinath, G.R., Grim, C.J., Tall, B.D., 

McCusker, M.P., Fanning, S. 2013. Complete genome sequence and 

phenotype microarray analysis of Cronobacter sakazakii SP291: a persistent 

isolate cultured from a powdered infant formula production facility. Front 

Microbiol 4: 256. 

 

 



! 126!

Supplementary Tables 

 

Table S4.1 Phenotypic traits of 133 Cronobacter isolates cultured from PIF and its 

production environments, 35 clinical isolates and type strains (see the accompanying 

CD) 

 

Table S4.2 Microarray gene differences noted in C. sakazakii ST-4 lineage 1, in 

comparisons to lineage 2. (see the accompanying CD) 

 

Table S4.3 Microarray gene differences noted in C. sakazakii ST-4 lineage 2, in 

comparisons to lineage 1. (see the accompanying CD) 

 

Table S4.4 Plasmid and T6SS gene patterns observed among the two lineages within 

the 25 ST-4 C. sakazakii strains as determined by PCR assays (see the accompanying 

CD) 
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1. Summary 

Pulsed-field gel electrophoresis (PFGE) is a molecular-based sub-typing strategy 

that uses a suitable DNA restriction endonuclease enzyme to cut large genomic DNA 

into several large linear fragments, that can be separated based on their sizes.  

PFGE has been successfully applied to the sub-typing of many pathogenic bacteria, 

including Cronobacter species and it is commonly considered as a ‘gold standard’ in 

epidemiological studies. 

 

Key words: Cronobacter, pulsed-field gel electrophoresis, sub-typing, epidemiology, 

genetic fingerprint 

 

2. Introduction 

Cronobacter species are opportunistic pathogens that can cause necrotizing 

enterocolitis, bacteraemia and meningitis, predominantly in neonates.  The bacterium 

has been isolated from a range of food sources including dairy-based foods, dried 

meats, water, rice and others (Baumgartner et al. 2009; Chap et al. 2009; Healy et al. 

2010).  Controlling the microbiological load and understanding the epidemiology 

would contribute positively towards a reduction in the health risk to vulnerable 

individuals. 

Molecular approaches have always been regarded as useful tools to extend 

our understanding of the epidemiology of an organism.  These methods often require 

the analysis of a DNA fragmentation pattern or fingerprint produced following the 

enzymatic digestion of template DNA (including the chromosome and any plasmids) 

purified from a bacterium of interest.  The latter requires the resolution of the DNA 

fingerprint using a gel-based protocol.  Conventional agarose gel electrophoresis is 

incapable of separating DNA molecules of greater than 20-kbp.  It was not until the 

development of pulsed-field gel electrophoresis (PFGE) by Schwartz and Cantor 

(1984) that the application of the method gained widespread use.  This analytical 

approach introduced perpendicularly oriented, non-uniform, alternately pulsed, 

electric fields, capable of separating very large molecular weight DNA molecules with 

greater resolution.  PFGE has been commonly used as a gold standard in 

epidemiological studies to answer the question of whether isolate A is related to 

isolate B by comparing their respective PFGE fingerprint profiles. Mullane et al. 

(2007) applied PFGE sub-typing for Cronobacter species as a component part of a 

monitoring program to locate points of contamination, investigate clonal persistence, 

and identify possible dissemination routes along the powdered infant formula 
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processing chain in 2007.  Similar application of this approach followed and more 

recently culminated in the development of a standardised approach in Cronobacter 

spp., which is now included as a validated PulseNet protocol (Anonymous 2009; 

Craven et al. 2010; El-Sharoud et al. 2008; El-Sharoud et al. 2009; Hein et al. 2009; 

Ivy et al. 2013; Kima et al. 2008; Miled-Bennour et al. 2010; Molloy et al. 2009; 

Mshana et al. 2011; Mullane et al. 2008; Müller et al. 2013; Pei et al. 2008; Proudy et 

al. 2008; Simón et al. 2010; Terragnoa et al. 2009; Townsend et al. 2008). 

 

 
Figure S4.1 A flow chart describing the PFGE protocol of pathogenic Cronobacter 

spp.  Stage 1, preparing cell suspensions;  Stage 2, preparing PFGE plugs;  Stage 3, 

lysis and washing of PFGE plugs;  Stage 4, restriction digestion of DNA;  Stage 5, 

gel electrophoresis of restricted DNA;  Stage 6, PFGE gel visualisation and analysis. 

 

Figure S4.1 shows a flow chart of the main steps in the PFGE protocol.  

Bacterial genomic DNA is recovered and lysed in agarose plugs, following multiple 

washing steps using water and Tris-Ethylenediaminetetraacetic acid (TE) buffer.  

Total genomic DNA is then digested with a suitable restriction endonuclease enzyme 

and the large linear DNA fragments are separated based on their size using a pulsed 

electric field.  Finally, the gel is stained and the DNA fingerprint photographed before 

digitising it into a tiff image for uploading to BioNumerics for subsequent analysis.  If 

two isolates were clonal, the DNA fingerprint profiles would be indistinguishable; 

otherwise, DNA banding patterns will vary by between a few and many bands.  

1

2

3

4

5

6
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PFGE is highly reproducible and the patterns produced are easier to interpret 

compared to other techniques.  Theoretically all bacteria are typeable.  The PFGE 

protocol for Cronobacter species will be described in detail in this chapter. 

 

3. Materials 

All solutions are prepared using 18 MΩ ultrapure deionised water and analytical 

grade reagents.  All reagents are stored at room temperature (unless otherwise 

indicated).  Diligently follow all waste disposal regulations when disposing waste 

materials.  

 

3.1 Making PFGE plugs components 

1. Prepare 1 M Tris-HCl, pH 8.0:  Add 100 mL water to a 1-L graduated cylinder or 

glass beaker.  Weight 121.1 g Tris base and transfer to the graduated cylinder or 

glass beaker.  Add water to a volume of 900 mL.  Dissolve and adjust the pH to 

8.0 by adding concentrated HCl (see Note 1).  Make up to a final volume of 1 L 

with water and sterilise by autoclaving. 

2. Prepare 0.5 M EDTA, pH 8.0:  Add 100 mL water to a 1-L graduated cylinder or 

glass beaker.  Weight 186.1 g Ethylenediaminetetraacetic acid (EDTA) and 

transfer to the graduated cylinder or glass beaker.  Add water to a volume of 900 

mL.  Dissolve and adjust pH 8.0 with NaOH (see Note 2).  Make up volume a final 

volume of 1 L with water and sterilise by autoclaving. 

3. TE Buffer:  Add 10 mL of prepared 1 M Tris-HCl (pH 8.0) and 2 mL prepared 0.5 M 

EDTA (pH 8.0) into 988 mL water to generate 1 L TB buffer.  Sterilise by 

autoclaving.  This yields a concentration of 10 mM Tris and 1 mM EDTA, at pH 

8.0.  

4. Prepare casting agarose:  Weight 0.125 g Pulsed-Field Certified Agarose (see 

Note 3) into a 100 mL screw top flask.  Add 11.75 mL TE buffer into the same 

flask.  Swirl gently to disperse agarose.  Heat the flask using a Microwave until the 

agarose is completely dissolved.  Place the flask into a 55-60°C water bath. 

5. Prepare 20% [w/v] Sodium dodecyl sulfate (SDS):  Weight 0.2 g SDS and transfer 

to 0.8 mL water (see Note 4). 

6. Cell Suspension Buffer (CSB):  Add 3 mL of prepared 1 M Tris-HCl (pH 8.0) and 6 

mL prepared 0.5 M EDTA (pH 8.0) into 21 mL water to generate 30 mL CSB.  

Sterilise by autoclaving.  This yields a concentration of 100 mM Tris and 100 mM 

EDTA, at pH 8.0. 

7. PFGE plug mold (Bio-Rad). 
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8. Spectrophotometer. 

9. Two water baths:  a stational water bath at 50°C and a shaking water bath at 

54°C. 

 

3.2 DNA lysis and digestion components 

1. Cell lysis buffer (CLB):  Add 6.25 mL of sterilised 1 M Tris-HCl (pH 8.0), 12.5 mL 

sterilised 0.5 M EDTA (pH 8.0) and 12.5 mL 10% [w/v] Sarcosyl into 93.75 mL 

water to generate 125 mL CLB.  This yields a concentration of 50 mM Tris, 50 mM 

EDTA, pH 8.0, 1 % [w/v] Sarcosyl (see Note 5). 

2. Proteinase K/CLB master mix:  Each sample requires 5 mL of CLB and 25 µL 

Proteinase K (20 mg/mL), which yields a final concentration of 0.1 mg/mL 

Proteinase K. 

3. DNA restriction digestion mix:  1X NEBuffer 4, 50 U XbaI, 1X BSA, and water.  

Total volume of the reaction is 200 µL. 

4. Restriction enzyme:  XbaI is a primary restriction enzyme;  and SpeI is a 

secondary restriction enzyme. 

 

3.3. Running gel and visualising components 

1. Prepare 10X Tris-Borate EDTA buffer (TBE):  Add 100 mL water to a 1-L 

graduated cylinder or glass beaker.  Weigh 108 g Tris base, as well as 55 g boric 

acid and transfer to the graduated cylinder or glass beaker.  Add 40 mL 0.5 M 

EDTA (pH 8.0).  Make up to a final volume with 1 L water and sterilise by 

autoclaving. 

2. Prepare 3 M Thiourea solutions:  Add 50 mL water to a 100 mL graduated cylinder 

or glass beaker.  Add 22.83 g of Thiourea to the container and add water to a 

volume of 100 mL.  Mix well. 

3. Running buffer:  Add 150 mL 10X TBE buffer to 2850 mL water, supplemented 

with 50 µL of 3 M Thiourea solution.  This yields to 3 L of running buffer with 0.5X 

TBE buffer and 50 µM Thiourea.  Alternatively two liter of running buffer can be 

applied. Prepare fresh and discard after use. 

4. Casting agarose gel:  Weight 1.5 g Pulsed-Field Certified Agarose and transfer to 

a 500 mL screw top flask.  Add 150 mL 0.5X TBE to the same flask.  Swirl gently 

to disperse agarose.  Heat the flask using a Microwave until the agarose is 

completely melted (see Note 6).  Place the flask into a 50°C water bath until 

needed. 

5. Standard casting stand and 15 well comb. 
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6. The PFGE electrophoresis conditions:  Select the following conditions for the 

CHEF Mapper XA PFGE system.  Auto Algorithm, with low MW of 30-kbp, high 

MW of 70 kbp;  Initial switch time: 2.16 s, Final switch time: 63.8 s;  Voltage 6 V, 

Included angle 120˚;  Run time 20 h. 

7. Staining buffer:  Add 40 µL of SYBRSafe DNA Gel Stain (see Note 7) to 400 mL 

water in a tray or plastic box.  Cover the container with kitchen tin foil to protect it 

from light. 

8. CHEF Mapper XA Pulsed-field Electrophoresis System.  CHEF DR-II or CHEF 

DR-III system is the alternative PFGE system. 

9. Gel Logic 1500 system (Carestream) or any other equivalent systems for 

visualisation of resulting agarose gels. 

10. Personal computer with BioNumerics software (Applied-Maths). 

 

4. Methods 

Cronobacter species is an opportunistic pathogen that can cause serious disease in 

individuals with a weak-immune system.  Always use Biosafety Level 2 practices (at 

a minimum) and extreme caution when transferring and handling bacterial strains.  

Work in a biological safety cabinet when handling large numbers of cells.  Disinfect 

and carefully dispose of all plastic ware and glassware that come into contact with 

the bacterial cultures in a safe manner.  Carry out all procedures at room 

temperature unless otherwise specified. 

 

4.1 Preparing cell suspension 

1. Streak an isolated bacterial colony onto a previously prepared Trypticase Soy 

Agar (TSA) plate, and incubate at 37˚C overnight (see Note 8).  Streak 

Salmonella Braenderup H9812 onto a TSA plate, and use as the standard during 

PFGE analysis. 

2. Turn on a shaking water bath (54˚C) and a stationary water bath (50˚C). 

3. Prepare 1% [w/v] Pulsed Field Certified Agarose and 20% [w/v] SDS.  Place them 

into 55˚C water bath until required. 

4. Disinfect the reusable plug mold for 30-60 min using 90% [v/v] ethanol (see Note 

9). 

5. Transfer 1.5 mL cell suspension buffer (CSB) into labeled 1.5 mL eppendorf tubes. 

6. Use a sterile cotton swab to pick individual colonies from the freshly cultured TSA 

plate and suspend in CSB (see Note 10). 
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7. Transfer cell suspension into a cuvette and read the Optical Density (OD) at a 

wavelength of 610 nm in a spectrophotometer.  Adjust the OD610 nm to 1.4 (see 

Note 11) and transfer the suspension to a fresh sterile 1.5 mL eppendorf tube. 

 

4.2 Preparing PFGE plugs 

1. Dry the plug mold and assemble it.  Label the plug mold as well as new sterile 1.5 

mL eppendorf tube with sample numbers. 

2. Add 20 µL of Proteinase K (20 mg/mL) (see Note 12) to each labeled tube. 

3. Add 625 µL of 20 % [w/v] SDS to the 1% [w/v] Pulsed Field Certified Agarose. 

4. Transfer 400 µL of the SDS/Agarose mix into the tube with Proteinase K solution.  

Transfer 400 µL of the corresponding cell suspensions into the SDS/Agarose/PK 

mix.  Mix by pipetting up and down three times (see Note 13).  Immediately 

dispense the cell-agarose mixture into the appropriate well of the plug mold and 

allow plugs to solidify at room temperature for 10-15 min (see Note 14). 

 

4.3 Lysis of PFGE plugs 

1. Add 5 mL of Proteinase K/CLB master mix to labeled 15 mL tubes. 

2. Carefully transfer agarose plugs from the mold to the appropriate labeled tube 

(see Note 15). 

3. Place the tube in a 54˚C shaking water bath for 90 min with constant, vigorous 

shaking at 175-200 rpm (see Note 16). 

4. Pre-heat sterile water and TE Buffer to 50˚C for the washing of agarose plus after 

cell lysis. 

 

4.4 Washing of PFGE agarose plugs 

1. Remove the tubes from water bath and reset the shaking water bath to 50˚C when 

the lysis finishes (see Note 17). 

2. Carefully pour off the lysis buffer into an appropriate discard container.  The plugs 

can be captured in tubes with a screwed cap (see Note 18). 

3. Add 10 mL of the preheated sterile water to the tubes.  Place the tubes back to the 

50˚C shaking water bath for 10 min. 

4. Pour off the water from the plugs and repeat steps 2 and 3 one more time. 

5. Pour off the remaining water and add 10 mL sterile TE buffer.  Place the tubes 

back to the 50˚C shaking water bath for 15 min. 

6. Pour off TE buffer and repeat step 5 two more times. 

7. Discard TE buffer and add 5 mL sterile TE to the tubes (see Note 19). 
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8. Continue with “Restriction Digestion” or store the plugs at 4˚C until needed.  The 

lysis PFGE plugs can be kept for up to 6 months. 

 

4.5 Restriction digestion of DNA 

1. Turn on heating block and set temperature to 37˚C. 

2. Label 1.5 mL eppendorf tubes with sample names. 

3. Cut plugs into 5 mm x 3 mm slice using a sharp knife (see Note 20) and place into 

the respective tubes (4 samples for S. Braenderup as biomarker). Replace the 

remainder of the plug into the 5 mL TE buffer and store at 4˚C. 

4. Prepare the restriction enzyme master mix. 

5. Add 200 µL restriction digestion master mix into each tube.  Submerge the plug 

slice into the enzyme mix (see Note 21). 

6. Incubate the sample and biomarker plug slices in a 37˚C heating block for 3 h (see 

Note 22). 

7. If the plug slices will be loaded into the wells on the same day, continue with step 

1-2 in next section (Casting agarose gel) approximately 1 h before the restriction 

digest reaction finishes.  Or else, plugs can be stored in 0.5X TBE buffer at 4˚C 

run on a PFGE gel within 24 h. 

 

4.6 Casting agarose gel 

1. Prepare 150 mL casting agarose gel and leave the flask in the 50˚C water bath. 

2. Assemble and balance the gel casting platform (see Note 23). 

3. After the enzyme digestion has finished, remove the restriction enzyme mixture 

and add 200 mL 0.5X TBE to each tube for 10 min to stop the reaction. 

4. Remove the plug slice from the TBE excess buffer and place it on the bottom of 

petri dish.  Use a tissue to soak up the buffer without touching the plug slice (see 

Note 24). 

5. Place the S. Braenderup onto lanes 1, 6, 11 and 15 of the comb.  Spread sample 

slices on the rest of the comb (for a 15 lane comb). 

6. Sit the comb on the gel casting platform (see Note 25). 

7. Carefully pour the molten agarose into the gel mold from a corner and let it run 

around the comb itself.  Allow the gel to set for about 30–45 min (see Note 26). 

 

4.7 Gel electrophoresis of restricted DNA 

1. Add the remaining 0.5X TBE Buffer into the CHEF Mapper XA system. 

2. Turn on the pump and ensure there are no air bubbles.  Turn on the cooling 

system and set the temperature to 14˚C. 
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3. Carefully remove the comb and the white edges of the mold.  Place the black 

platform with the gel into the electrophoresis chamber when the running buffer is 

at 14˚C. 

4. Program the pulse machine and run the electrophoresis for the established 

voltages, times and pulses, with a consistent electrophoresis buffer temperature of 

14˚C (see Note 27). 

 

4.8 PFGE gel visulisation and analysis of fingerprinting patterns 

1. Prepare staining buffer using SYBRSafe DNA gel stain buffer (see Note 28). 

2. Turn off the cooling system when the run has been completed. 

3. Place the gel in the staining buffer for 30 min (see Note 29). 

4. De-stain the gel for 30 min using molecular grade water (see Note 30). 

5. The gel image is visualised and captured under UV light (see Note 31). 

6. A Tiff image can be saved and uploaded to BioNumerics for analysis, where a 

dendrogram is then created using the DICE coefficient and the unweighted pair 

group method with arithmetic mean (UPGMA) algorithm. 

7. Empty the running buffer from the CHEF Mapper XA system and wash the tank 

using pre-warmed 50˚C water for 20 min.  Empty the water afterwards for 

instrument maintenance. 

 

5. Notes 

1. Tris can be dissolved faster provided the water is warmed to about 37°C.  

Concentrated HCl (12 M) can be used to narrow the gap from the starting pH to 

the required pH (8.0).  A total volume of 42 mL concentrated HCl can be added to 

make up the final pH of 8.0.  From then on it would be better to use a series of 

HCl solutions (e.g., 6 M or 1 M) with lower ionic strengths to avoid a sudden drop 

in pH below the required pH.  Critical step:  Allow the solution to cool to room 

temperature before making final adjustments to the pH.  The pH of Tris solutions 

is temperature-dependent and decreases approximately 0.03 pH units for each 

1°C increase in temperature. 

2. Approximately 20 g NaOH pellets need to be added in the solution.  Critical step: 

The disodium salt of EDTA will not go into solution until the pH of the solution is 

adjusted to approximately 8.0 by the addition of NaOH. 

3. SeaKem® Gold Agarose is recommended in the PulseNet protocol.  However, 

alternate types of agarose for casting gels and making plugs suggested by 

PulseNet, include Agarose III, Certified Megabase Agarose, as well as PFGE 

Agarose.  
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4. Place the 20% [w/v] SDS solution in 50°C water bath to help with the dissolving. 

5. Add 10g N-Lauroylsarcosine sodium salt to 90 mL water to make up 10% [w/v] 

Sarkosyl solution.  A 50°C water bath, or autoclaving will help with the dissolving. 

6. Make sure the agarose is fully dissolved.  Gently shake the flask to observe the 

movement of the liquid, which will make it easier to observe if there are particles 

remaining in the solution.  Otherwise, the particles will be poured into the agarose 

gel and present on the resulting gel as white dots (Figure S4.2).  The time and 

temperature required to dissolve the agarose are dependent on the size of the 

container and specifications of the microwave. 

!

 
Figure S4.2 Incomplete dissolve of agarose gel resulting in white dots on the 

resulting gel image (marked in yellow circle).  Lane S, Salmonella Braenderup 

H9812;  Lane 1-11, samples 1-11.  The arrow link represents a cluster of identical 

isolates. 

 

7. The same amount of ethidium bromide is used in the PulseNet protocol.  However, 

ethidium bromide is toxic and a mutagen.  SYBRSafe DNA Gel Stain and GelRed 

were the less hazardous alternatives suggested by PulseNet. 

  S     1     2      3     4     S     5      6     7     8      S    9     10    11   S 
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8. Fresh overnight plates are recommended because undue stress to bacterial cells 

prior to casting the plug can cause premature cell lysis resulting in DNA degration 

(smearing).  Do not grow cultures on selective media. 

9. The reusable plug mold needs to be disinfected/sterilised for 30-60 min using 90% 

[v/v] ethanol before use or alternatively use disposable plug molds. 

10. Suspend the cells in CSB by spinning the swab gently against the wall of the 

eppendorf.  Make sure the cells are well suspended in CSB before testing on the 

spectrophotometer.  Squeeze the cell suspension from the cotton swab before 

throwing it away.  Otherwise you could end up losing half of the volume. 

Alternatively, use 2 mL CSB to start with.  The minimum volume of the cell 

suspension needed will depend on the minimum test volume of the cuvettes, 

however, the minimum volume for next step of the experiment is 400 µL. 

11. The cell suspensions can be adjusted either by adding additional cells or diluting 

with sterile CSB.  Do not centrifuge or vortex the cell suspensions.  The PulseNet 

protocol indicates an absorbance (Optical Density) of 1.00 (range of 0.8-1.0), 

however, it is recommended that each laboratory may need to establish its optimal 

concentration for satisfactory results.  Keep the suspensions on ice if you have 

more than 6 samples to process or refrigerate the cell suspensions if you are 

unable to adjust the concentration immediately.  If you observe dark bands in the 

wells or thick blurry bands in lanes, the cell concentration is too high (Figure 

S4.3). 

12. Proteinase K solutions of 20 mg/mL are available commercially.  Or you can use 

sterile water to dissolve the powder of Proteinase K and make up 20 mg/mL stock 

solution.  It is recommended to divide them into 300-500 µL aliquots and store in a 

freezer (-20°C) until use.  Keep Proteinase K solutions on ice at all times for best 

results. 

13. Keep the SDS/Agarose mix in a molten state by placing the flask in a 55–60˚C 

water bath or a beaker of boiled water.  Do not over-pipette, as this may cause 

DNA shearing. 
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Figure S4.3 Cell concentration too high. Dark bands and thick blurry bands in lanes.  

Lane S, Salmonella. Braenderup H9812;  Lane 12-22, samples 12-22.  Each 

arrow link represents a cluster of identical isolates. 

 

14. Load the plugs slowly to avoid bubbles.  Leaning the pipette tips on the inside 

wall could help with the smooth loading.  Do not move the plug mold until the 

plugs become solid.  The status of the plugs can be checked from the tube, where 

cell suspensions are pre-mixed with SDS/Agarose/PK.  Or alternatively, leave the 

plug mold in the refrigerator (4˚C) for 5 min.  To minimise premature cell lysis, the 

preparation of the cell suspensions and casting plugs needs to be performed as 

quickly as possible.  If large numbers of samples are being prepared, it is 

recommended to process each batch of 10 samples.  Once the first batch is in the 

lysis incubation, then move to the next batch for cell suspension preparation.  All 

batches can be lysed and washed same time in the end because the extension of 

lysis time will not affect the initial batch.  The agarose remaining can be 

maintained at room temperature and re-used no more than twice because 

repeated heating results in loss of fluid and increases of the agarose 

concentration. 

15. Invert a couple of times to soak the plug(s).  Make sure each plug is totally 

submerged in the lysis buffer and that they are not on side of the tube.  Two plugs 

of the same strain can be lysed in the same 15 mL tube.  Discard or disinfect the 

extra agarose plug mold appropriately.  Soak the reusable plug mold in 90% [v/v] 

   S     12    13     14    15      S    16   17    18     19      S    20    21   22     S 
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ethanol for 15 min before washing them.  Disinfect them in 90% [v/v] ethanol for 

30-60 min if they will be washed and reused. 

16. Ensure the level of water in the water bath is above the level of lysis buffer in the 

tube.  Incomplete lysis will result in incomplete restriction, smearing, and 

significant fluorescence in the plug slice. 

17. Most researchers carry out the washing at 54˚C and find the plugs to be 

sufficiently stable.  However, if the plugs are nicked along the edges or breaking, 

you will have to lower the water bath temperature to 50˚C for the washing step. 

18. Mind the plug carefully during each wash step.  Check the side of the tube each 

time you empty the washing buffer as the plug can easily be overlooked and get 

washed away.  It is important to remove the entire washing buffer. 

19. Inadequate washing typically results in incomplete restriction or smearing.  If you 

suspect plugs were not washed enough, wash plugs two more times with TE 

buffer.  Restrict and run another plug slice. 

20. Use a marked Petri dish to cut plug slices.  Plugs that are cut too small can easily 

be damaged and result in band distortions.  Plugs that are cut too large can result 

in thick indistinct bands that are difficult to analyse. 

21. Be careful not to damage the plug slice with pipette tip.  Keep restriction enzyme 

on ice at all times.  It is recommended that the 1X BSA be added to all enzyme 

restriction mixtures in order to minimize the incidence of incomplete restriction. 

22. Incomplete restriction will result in ‘shadow’ or ‘ghost’ bands on the gel (Figure 

S4.4, labeled in yellow box).  This could be caused by bad lot of enzyme and/or 

buffer, expired enzyme and/or buffer, poor plug quality (Proteinase K not removed 

from plug), DNA concentration too high, enzyme concentration too low, or 

incorrect incubation temperature of the buffer. 

23. The gel casting platform needs to be assembled and sealed properly.  Any error 

will result in gel leaking, which will then lead to incomplete coverage of the plug 

slice in the gel. 

24. The plug slices need to be dried properly.  If the slices are too wet, they could 

easily be washed away when casting gel.  But do not over dry. Allow plug slices to 

air dry for 5-10 min. 

25. Be sure the plug slice is not curved or at an angle. 

26. Pour the gel slowly to allow the agarose to move around without washing away 

the gel slices on the comb.  Do not disturb the gel after it is poured and especially 

while still molten.  Remove bubbles using clean pipette tips immediately after gel 

is poured and before it solidifies. 
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Figure S4.4 Shadow or ghost bands caused by incomplete restriction (marked in 

yellow box).  Lane S, Salmonella Braenderup H9812;  Lane 23-30, samples 23-30; 

Each arrow link represents a cluster of identical isolates. 

 

27. The program is particular to the instrument.  Adapt and optimise the program 

from the PulseNet Salmonella/ or E. coli protocol if you are using the CHEF DR-II 

or CHEF DR-III PFGE system.  You will have to optimise your gels so that the 

lowest band in the S. Braenderup H9812 migrates 1.0-1.5 cm from the bottom of 

the gel.  If the run time is too short, it might cause a compressed pattern, 

decreased resolution of closely migrating bands, or compromised normalisation.  

If the run time is too long, the bottom band of the standard runs off the gel, and 

you won’t be able to perform normalisation. 

28. Cover the staining buffer container with kitchen foil and leave it in the dark, as the 

stain solution is light sensitive.  The staining buffer can be re-used for 6-8 times 

before discarding. 

29. Keep the container in the dark during staining. 

30. If staining with GelRed or SYBRSafe DNA Gel Stain, you can de-stain a couple 

of times more or longer time if you wish.  It helps to get a clear background. 

31. Compare the Salmonella Braenderup H9812 with the standard pattern from 

PulseNet and make sure all the bands are separated appropriately (Figure S4.5).  

If they are, carry on with the analysis in BioNumerics. If not, the PFGE assay 

wasn’t working.  Go backwards step-by-step to work out the possible reasons. 

  S      23     24     25     26      S      27     28     29     30        S 
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Figure S4.5 A PFGE fingerprinting gel image.  Lane S, Salmonella Braenderup 

H9812;  Lane 31-41, samples 31-41; The arrow link represents a cluster of identical 

isolates. 
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5.1 Abstract 
Outbreaks of human infection linked to the powdered infant formula (PIF) food chain 

and associated with the bacterium Cronobacter, are of concern to public health.  

These bacteria are regarded as opportunistic pathogens linked to life-threatening 

infections predominantly in neonates, with an under developed immune system.  

Monitoring the microbiological ecology of PIF production sites is an important step in 

attempting to limit the risk of contamination in the finished food product.  Cronobacter 

species, like other microorganisms can adapt to the production environment.  These 

organisms are known for their desiccation tolerance, a phenotype that can aid their 

survival in the production site and PIF itself.  In evaluating the genome data currently 

available for Cronobacter species, no sequence information has been published 

describing a Cronobacter sakazakii isolate found to persist in a PIF production 

facility.  Here we report on the complete genome sequence of one such isolate, 

Cronobacter sakazakii SP291 along with its phenotypic characteristics.  The genome 

of C. sakazakii SP291 consists of a 4.3-Mb chromosome (56.9% GC) and three 

plasmids, denoted as pSP291-1, [118.1-kb (57.2% GC)], pSP291-2, [52.1-kb (49.2% 

GC)] and pSP291-3, [4.4 -kb (54.0% GC)].  When C. sakazakii SP291 was compared 

to the reference C. sakazakii ATCC® BAA-894, which is also of PIF origin, the 

annotated genome data identified two interesting functional categories, comprising 

genes related to the bacterial stress response and resistance to antimicrobial and 

toxic compounds.  Using a phenotypic microarray (PM), we provided a full metabolic 

profile comparing C. sakazakii SP291 and the previously sequenced C. sakazakii 

ATCC® BAA-894.  These data extend our understanding of the genome of this 

important neonatal pathogen and provides further insights into the genotypes 

associated with features that can contribute to its persistence in the PIF environment. 

 

5.2 Introduction 

Cronobacter species (formerly Enterobacter sakazakii) are opportunistic pathogens 

of the Enterobacteriaceae family.  This organism was originally designated as E. 

sakazakii (Farmer et al. 1980).  Based on its recently revised taxonomy, the genus 

was renamed as Cronobacter in 2007 and now consists of seven species, C. 

sakazakii, C. malonaticus, C. turicensis, C. muytjensii, C. dublinensis (including three 

subspecies, dublinensis, lausannensis and lactaridi), C. universalis and C. 

condimenti (Iversen et al. 2004; Iversen et al. 2007; Iversen et al. 2008; Joseph et al. 

2012a).  Infections caused by Cronobacter can present as necrotizing enterocolitis, 

bacteremia and meningitis, with long term complications for those that survive, 
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including delayed neurological development, hydrocephalus and permanent 

neurological damage.  Life-threatening infections have been reported in neonates (of 

less than 28 days) (Bar-Oz et al. 2001; Gurtler et al. 2005; Mullane et al. 2007), as 

well as older infants, with lethality rates ranging between 40 and 80% (Bowen and 

Braden 2006; Friedemann 2009), and more recently in immune-compromised adults, 

mainly the elderly (Gosney et al. 2006; Hunter et al. 2008; See et al. 2007; Tsai et al. 

2013). 

Cronobacter can be isolated from a wide range of foods and environments 

(Baumgartner et al. 2009; Chap et al. 2009; El-Sharoud et al. 2009; Jaradat et al. 

2009; Schmid et al. 2009).  Specifically, contaminated powdered infant formula (PIF) 

has been epidemiologically linked with many of the neonatal and infant infections 

(Bowen and Braden 2006).  Previous studies reported the isolation of Cronobacter 

from PIF, and its production environment (Drudy et al. 2006; Mullane et al. 2008a), 

suggesting that this bacterium has the capacity to adapt to, survive and persist under 

desiccated environmental conditions.  Comparison of environmental and clinical 

Cronobacter isolates indicated that the desiccation tolerance exhibited might play a 

role in the persistence of Cronobacter in PIF and its associated low-moisture 

ingredients (Beuchat et al. 2013; Walsh et al. 2011).  Stress response factors 

identified previously in Cronobacter, which include heat-shock, cold-stresses, 

survival in dry conditions, water activity (aw), and pH may contribute to this phenotype 

(Arku et al. 2011; Carranza et al. 2010; Chang et al. 2010; Dancer et al. 2009a; 

Dancer et al. 2009b).  Genome sequencing efforts of Cronobacter species 

commenced in 2010.  To date, sixteen genomes are currently available, of which 

three, C. sakazakii ATCC® BAA-894, C. sakazakii ES15 and C. turicensis z3032, are 

complete (Grim et al. 2013; Joseph et al. 2012b; Kucerova et al. 2010; Shin et al. 

2012; Stephan et al. 2011). 

Following on-going surveillance of a PIF production facility in our laboratory, 

an interesting isolate C. sakazakii SP291 was identified which exhibited a thermo-

adapted phenotype when compared with other Cronobacter and Salmonella species 

tested under laboratory conditions (Cooney 2012).  In an effort to better understand 

C. sakazakii SP291, its genome was completely sequenced and compared to that of 

a PIF isolate C. sakazakii ATCC® BAA-894, a whole grain isolate C. sakazakii ES15, 

a clinical isolate C. turicensis z3032 and other selected draft genomes.  Additionally, 

we interrogated the phenome of C. sakazakii SP291, to determine the functionality of 

strain-specific genotypic traits that may contribute to its adaptation capacity in a PIF 

production environment. 
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5.3 Materials and methods 

5.3.1 Bacterial isolates studied and their culture conditions 

Seventeen Cronobacter isolates used in this study are listed in Table 5.1.  

Cronobacter sakazakii SP291 was assigned according to the classic rpoB method 

described previously (Lehner et al. 2012; Stoop et al. 2009).  The isolate was 

cultured routinely in an Isotherm® Forced Convection Laboratory Incubator (Esco GB 

Ltd., Downton, UK) at 37°C on Tryptone Soy Agar (TSA, Oxoid Limited, Hampshire, 

UK) and stored at -80°C on cryo-beads (Technical Service Consultants Ltd., 

Lancashire, UK). 

 

5.3.2 DNA sequencing, annotation and comparative genomic analysis 

Total genomic DNA was purified using a DNeasy Blood & Tissue Kit (QIAGEN, 

Hilden, Germany) following the manufacturer’s instructions.  Concentrations were 

measured using a Nanodrop® (ND 1000) spectrophotometer (Labtech International 

Ltd., Luton, UK).  Purified DNA was maintained at -20°C until required.  The whole 

genome sequencing and assembly methodology is described elsewhere (Power et 

al. 2013).  The complete chromosome and plasmid sequences were uploaded to the 

RAST (Rapid Annotation using Subsystem Technology) (Aziz et al. 2008) annotation 

server in a FASTA file format.  The RAST server automatically identifies protein-

encoding, tRNA and rRNA genes, assigns their functions, predicts the presence of 

subsystems in the genome, and reconstructs the metabolic network (Aziz et al. 

2008).  Genome to genome comparative analysis was performed in the SEED viewer 

as previously reported (Grim et al. 2013; Overbeek et al. 2005).  Three complete 

genomes of C. sakazakii ATCC® BAA-894 (Accession number CP000783-CP00785), 

C. sakazakii ES15 (Accession number CP003312) and C. turicensis z3032 

(Accession number FN543093-FN543096) were uploaded and annotated in RAST, 

and used as reference sequences.  Most probable insertion or deletion genome 

regions of C. sakazakii SP291 were identified as previously reported (Grim et al. 

2013).  In addition, nitrogen metabolism genes, stress-coding genes, as well as 

antibiotic and toxic compound resistant genes were determined based on significant 

identity alignments using BLAST.  The genome sequence of C. sakazakii SP291 was 

deposited in GenBank under the accession numbers CP004091-CP004094.  The 

accession numbers for other genome sequences studied were included in Table 5.1. 
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Table 5.1 Cronobacter species, the strain identifier, source, country of origin and accession numbers 

Species Strain identifiera Serogroupb Source Country of origin Accession number (GeneBank) 

Cronobacter sakazakii ATCC® BAA-894 Csak O:1 PIFg USA CP000783-CP00785 

Cronobacter sakazakii SP291 Csak O:2 PIF manufacturing environment Ireland CP004091-CP004094 

Cronobacter sakazakii ES15 NDi Whole grain Korea CP003312 

Cronobacter sakazakii E899 Csak O:2 Clinical USA AFMO01 

Cronobacter sakazakii 680 NDf Clinical USA CALG01 

Cronobacter sakazakii 696 NDf Clinical France CALF01 

Cronobacter sakazakii 701 NDf Clinical France CALE01 

Cronobacter sakazakii ES35 Csak O:1 Clinical Israel AJLC01 

Cronobacter sakazakii 2151 Csak O:2 Clinical, cerebrospinal fluid USA AJKT01 

Cronobacter sakazakii ES713 Csak O:2 PIF USA AJLB01 

Cronobacter sakazakii E764 Csak O:4 Clinical Czech Republic AJLA01 

Cronobacter malonaticus LMG 23826 Cmal O:2 Human, breast abscess USA CALC01 

Cronobacter turicensis z3032c Ctur O:1 Neonate Switzerland FN543093-FN543096 

Cronobacter dublinensis CFS 237d Cdub O:1 PIF Ireland CAKZ01 

Cronobacter mutjensii ATCC® 51329 Cmuy O:2 Unknown Unknown AJKU01 

Cronobacter universalis NCTC 9529 Cuni O:®1 Water UK CAKX01 

Cronobacter condimenti 1330e NDf Spiced meat Slovakia CAKW01 
aStrain information was selected from previous publications (Chen et al. 2011; Grim et al. 2013; Joseph et al. 2012a; Kucerova et al. 2010; Shin et al. 2012; Stephan et al. 
2011). 
bSerogroup designations were identified using primers described by Mullane et al. (2008b), Jarvis et al. (2011) and Jarvis et al. (2013). 
cCronobacter turicensis species type strain LMG 23827. 
dCronobacter dublinensis species type strain LMG 23823. 
eCronobacter condimenti species type strain LMG 26250. 
fNot determined. 
gIsolate cultured from PIF, of which the PFGE pattern matched the the blood sample of an infected neotate in a neonatal intensive care unit (NICU) in Tennessee,USA in 2001.  
The infection cause the death of the neotate born 20 days previously. 
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5.3.3 Phenotype microarray analysis 

Phenotype microarray (PM) analysis was performed on C. sakazakii ATCC® BAA-

894 and C. sakazakii SP291 using the OmniLog® automated incubator/reader (Biolog 

Inc., Hayward, USA) following the manufacturer’s instruction.  All 20 plates (PM-1 

through PM-20) inoculated with bacterial cell suspensions, were incubated at 37°C 

and cell respiration was measured every fifteen minutes for 48 h.  The tetrazolium 

redox dye is reduced when bacteria respire, which provides both amplification and 

quantitation of the phenotype.  Analysis was carried out using OmniLog® phenotype 

microarraysoftware v1.2 to determine the phenotypic differences.  Negative control 

wells, which contained the inoculated Omnilog™ growth medium, but without any 

substrate, were measured to normalise differences in inocula and redox dye 

oxidation between samples.  The respiration profiles for both strains were compared 

using PM’s integration function software and a significant divergent phenotype was 

identified when a difference in Omnilog™ units of 20,000 ± 1,800 or greater between 

the two strains was obtained. 

 

5.4 Results and discussion 

5.4.1 Cronobacter sakazakii SP291 genome 

The complete genome sequence of C. sakazakii SP291 is composed of a single, 

circular chromosome, 4.34 Mb in length with an average GC content of 56.9%, along 

with three plasmids [denoted as pSP291-1, 118.136 kb, 57.2% GC; pSP291-2, 

52.134 kb, 49.2% GC and pSP291-3, 4.422 kb, 54.0% GC] (Accession number 

CP004091-CP004094).  The general features of the genome are presented in Table 

5.2.   

 

Table 5.2 General features of the C. sakazakii SP291 genome 

Feature Chromosome Plasmids 
pSP291-1 pSP291-2 pSP291-3 

Size (bp) 4,344,092 118,136 52,134 4,422 
Predicted CDS 4,025 116 74 7 
GC content (%) 56.9 57.2 49.2 54.0 
Coding regions (%) 86.3 87.1 77.2 48.6 
Average CDS length (bp) 931 887 544 307 
tRNA 82 nil nil nil 
rRNA 22 nil nil nil 

 

A total of 4,129 genes were identified on the chromosome, including 82 tRNA 

and 22 rRNA genes.  The protein coding sequence (CDS) represents 86.3% of the 

genome and is organised into 4,025 CDS, with an average length of 931 nucleic 

acids (supplementary Figure S5.1).  From the annotation of the three plasmids, it 
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was determined that 116 genes cover 87.1% of pSP291-1, 74 genes cover 77.2% of 

pSP291-2 and 7 genes were located on pSP291-3 and accounts for 48.6% of this 

structure. 

 

5.4.2 Comparative genomic analysis of C. sakazakii SP291 with three other 

completed Cronobacter genomes 

Cronobacter sakazakii SP291 and three other completed genomes: C. sakazakii 

ATCC® BAA-894, C. sakazakii ES15 and C. turicensis z3032 were compared (Figure 

5.1).  For the purposes of this comparison, the C. sakazakii ATCC® BAA-894 

genome was used as the reference.  Five genomic regions (denoted as GR-1 

through -5, in Figure 5.1[A]) were identified and these were present in the other 

genomes but missing in C. sakazakii SP291 (supplementary Table S5.1).  These 

GRs are discussed in detail below. 

 

 
Figure 5.1 Genomic regions of C. sakazakii SP291 compared to three completed 

genomes consists of C. sakazakii ATCC® BAA-894, C. sakazakii ES15 and C. 

turicensis z3032.  [A] Regions absent in the genome of C. sakazakii SP291 

compared to three other genomes.  Reference genome: C. sakazakii ATCC® BAA-

894; Outer circle: C. sakazakii ES15; Middle circle: C. sakazakii SP291; Inner circle: 

C. turicensis z3032, see also supplementary Table S5.1.  [B] Regions present in the 

genome of C. sakazakii SP291 compared to the other three genomes.  Reference 

genome: C. sakazakii SP291; Outer circle: C. sakazakii ATCC® BAA-894; Middle 

circle: C. sakazakii ES15; Inner circle: C. turicensis z3032, see also supplementary 

Table S5.2. 

 

Several unique prophages or phage-like elements of C. sakazakii ATCC® 

BAA-894 were noted in GR-1 (genome positions 578739…601816), GR-3 (genome 

positions 2245990…2272660) and GR-4 (genome positions 2962630…3022134).  

Three specific genes were observed in GR-1, which included the DNA-

[A] [B] Protein Sequence Identity 
                  100 % 

10 % 
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methyltransferase subunit M and the S subunit of a type I restriction-modification 

system, along with a zinc binding domain/DNA primase, which is a phage P4-

associated/replicative helicase denoted as RepA.  A lambda phage portal protein, a 

large subunit of a terminase enzyme, along with some hypothetical proteins were 

noted in GR-3.  In GR-4, a 1,478 bp uncharacterised translocase gene required for 

O-antigen conversion and two-recombination genes, part of the bacteriophage ninR 

region, and denoted as ninB and ninG were identified.  These annotations confirmed 

those previous reported (Kucerova et al. 2010).  Interstingly, a putative bactoprenol 

glucosyl transferase was identified in C. sakazakii ATCC® BAA-894, and shared with 

C. sakazakii ES15 and C. turicensis z3032, but not C. sakazakii SP291.  Regulatory 

protein CII along with a phage Kil protein were annotated in C. sakazakii ATCC® 

BAA-894 but not C. sakazakii SP291.  Although protein CII was absent in C. 

turicensis z3032, the Kil protein was present (Stephan et al. 2011).  A recently 

sequenced phage denoted as, phiES15, contained cII and kil (Lee et al. 2012).  

Unique transposon genes were noted in GR-2 (genome positions 

1722846…1742692) and GR-5 (genome positions 4196138…4222295).  In GR-2, a 

large part of the region containing tellurium resistance-encoding genes, including 

terX, terW, terA, terB, terC, and terD, were identified, a feature reported previously 

(Grim et al. 2013).  GR-5 contained heavy metal efflux and resistance genes, which 

consists of cusS, cusR, cusC, cusF, czcB, czcA, cusA, copG, pcoS, pcoB, and pcoA 

(Joseph et al. 2012b; Kucerova et al. 2010).  Further detailed information related to 

the corresponding phenotypes is outlined below (see also supplementary Table 

S5.1). 

Genes unique to C. sakazakii SP291 were also noted and these were used 

as a reference to interrogate the genomes of other strains.  Six genomic regions 

(Figure 5.1[B], denoted as GR-a through -f, supplementary Table S5.2) were 

identified as being unique to C. sakazakii SP291.  GR-a (genome regions 

319823…350809), GR-d (genome regions 1643874…165774) and GR-e (genome 

regions 2471984…2499614) contained a set of phage- and phage-related proteins 

along with some hypothetical proteins.  A phage regulatory CII-like protein was 

identified in C. sakazakii SP291 and mapped within GR-a, which also matched a 

similar homologue observed in C. turicensis z3032.  A holin protein, which controls 

the length of an infective cycle for bacteriophage (Wang et al. 2000), together with 

membrane proteins related to metalloendopeptidases were present in C. sakazakii 

SP291 alone, being located in GR-e.  In GR-b (genome regions 618890…638586), a 

YkfI toxin-encoding protein along with a YfjZ-antitoxin encoding protein (the 

corresponding antitoxin to YpjF) were identified and unique to C. sakazakii SP291.  
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This toxin-antitoxin protein pair was also reported in E. coli previously and was 

shown to regulate cell death through the disruption of essential cellular processes 

(Brown and Shaw 2003).  It has been proposed that, under some circumstances, it 

may be evolutionarily advantageous for some cells in a population to undergo 

programmed cell death in order to provide nutrients for the remainder (Lewis 2000).  

Toxin-antitoxin pairs were noted in a previous study as most Cronobacter genomes 

contain a large number of them, which might be conserved, shared, or unique (Grim 

et al. 2013).  GR-c (genome regions 891557…912700) contains 7 interesting genes, 

which includes an uncharacterised protein YeeT, a NgrB protein, an ATP-dependent 

Clp protease, an ATP-binding subunit ClpA, a small HspC2 heat shock protein, a 

galactoside O-acetyltransferase-encoding gene and an anti-restriction protein KlcA 

which have been reported as a component part of a type I DNA restriction system 

(Serfiotis-Mitsa et al. 2010).  A helicase protein, a glycerol dehydrogenase enzyme-

encoding gene, and a DNA-cytosine methyltransferase were identified within GR-f 

(genome regions 3363441…3392072).  Of note, a type I restriction-modification 

system, specificity the S-subunit-like gene, was identified in C. sakazakii SP291, a 

feature that was noted earlier in C. sakazakii ATCC BAA-894 (Joseph et al. 2012b; 

Kucerova et al. 2010). 

 

5.4.3 Comparative genomic analysis of C. sakazakii SP291 and selected available 

genomes within this genus 

Two earlier studies described the core genome of Cronobacter (Grim et al. 2013; 

Joseph et al. 2012b).  The availability of C. sakazakii SP291 genome has provided 

an opportunity to re-evaluate the content of the Cronobacter core gemome, 

comparing it to other currently available genome sequences within the genus.  Thus, 

a comparison between C. sakazakii SP291 and 16 other Cronobacer genomes 

(Table 5.1) was performed in SEED viewer server. 

 Within the eleven Cronobacter sakazakii isolates compared, fifty-seven 

annotated genes were present in C. sakazakii SP291, but absent in all other 

genomes, including 41 hypothetical proteins, 12 phage- and prophage-related 

genes/proteins and 4 other genes/proteins (supplementary Table S5.3).  Among all 

seven Cronobacter species, there were 154 annotated genes/proteins absent in 

other species, including 122 hypothetical proteins, 4 phage- and prophage-related 

genes/proteins and 28 unique genes/proteins (supplementary Table S5.4).  

Interestingly, a conserved domain protein was identified that was unique to C. 

sakazakii SP291, which is associated with retron-type reverse transcriptase.  Fifteen 

genes were shared with other species by C. sakazakii SP291, but were absent in all 
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the C. sakazakii genomes compared to date, and these consisted of a retron-type 

RNA-directed DNA polymerase, a holin protein which controls the timing of 

bacteriophage infections as mentioned earlier, a topoisomerase IA-encoding protein, 

and 12 phage- and prophage-related proteins.  There were 31 proteins, which are 

only shared with some of the C. sakazakii genomes by C. sakazakii SP291 and 

which were absent among the other 6 species.  These included a sodium-dependent 

phosphate transporter protein, a RelE antibacterial toxin protein, a RelB protein 

(antitoxin to RelE), a probable poly (beta-D-mannuronate) O-acetylase protein, 2 

putative periplasmic proteins, a possible secretory protein, a GTPase protein, 

denoted as NgrB, a mobile element protein, a galactoside O-acetyltransferase 

protein, a mannose-6-phosphate isomerase, class I protein, a different locus type I 

restriction-modification system, specificity the S subunit-like protein, a predicted 

transcriptional regulator COGs COG2378, permeases of the major facilitator 

superfamily, a superfamily II DNA/RNA helicases, SNF2 family, a DNA modification 

methylase, an IS1 transposase OrfA protein, a probable tonB-dependent receptor 

yncD precursor, a putative ORF-4 protein, a putative ORF (located using 

Glimmer/Genemark), 7 beta-fimbriae probable major subunits, and 4 phage related 

proteins. 

 

5.4.4. Annotated plasmids contained in C. sakazakii SP291 

Cronobacter sakazakii SP291 contains three plasmids, including pSP291-1, 118,136 

bp (57.2% GC), pSP291-2, 52,134 bp (49.2%) and pSP291-3, 4,422 bp (54.0% GC).  

The predicted CDS of pSP291-1 was found to be 116, with the average length of 887 

bp, while pSP291-2 has 74 CDS with an average length of 544 bp, and pSP291-3 

has 7 CDS and with the average length of 307 bp (Table 5.2).  Comparision of all 

three plasmids with five previously published plasmid sequences (including pESA2 

and pESA3 of C. sakazakii ATCC® BAA-894; along with pCTU1, pCTU2 and pCTU3 

of C. turicensis z3032) indicated two closely related plasmid groups.  Plasmid group 

1, contains pSP291-1, pESA3, and pCTU1, while plasmid group 2, consists of 

pSP291-2 and pCTU3 (supplementary Figures S5.2, S5.3 and Table S5.5). 

Several common genes were identified in plasmid group 1,  These consisted 

of a complete ABC transporter (which could function to transport iron; vitamin B12; 

siderophores and hemin), including the ATP-binding component, the periplasmic 

substrate-binding module and the permease element.  These genes were identified 

in all three plasmids.  An aerobactin siderophore receptor (the IutA/TonB-dependent 

siderophore receptor) was shared between the three plasmids, while a Cronobacter 

plasminogen activator (cpa) homolog has only been mapped to pESA3 and pSP291-
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1, but not pCTU1, which is in agreement with the results reported previously (Franco 

et al. 2011a; Grim et al. 2012) (Figure 5.2[A]).  Three arsenical resistance genes 

were identified on all three plasmids along with pCTU3.  Genes corresponding to 

commonly shared proteins on all three plasmids included a C-terminal helicase 

protein, a HipA protein previously reported to be required for growth arrest and multi-

drug resistance in Escherichia coli (Correia et al. 2006), a hypothetical-encoding 

gene ycgF reported to be a direct anti-repressor which acts in the blue-light response 

of E. coli (Tschowri et al. 2009), a starvation sensing protein RspA, a magnesium 

transporting P-type 1 ATPase protein, transcriptional regulators, including members 

of ArsR family, GntR family (Joseph et al. 2012b; Kucerova et al. 2010), LysR family 

and TetR-family, a MFS superfamily transporter, a Trk system encoding the 

potassium uptake protein TrkG , and an uncharacterised protein ImpD.  A two-

component response regulator protein, a two-component system sensor protein, 

three uncharacterised proteins ImpB, ImpC, & ImpJ/VasE, a glutathione S-

transferase protein, a membrane protein, suppressor for copper-sensitivity ScsB, a 

hypothetical ABC transport system, periplasmic component, a RND efflux 

transporter, a suppression of copper sensitivity: putative copper binding protein ScsA 

were shared between pSP291-1 and pESA3, but not pCTU1, which confirmed the 

findings from previous studies (Joseph et al. 2012b; Kucerova et al. 2010).  In 

plasmid group 2, fifteen heavy metal (copper, cobalt, zinc, cadmium, lead, and 

mercury) resistance genes were shared by both plasmids (supplementary Figure 

S5.3).  An osmosensitive K+ channel histidine kinase protein (KdpD), and a virulence-

associated protein vagC were also present in both plasmids.  PCR analysis 

confirmed the presence of a pCTU3 IncH1-like origin of replication gene, repA in C. 

sakazakii SP291 (data not shown). 

Interestingly, pSP291-1 contained two unique proteins, a histone 

acetyltransferase HPA2 and related acetyltransferases protein, along with an 

uncharacterised protein ImpH/VasB.  Six specific proteins were found in pSP291-2, 

which included a putative glutathione S-transferase protein, a LysR family 

transcriptional regulator, a putative phage-associated acyl carrier protein, a S-

adenosylmethionine: tRNA ribosyltransferase-isomerase protein, permeases of the 

major facilitator superfamily and an abortive infection protein.  Various pSP291-3 

proteins including mobilisation proteins MobB, MobC, MobD and DNA relaxase 

MbeA, which were not shared with any of the other plasmids, were also identified. 
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5.4.5 Comparative phenotypic profiling of C. sakazakii ATCC® BAA-894 and SP291 

The phenotypic microarray (PM) platform was used previously to support the re-

classification of this bacterial genus (Iversen et al. 2008).  By comparing the 

phenotypes of C. sakazakii ATCC® BAA-894 and C. sakazakii SP291 expressed 

across the complete array, interesting differences were noted and these were 

subsequently assessed in light of comparisons made at the genome level given the 

fact that they are both recovered from PIF.  General differences, noted in the 

phenotypes between the two strains were described in the form of a heat map shown 

in Figure 5.2 (the corresponding numerical data is shown in supplementary Table 

S5.6).  Phenotypic differences based on the its ability to utilise carbon, nitrogen, 

phosphorous and sulfur sources, as well as other nutrient supplements were noted.  

Furthermore, growth responses to osmolytes and different pH growth environments, 

as measured by the array were also observed for both strains.  Antibiotic resistance 

patterns and the ability to respire in the presence of toxic compounds differed. 

 

 
Figure 5.2 Heat map of phenotype microarray (PM).  Left lane, C. sakazakii SP291; 

Right lane, C. sakazakii ATCC® BAA-894.  

 

5.4.6 Carbon, nitrogen, phosphorous and sulfur, other nutrient supplement 

metabolite utilisation 

Bacteria require a sufficient supply of various biomolecules to support their metabolic 

activity.  In natural environments, where these bacteria are often found, it is to be 

expected that only limited amounts of these nutrients may be available.  To support 

efficient adaptation and to enable growth in these conditions, bacteria will evolve 

redundant metabolic systems to support the utilisation of a broad range of different 
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substrates, with varying efficiencies.  The PM array data gives an insight into how 

these features differ, between C. sakazakii SP291 and C. sakazakii ATCC® BAA-

894. 

A number of phenotypic differences based on their ability to utilise a range of 

carbon sources were noted (Figure 5.2[A] and supplementary Table S5.6).  When 

compared with C. sakazakii ATCC® BAA-894, C. sakazakii SP291 could grow faster 

in m-inositol and slower in succinic acid, dulcitol, D,L-α-glycerol phosphate, D,L-malic 

acid, Tween 20, α-ketoglutaric acid, uridine, bromosuccinic acid, glycolic acid, 

inosine and dextrin.  In contrast there were little or no differences in growth rates 

when other carbon sources such as methyl pyruvate, mannose, and β-methyl-D-

glucuronic acid were compared. 

Differences in phenotypes based on the metabolism of carbon sources were 

compared at the genome level within the carbohydrate subsystem (supplementary 

Table S5.7).  Interestingly, nine inositol catabolism genes were annotated in the C. 

sakazakii SP291 genome (supplementary Table S5.8), which supported the PM data.  

Furthermore, a pentose phosphate pathway gene, a lactose utilisation gene, and a 

sucrose utilisation gene were also annotated in the C. sakazakii SP291 genome 

specifically although no evidence to support their activity was found following PM 

analysis.  Similarly, a maltose and maltodextrin utilisation gene and a lactate 

utilisation gene were annotated in C. sakazakii ATCC® BAA-894 alone, with 

supporting evidence for the activity lacking from the PM array data.  In all, 428 

annotated genes related to carbon metabolism were shared between C. sakazakii 

ATCC® BAA-894 and C. sakazakii SP291, which included ten chitin and N-

acetylglucosamine utilisation genes, five fructoselysine (amadori product) utilisation 

pathway genes, five dehydrogenase complexes genes, a dihydroxyacetone kinases 

gene, 14 Entner-Doudoroff pathway genes, and others. 

Dancer et al. (2009a; 2009b) reported that the availability and utilisation of a 

nitrogen source was an important determinant for biofilm formation for Cronobacter 

species when growing in skim milk, and that strong biofilm formers were responsible 

for coagulation of skim milk .  Data from the phenotypic microarray, showed no 

differences in nitrogen metabolism when C. sakazakii ATCC® BAA-894 and C. 

sakazakii SP291 were compared (Figure 5.2[B] and supplementary Table S5.6).  

Interestingly, when regions of these two genomes known to encode genes 

associated with nitrogen metabolism were compared, a 16-kb locus consisting of 8 

genes, was found to be absent in C. sakazakii SP291 compared to C. sakazakii 

ATCC® BAA-894 (Table 5.3).  BLAST analysis of the region facilitated the 

identification of the corresponding genes located at this position.  This locus,  
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Table 5.3 Genes associated with nitrogen metabolism, comparing C. sakazakii SP291 with C. sakazakii ATCC® BAA-894. 
Function Gene Size (bp) C. sakazakii SP291 C. sakazakii ATCC® BAA-894 
Nitrite-sensitive transcriptional repressor NsrR nsrR 426 166807...167232 171773...172198 
Nitrogen regulatory protein P-II glnB 339 729723...730061 676465...676803 
Flavohemoprotein (Hemoglobin-like protein) (Flavohemoglobin) (Nitric oxide dioxygenase)  hmp 1191 731488...730298 677084...678274 
Nitrate/nitrite response regulator protein narP 645 809507...810151 756306...756950 
Nitrogen assimilation regulatory protein Nac nac 918 1231697...1232614 1195036...1195953 
Response regulator NasT nasT 1203 1528174...1529376 1450050...1451252 
Nitrate ABC transporter, nitrate-binding protein nrtA 1251 1530111...1531361 1451992...1453242 
Nitrate ABC transporter, permease protein nrtB 881 Absent 1453252...1454133 
Nitrate ABC transporter, ATP-binding protein nrtC 788 Absent 1454143...1454931 
Nitrite reductase [NAD(P)H] large subunit  nasB 4067 Absent 1454941...1459008 
Assimilatory nitrate reductase large subunit  nasA 2702 Absent 1459005...1461707 
Nitrate/nitrite response regulator protein narL 651 Absent 1463744...1464394 
Nitrate/nitrite sensor protein  narX 1809 Absent 1464387...1466195 
Nitrite extrusion protein 1 narK 1407 Absent 1466493...1467899 
Respiratory nitrate reductase alpha chain  narG 3747 Absent 1468317...1472063 
Respiratory nitrate reductase beta chain  narH 1311 1531371...1532681 1472060...1473595 
Respiratory nitrate reductase delta chain  narJ 711 1532678...1533388 1473592...1474302 
Respiratory nitrate reductase gamma chain  narI 678 1533388...1534065 1474302...1474979 
Oxygen-insensitive NAD(P)H nitroreductase / Dihydropteridine reductase  nfnB 645 1851923...1852567 1807325...1807969 
ABC-type nitrate/sulfonate/bicarbonate transport systems, periplasmic components   1161 1856747...1857907 1812312...1813310 
Fumarate and nitrate reduction regulatory protein fnr 753 1932047...1932799 1887404…1888156 
Hydroxylamine reductase  hcp 1653 2402562...2404214 2413065...2414717 
NADH oxidoreductase hcr  hcr 969 2404225...2405193 2414728…2415696 
Oxygen-insensitive NADPH nitroreductase  nfsA 723 2428664...2429386 2434920...2434198 
Nitrilotriacetate monooxygenase component B   618 2510602...2511219 2487772...2488389 
Nitrogen regulatory protein P-II glnK 339 2833540...2833878 2792459...2792797 
PTS system nitrogen-specific IIA component, PtsN ptsN 534 3536000...3536533 3531047...3531580 
Phosphocarrier protein, nitrogen regulation associated ptsO 273 3537449...3537721 3532496...3532768 
Nitrogen regulation protein NR(I) glnG 1410 4009029...4010438 3993113...3994522 
Nitrogen regulation protein NR(II)  glnL 1050 4010447...4011496 3994531...3995580 
Nitrite reductase [NAD(P)H] small subunit  nirD 327 4309983...4310309 4334267...4334593 
Nitrite reductase [NAD(P)H] large subunit  nirB 2547 4310306...4312852 4334590...4337136 
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contained 2 nitrate transport proteins NrtB & NrtC, 2 nitrite reductase proteins NasB 

& NasA, a respiratory nitrate reductase NarL, a nitrate/nitrite- sensing protein NarX, a 

nitrite extrusion protein 1 NarK, and a nitrate reductase 1, alpha subunit NarG.  This 

region was also present in C. sakazakii ES15 and C. turicensis z3032.  Furthermore, 

twenty-four nitrate genes were broadly shared between both of the genomes, which 

was supported by data from the PM analysis. 

C. sakazakii SP291 was found to grow significantly slower in minimal media 

supplemented with phosphorous containing compounds (Figure 5.2 [A] and 

supplementary Table S5.6), particularly in O-phospho-D-tyrosine, phospho-L-

arginine, D,L-α-glycerol phosphate, β-glycerol phosphate, phosphoryl choline, 

phosphoenol pyruvate, D-glucose-6-phosphate, adenosine 3'-monophosphate, 

guanosine 2'-monophosphate, guanosine 3'-monophosphate, guanosine 5'-

monophosphate, guanosine 2',3'-cyclic monophosphate, cytidine 2'-

monophosphate,cytidine 3'-monophosphate, thymidine 5'-monophosphate, and 

uridine 5'-monophosphate.  Genome annotation provided a conflicting view as 

determined by the genes identified (supplementary Table S5.9).  Twenty-nine 

phosphorus metabolism genes were broadly shared between C. sakazakii SP291 

and C. sakazakii ATCC® BAA-894, including eight high affinity phosphate 

transporters and control of pho-related regulon genes, 18 phosphate metabolism 

genes, and three polyphosphate genes.  Cronobacter species cultured from a PIF 

production site were compared for their ability to grow in different food matrices 

(Cooney 2012).  Some demonstrated a slower growth rate compared to others, a 

feature that might contribute to their enhanced survival in this environment.  

No differences in the metabolism of sulfur containing compounds were 

observed following a comparison of these strains after PM analysis (Figure 5.2[A] 

and supplementary Table S5.6).  Forty-nine sulfur metabolism genes were shared by 

C. sakazakii ATCC® BAA-894 and C. sakazakii SP291 (supplementary Table S5.10).  

These consisted of seventeen inorganic sulfur assimilation genes, eight 

alkanesulfonate assimilation genes, five alkanesulfonates utilisation genes, six L-

cystine uptake and metabolism genes, four taurine utilisation genes, three 

galactosylceramide and sulfatide metabolism genes, and six thioredoxin-disulfide 

reductase genes. 

Iron is an essential nutrient for bacterial growth and the process of iron 

acquisition is generally thought to be a prerequisite for a pathogen to establish an 

infection when entering a host, a feature previously reported in Cronobacter species 

(Crosa and Walsh 2002; Franco et al. 2011b; Grim et al. 2012).  High-affinity iron 

binding molecules, such as siderophores, and specific iron transport systems 
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function to sequester iron from the environment when bacteria are subjected to iron-

limiting growth conditions (Grim et al. 2012).  Interestingly, analysis of the PM data 

showed no major differences between C. sakazakii SP291 and C. sakazakii ATCC® 

BAA-894, in terms of their metabolism of iron or other nutrient supplements.  Several 

transport systems were annotated in C. sakazakii SP291, and which are shared with 

C. sakazakii ATCC® BAA-894 (Joseph et al. 2012b; Kucerova et al. 2010), including 

a ferric hydroxamate ABC transporter denoted as FhuCDBA, 16 ferric enterobactin 

transporter proteins (including EntA, EntE, EntD, EntB, Fes, EntS, EntF, YbdZ, 

FepC, FepD, FepG. FepE, FepB, EntC, FepA2, and EntH), a ferrous iron transporter 

EfeUOB, along with a hemin transporter system, including a ferric reductase protein 

FhuF and a periplasmic binding protein TonB.  A gene summary of iron acquisition 

and metabolism markers in C. sakazakii SP291 chromosome is shown in 

supplementary Table S5.11. 

Additionally, iron acquisition and metabolism genes were also identified on 

pSP291-1 (supplementary Table S5.5), which were indistinguishable from that 

previously reported to be present on pESA3 of C. sakazakii ATCC® BAA-894 

(Kucerova et al. 2010) and pCTU1 of C. turicensis z3032 (Franco et al. 2011b; Grim 

et al. 2012).  Target genes from previous reports, such as the RepFIB-like origin of 

replication gene repA, two plasmid-borne iron acquisition systems (eitCBAD and 

iucABCD/iutA), as well as the Cronobacter plasminogen activator cpa gene were all 

present in pSP291-1, with no evidence of the 17-kb type VI secretion system (T6SS) 

locus identified previously in pESA3 along with a 27-kb region encoding a 

filamentous hemagglutinin gene (fhaB), its specifc transporter gene (fhaC), and 

associated putative adhesins (FHA locus) identified in pCTU1 (Franco et al. 2011b; 

Grim et al. 2012; Grim et al. 2013; Joseph et al. 2012b; Kucerova et al. 2010).  

These features support the hypothesis that these plasmids have evolved from a 

single archetypal backbone that included an iron acquisition system.  Our sequence 

analysis and those of other groups (Grim et al. 2013; Joseph et al. 2012b) did not 

find evidence of plasmid mobilisation genes associated with the several plasmid 

group 1 genomes. 

 

5.4.7 Osmolyte tolerance and survival in different pH environments 

When present in different environments, bacteria must develop strategies that 

promote their survival.  Genetic adaptation is derived from modifications of gene 

expression, via mutations, the acquisition of new and beneficial gene traits, or when 

these new traits are brought under control of a regulator that was already present in 

the core genome of the organism’s ancestor (Maurelli 2007).  The outcome is that 
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the organism is now better equipped to survive within the new ecological niche.  It is 

generally thought that genes that are no longer compatible with the new lifestyle are 

selectively inactivated either by point mutation, insertion, or deletion and the 

contribution of gene loss to an organism’s evolution is only now beginning to be 

appreciated (Maurelli 2007).  Based on our understanding of Cronobacter species 

epidemiology, these organisms are considered as environmental bacteria.  Therefore 

their ability to survive adverse conditions would be critical.  Phenotypes associated 

with growth in a range of osmolytes and in different pH growth environments were 

measured by PM analysis (Figure 5.2[C] and supplementary Table S5.6) as an 

indirect reflection of challenging environmental niches.  In response to the presence 

of osmolytes, C. sakazakii SP291 could tolerate 100 mM sodium nitrate compared 

with C. sakazakii ATCC® BAA-894.  In contrast, the former grew slower in solutions 

containing 5% NaCl, 4% potassium chloride, 4% urea, 4% to 11% sodium lactate, 

200 mM sodium phosphate at pH 7 and 20 mM sodium benzoate at pH 5.2.  These 

observations are consistent with what has been suggested previously, in that when a 

selected adaptation event occurs, and the bacterium enters a new environment such 

as the human host, phenotypes change (Tall, unpublished observations).  Comparing 

the ability of the environmental isolate C. sakazakii SP291 to survive over a range of 

different pH growth conditions with that of the PIF isolate C. sakazakii ATCC® BAA-

894, the former grew faster in a growth condition of pH 9.5 with phenylethylamine, 

whilst its growth was slower in pH 4.5 with L-proline.  This example demonstrates the 

gain of one phenotype consistent with the inability to survive in the human host 

(ability to survive in high pH growth conditions) compared to the loss of a sufficient 

acid resistance response.  In this case, the pathoadaptative event that resulted in an 

increased persistence in the environment comes at the expense of decreased 

commensal fitness of the microbe (a patent acid response) to survive the acidity of 

the stomach.  However, a greater number of genomes and strains should be 

evaluated to rule out strain to strain variation.  

Annotation of the genome suggested that C. sakazakii SP291 contained a 

repertoire of genes that could function to aid survival under stressed conditions, such 

as osmolyte tolerance and different pH environments (Table 5.4).  One hundred and 

fifty-two annotated genes were identified as being involved with various stress 

responses.  Their presence in the genome may provide early insights into how C. 

sakazakii SP291 adapts to and survives under different stressful growth conditions.  

In recent studies involving Salmonella species, a picture of the transcriptome in low-

moisture growth conditions has begun to emerge (Finn et al. 2013; Frossard et al. 

2012).  Allied to this, twenty-five genes involved in osmotic stress, and covering 
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16.4% of the stress response genes were identified in C. sakazakii SP291.  

Interestingly, the osmoprotectant ABC transporter denoted as YehZYXW in the 

Cronobacter genome, together with the L-proline glycine betaine MFS transporter 

ProP, and the ABC transporter ProU systems (composed of ProV, ProW, ProX) 

designed in Escherichia coli (Checroun and Gutierrez 2004) and Salmonella 

Typhimurium (Cairney et al. 1985b) were identified in the C. sakazakii SP291 

genome.  Moreover, an osmoregulator transporter including genes opuCA, opuCB, 

opuCC, and a fourth gene, which was also an ABC transporter denoted as opuCD 

here, was 77% similar to that of the osmU operon (osmVWXY) in Salmonella 

(Frossard et al. 2012) at the gene level. 

Other osmotically functioning genes identified included the 

betaine/carnitine/choline transporter (BCCT) family, which acts to transport betaine 

and choline.  This operon consists of a high-affinity choline uptake gene betT, a 

helix-turn-helix (HTH)-type transcriptional regulator betI, which was previously 

identified in E. coli (Lamark et al. 1991), a betaine aldehyde dehydrogenase betB 

gene and a choline dehydrogenase gene betA.  An in silico assessment of those loci 

involved in osomotolerance comparing Cronobacter sakazakii ATCC® BAA-894 and 

E. coli K12 MG1655 identified these latter features also (Feeney and Sleator 2011).  

Interestingly, several other genes linked to osmotic stress conditions were identified 

in the genome of C. sakazakii SP291, which included five osmoregulation genes 

(aqpZ, glpF, osmY, ompA, and yiaD), four osmotic stress cluster genes (yciM, osmB, 

pgpB, and yciT) and six osmoregulated periplasmic glucan genes (mdoH, mdoC, 

mdoD, mdoG, opgC and mdoB).  None of these genes were identified previously 

(Feeney and Sleator 2011).  Finally, ompA which encodes an outer membrane porin, 

was identified in C. sakazakii SP291 and is a recognised virulence marker (Kim et al. 

2010). 

Experiments to investigate the nature of the C. sakazakii responses to cold- 

and heat-shock conditions have been reported (Al-Nabulsia et al. 2011; Carranza et 

al. 2010; Chang et al. 2010; Gajdosova et al. 2011; Shaker et al. 2008).  Following 

exposure to extreme temperatures of cold-shock at -20°C, or heat-shock at 47°C, 

survival of Cronobacter sakazakii was significantly enhanced (Chang et al. 2010). 



! 164!

Table 5.4 A selection of the stress response-encoding genes, the defined sub-system, together with the gene name, length of the ORF and 

correspondoing function, identified in C. sakazakii SP291. 

Category Sub-system Gene Size (bp) Function 
Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis betB 1,472 Betaine aldehyde dehydrogenase  

Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis betA 1,679 Choline dehydrogenase  

Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis betI 608 HTH-type transcriptional regulator BetI 

Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis betT 2,030 High-affinity choline uptake protein BetT 

Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis opuCA 1,145 Glycine betaine/carnitine/choline transport ATP-binding protein OpuCA 
Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis opuCB 647 Glycine betaine/carnitine/choline transport ATP-binding protein OpuCB 
Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis opuCC 905 Glycine betaine/carnitine/choline transport ATP-binding protein OpuCC 
Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis opuCD 713 Glycine betaine/carnitine/choline transport ATP-binding protein OpuCD 
Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis proP 1,506 L-Proline/Glycine betaine transporter ProP 

Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis proV 1,202 L-Proline/Glycine betaine ABC transport system permease protein ProV  

Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis proW 1,070 L-proline glycine betaine ABC transport system permease protein ProW  

Osmotic stress Choline and Betaine Uptake and Betaine Biosynthesis proX 995 L-proline glycine betaine binding ABC transporter protein ProX  

Osmotic stress Osmoprotectant ABC transporter YehZYXW of 
Enterobacteriales 

yehX 941 Osmoprotectant ABC transporter ATP-binding subunit YehX 

Osmotic stress Osmoprotectant ABC transporter YehZYXW of 
Enterobacteriales 

yehZ 908 Osmoprotectant ABC transporter binding protein YehZ 

Osmotic stress Osmoprotectant ABC transporter YehZYXW of 
Enterobacteriales 

yehW 731 Osmoprotectant ABC transporter inner membrane protein YehW 

Osmotic stress Osmoprotectant ABC transporter YehZYXW of 
Enterobacteriales 

yehY 1,133 Osmoprotectant ABC transporter permease protein YehY 

Osmotic stress Osmoregulation aqpZ 695 Aquaporin Z 

Osmotic stress Osmoregulation glpF 848 Glycerol uptake facilitator protein 

Osmotic stress Osmoregulation osmY 614 Osmotically inducible protein OsmY 

Osmotic stress Osmoregulation ompA 1,076 Outer membrane protein A precursor 

Osmotic stress Osmoregulation yiaD 662 Inner membrane lipoprotein yiaD 

Osmotic stress Osmotic stress cluster yciM 1,169 Heat shock (predicted periplasmic) protein YciM, precursor 
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Category Sub-system Gene Size (bp) Function 
Osmotic stress Osmotic stress cluster osmB 

 
215 Osmotically inducible lipoprotein B precursor 

Osmotic stress Osmotic stress cluster pgpB 764 Phosphatidylglycerophosphatase B  

Osmotic stress Osmotic stress cluster yciT 800 Transcriptional regulatory protein YciT 

Osmotic stress Synthesis of osmoregulated periplasmic glucans mdoH 
 

2,528 Glucans biosynthesis glucosyltransferase H  

Osmotic stress Synthesis of osmoregulated periplasmic glucans mdoC 
 

1,157 Glucans biosynthesis protein C  

Osmotic stress Synthesis of osmoregulated periplasmic glucans mdoD 
 

1,715 Glucans biosynthesis protein D precursor 

Osmotic stress Synthesis of osmoregulated periplasmic glucans mdoG 
 

1,553 Glucans biosynthesis protein G precursor 

Osmotic stress Synthesis of osmoregulated periplasmic glucans opgC 1,220 OpgC protein 

Osmotic stress Synthesis of osmoregulated periplasmic glucans mdoB 2,294 
 

Phosphoglycerol transferase I  

Cold shock Cold shock, CspA family of proteins cspA 212 Cold shock protein CspA 

Cold shock Cold shock, CspA family of proteins cspC 209 Cold shock protein CspC 

Cold shock Cold shock, CspA family of proteins cspD 230 Cold shock protein CspD 

Cold shock Cold shock, CspA family of proteins cspE 209 Cold shock protein CspE 

Cold shock Cold shock, CspA family of proteins cspG 212 Cold shock protein CspG 
 

Heat shock Heat shock dnaK gene cluster extended dnaJ 1,139 Chaperone protein DnaJ 

Heat shock Heat shock dnaK gene cluster extended dnaK 1,700 Chaperone protein DnaK 

Heat shock Heat shock dnaK gene cluster extended yggX 275 FIG001341: ,Probable Fe(2+)-trafficking protein YggX 

Heat shock Heat shock dnaK gene cluster extended gshB 947 Glutathione synthetase  

Heat shock Heat shock dnaK gene cluster extended grpE 602 Heat shock protein GrpE 

Heat shock Heat shock dnaK gene cluster extended rdgB 593 Nucleoside 5-triphosphatase RdgB (dHAPTP, dITP, XTP-specific)  

Heat shock Heat shock dnaK gene cluster extended rpoH 857 RNA polymerase sigma factor RpoH 

Heat shock Heat shock dnaK gene cluster extended hemN2 1,136 Radical SAM family enzyme, similar to coproporphyrinogen III oxidase, 
oxygen-independent, clustered with nucleoside-triphosphatase RdgB 

Heat shock Heat shock dnaK gene cluster extended rph 635 Ribonuclease PH  
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Category Sub-system Gene Size (bp) Function 
Heat shock Heat shock dnaK gene cluster extended rsmE 731 16S rRNA methyltransferase RsmE 

Heat shock Heat shock dnaK gene cluster extended prmA 881 Ribosomal protein L11 methyltransferase  

Heat shock Heat shock dnaK gene cluster extended hslR 401 Ribosome-associated heat shock protein implicated in the recycling of 
the 50S subunit (S4 paralog) 

Heat shock Heat shock dnaK gene cluster extended lepA 1,799 Translation elongation factor LepA 

Heat shock Heat shock dnaK gene cluster extended yraL 860 rRNA small subunit methyltransferase I 

Heat shock Heat shock dnaK gene cluster extended smpB 482 tmRNA-binding protein SmpB 
 

Dessication stress O-antigen capsule important for environmental persistence yihT 875 Aldolase YihT 

Dessication stress O-antigen capsule important for environmental persistence yihS 1,241 Aldose-ketose isomerase YihS 

Dessication stress O-antigen capsule important for environmental persistence yihQ 2,030 Alpha-glucosyltransferase YihQ 

Dessication stress O-antigen capsule important for environmental persistence yihW 806 DeoR-type transcriptional regulator YihW 

Dessication stress O-antigen capsule important for environmental persistence yihO 1,430 Glucuronide transport protein YihO 

Dessication stress O-antigen capsule important for environmental persistence yihP 1,406 Glucuronide transport protein YihP, homologous to YihO 

Dessication stress O-antigen capsule important for environmental persistence yshA 686 Outer membrane sugar transport protein YshA 

Dessication stress O-antigen capsule important for environmental persistence yihU 899 Oxidoreductase YihU 

Dessication stress O-antigen capsule important for environmental persistence yihV 899 Sugar kinase YihV 

Dessication stress O-antigen capsule important for environmental persistence yihR 866 Sugar-1-epimerase YihR 

Detoxification D-tyrosyl-tRNA(Tyr) deacylase dtd 437 D-tyrosyl-tRNA(Tyr) deacylase 

Detoxification Glutathione-dependent pathway of formaldehyde 
detoxification 

frmA 1,118 S-(hydroxymethyl)glutathione dehydrogenase  

Detoxification Glutathione-dependent pathway of formaldehyde 
detoxification 

yieG 830 S-formylglutathione hydrolase YeiG 
 

Detoxification Tellurite resistance: Chromosomal determinants ydsK 980 Uncharacterized acetyltransferase ydcK 
 

Detoxification Tellurite resistance: Chromosomal determinants tehB 593 Tellurite resistance protein TehB 

Detoxification Tellurite resistance: Chromosomal determinants ydcL 668 Uncharacterized lipoprotein ydcL 

Detoxification Uptake of selenate and selenite dedA 659 DedA protein 

Detoxification Uptake of selenate and selenite cysA 1,094 Sulfate and thiosulfate import ATP-binding protein CysA  
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Category Sub-system Gene Size (bp) Function 
Detoxification Uptake of selenate and selenite tsgA 1,187 TsgA protein homolog 

Oxidative stress Glutaredoxins yebA 1,331 Uncharacterized metalloprotease yebA 
Oxidative stress Glutaredoxins yibP 1,259 Uncharacterized protein yibP 
Oxidative stress Glutaredoxins hmp 1,190 Flavohemoprotein (Hemoglobin-like protein) (Flavohemoglobin) (Nitric 

oxide dioxygenase)  
Oxidative stress Glutaredoxins grxB 647 Glutaredoxin 2 

Oxidative stress Glutaredoxins grxC 251 Glutaredoxin 3 (Grx3) 

Oxidative stress Glutaredoxins nrdH 245 Glutaredoxin-like protein NrdH, required for reduction of Ribonucleotide 
reductase class Ib 

Oxidative stress Glutaredoxins grlA 347 Probable monothiol glutaredoxin GrlA 

Oxidative stress Glutathione: Biosynthesis and gamma-glutamyl cycle ggt 1,766 Gamma-glutamyltranspeptidase  

Oxidative stress Glutathione: Biosynthesis and gamma-glutamyl cycle gshA 1,556 Glutamate-cysteine ligase  

Oxidative stress Glutathione: Biosynthesis and gamma-glutamyl cycle gshB 947 Glutathione synthetase  

Oxidative stress Glutathione: Non-redox reactions rnhA 716 FIG005121: SAM-dependent methyltransferase  

Oxidative stress Glutathione: Non-redox reactions gst1 668 Glutathione S-transferase  

Oxidative stress Glutathione: Non-redox reactions yghU 866 Uncharacterized Glutathione S-transferase like protein yghU 

Oxidative stress Glutathione: Non-redox reactions gst 608 Glutathione S-transferase 

Oxidative stress Glutathione: Non-redox reactions yqjG 986 Uncharacterized protein yqjG 

Oxidative stress Glutathione: Non-redox reactions gloB 755 Hydroxyacylglutathione hydrolase  

Oxidative stress Glutathione: Non-redox reactions gloA 407 Lactoylglutathione lyase  

Oxidative stress Glutathione: Non-redox reactions yfcF 644 Probable glutathione S-transferase, YfcF homolog 

Oxidative stress Glutathione: Non-redox reactions yfcG 626 Probable glutathione S-transferase, YfcG homolog 

Oxidative stress Glutathione: Non-redox reactions yibF 608 Uncharacterized GST-like protein yibF 

Oxidative stress Glutathione: Non-redox reactions yliJ 626 Uncharacterized glutathione S-transferase-like protein 

Oxidative stress Glutathione: Redox cycle grxB 635 Glutaredoxin 2 

Oxidative stress Glutathione: Redox cycle grxC 251 Glutaredoxin 3 (Grx3) 

Oxidative stress Glutathione: Redox cycle nrdH 245 Glutaredoxin-like protein NrdH, required for reduction of Ribonucleotide 
reductase class Ib 
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Category Sub-system Gene Size (bp) Function 
Oxidative stress Glutathione: Redox cycle btuE 551 Glutathione peroxidase  

Oxidative stress Glutathione: Redox cycle lpd 1,427 Glutathione reductase  

Oxidative stress Glutathione: Redox cycle gor 1,352 Glutathione reductase  

Oxidative stress Glutathionylspermidine and Trypanothione yjfC 1,187 Uncharacterized protein yjfC 

Oxidative stress Glutathionylspermidine and Trypanothione ygiC 1,160 Uncharacterized protein ygiC 
 

Oxidative stress NADPH:quinone oxidoreductase 2 ytfG 854 Uncharacterized oxidoreductase ytfG 
Oxidative stress NADPH:quinone oxidoreductase 2 qorR 380 Redox-sensing transcriptional regulator QorR 

Oxidative stress Oxidative stress katG 2,180 Catalase/peroxidase HPI 

Oxidative stress Oxidative stress katE 2,255 Hydroperoxidase II 

Oxidative stress Oxidative stress fur 452 Ferric uptake regulation protein FUR 

Oxidative stress Oxidative stress dps 503 DNA protection during starvation protein 

Oxidative stress Oxidative stress fnr 752 Fumarate and nitrate reduction regulatory protein 

Oxidative stress Oxidative stress oxyR 917 DNA-binding transcriptional regulator OxyR 

Oxidative stress Oxidative stress dps 503 DNA protection during starvation protein 

Oxidative stress Oxidative stress sodA 626 Manganese superoxide dismutase  

Oxidative stress Oxidative stress nsrR 353 Nitrite-sensitive transcriptional repressor NsrR 

Oxidative stress Oxidative stress dpS 503 Non-specific DNA-binding protein Dps 

Oxidative stress Oxidative stress osmC 428 Organic hydroperoxide resistance 

Oxidative stress Oxidative stress ohrR 548 Organic hydroperoxide resistance transcriptional regulator 

Oxidative stress Oxidative stress yebS 1,283 Inner membrane protein yebS 

Oxidative stress Oxidative stress pqiA 1,284 Paraquat-inducible protein A 

Oxidative stress Oxidative stress yebT 2,633 Uncharacterized protein yebT 

Oxidative stress Oxidative stress ymbA 563 Uncharacterized lipoprotein ymbA 

Oxidative stress Oxidative stress pqiB 1,640 Paraquat-inducible protein B 

Oxidative stress Oxidative stress katG 2,180 Catalase/peroxidase HPI 

Oxidative stress Oxidative stress soxR 458 Redox-sensitive transcriptional activator SoxR 
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Category Sub-system Gene Size (bp) Function 
Oxidative stress Oxidative stress soxS 323 Regulatory protein SoxS 

Oxidative stress Oxidative stress sodC 518 Superoxide dismutase [Cu-Zn] precursor  

Oxidative stress Oxidative stress zur 515 Zinc uptake regulation protein Zur 

Oxidative stress Protection from Reactive Oxygen Species katG 2,180 Catalase/peroxidase HPI 
 

Oxidative stress Protection from Reactive Oxygen Species katE 2,255 Hydroperoxidase II 
 

Oxidative stress Protection from Reactive Oxygen Species sodA 626 Manganese superoxide dismutase  

Oxidative stress Protection from Reactive Oxygen Species sodC 518 Superoxide dismutase [Cu-Zn] precursor  

Oxidative stress Redox-dependent regulation of nucleus processes gapA1 995 NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  

Oxidative stress Redox-dependent regulation of nucleus processes gapA2 996 NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  

Oxidative stress Redox-dependent regulation of nucleus processes npdA 824 NAD-dependent protein deacetylase of SIR2 family 

Oxidative stress Redox-dependent regulation of nucleus processes pncA 641 Nicotinamidase  

Oxidative stress Redox-dependent regulation of nucleus processes pncB 1,202 Nicotinate phosphoribosyltransferase  

Periplasmic stress Periplasmic Stress Response htrA 1,427 HtrA protease/chaperone protein 

Periplasmic stress Periplasmic Stress Response skp 494 Outer membrane protein H precursor 

Periplasmic stress Periplasmic Stress Response degQ 1,367 Outer membrane stress sensor protease DegQ, serine protease 

Periplasmic stress Periplasmic Stress Response degS 1,067 Outer membrane stress sensor protease DegS 

Periplasmic stress Periplasmic Stress Response rseA 650 Sigma factor RpoE negative regulatory protein RseA 

Periplasmic stress Periplasmic Stress Response rseB 854 Sigma factor RpoE negative regulatory protein RseB precursor 

Periplasmic stress Periplasmic Stress Response surA 1,286 Survival protein SurA precursor (Peptidyl-prolyl cis-trans isomerase 
SurA)  

no subcategory Bacterial hemoglobins hmp 1,190 Flavohemoprotein (Hemoglobin-like protein) (Flavohemoglobin) (Nitric 
oxide dioxygenase) 

no subcategory Carbon Starvation  2,105 Carbon starvation protein A 

no subcategory Carbon Starvation cstA 2,153 Carbon starvation protein A paralog 

no subcategory Carbon Starvation csrA 185 Carbon storage regulator 

no subcategory Carbon Starvation  584 Starvation lipoprotein Slp paralog 
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Category Sub-system Gene Size (bp) Function 
no subcategory Carbon Starvation rspA 1,316 Starvation sensing protein RspA 

no subcategory Carbon Starvation sspA 641 Stringent starvation protein A 

no subcategory Carbon Starvation sspB 491 Stringent starvation protein B 

no subcategory Commensurate regulon activation marA 374 Multiple antibiotic resistance protein MarA 

no subcategory Commensurate regulon activation gpmB 869 Probable phosphoglycerate mutase gpmB 

no subcategory Commensurate regulon activation soxS 324 Regulatory protein SoxS 

no subcategory Commensurate regulon activation ramA 344 Transcriptional activator RamA 

no subcategory Flavohaemoglobin hmp 1,190 Flavohemoprotein (Hemoglobin-like protein) (Flavohemoglobin) (Nitric 
oxide dioxygenase)  

no subcategory Hfl operon hflX 1,280 GTP-binding protein HflX 

no subcategory Hfl operon hflC 1,004 HflC protein 

no subcategory Hfl operon hflK 1,244 HflK protein 

no subcategory Hfl operon yjeT 197 Putative inner membrane protein YjeT (clustered with HflC) 

no subcategory Hfl operon hfq 308 RNA-binding protein Hfq 

no subcategory Phage shock protein (psp) operon pspA 671 Phage shock protein A 

no subcategory Phage shock protein (psp) operon pspB 224 Phage shock protein B 

no subcategory Phage shock protein (psp) operon pspC 356 Phage shock protein C 

no subcategory Phage shock protein (psp) operon pspD 242 Phage shock protein D 

no subcategory Phage shock protein (psp) operon pspF 1,001 Psp operon transcriptional activator 

no subcategory Sugar-phosphate stress regulation sgrR 1,664 SgrR, sugar-phosphate stress, transcriptional activator of SgrS small 
RNA 

no subcategory Universal stress protein family uspA 437 Universal stress protein A 

no subcategory Universal stress protein family uspB 335 Universal stress protein B 

no subcategory Universal stress protein family uspC 422 Universal stress protein C 

no subcategory Universal stress protein family uspE 956 Universal stress protein E 

no subcategory Universal stress protein family uspG 428 Universal stress protein G 
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Carranza et al. (2010) reported that when exposed to higher temperatures, 

several potential virulence factors were up-regulated.  The fact that the pathogenic 

potential of Cronobacter species may be related to its ability to survive at higher 

temperatures, warrents further investigation.  From the genome sequence of C. 

sakazakii SP291, the cspA family of cold-shock genes (including cspA, cspC, cspD, 

cspE and cspG) along with 11 other genes annotated as heat-shock genes, part of 

the dnaK gene cluster, including dnaJ, dnaK, yggX, gshB, grpE, rdgB, rpoH, hemN2, 

rph, rsmE, prmA, hslR, yraL, and smpB genes were conserved. 

Using a top-down proteomics approach, Williams et al. (2005) identified a 

candidate protein in C. sakazakii, known to be associated with thermotolerance in 

Methylobacillus flagelatum, and which was denoted as KT.  In a recent study, the 

genomic region containing this presumptive marker of thermotolerance was 

compared to similar regions in other bacteria (Gajdosova et al. 2011).  An in silico 

analysis showed that this thermotolerace KT-region was present in four of fourteen 

isolates consisting of seven Cronobacter species studied (Joseph et al. 2012b).  

Cronobacter sakazakii SP291 can survive desiccation for long periods of time at an 

average temperature of 56.7°C, similar to that recorded when spray drying is in 

operation during PIF production (Cooney 2012).  Interestingly, C. sakazakii SP291 

was negative for the KT marker, as determined by PCR (data not shown).  Apart 

from the locus between orfA-orfE, when the corrsponding region of the SP291 

genome was compared to that of C. sakazakii ATCC® 29544, this region was devoid 

of the KT-encoding homologue (Figure 5.3).  In light of the thermo-adapted 

phenotype possessed by C. sakazakii SP291, this finding suggests that there may be 

other thermotolerance survival mechanisms expresed by C. sakazakii SP291. 

 

 
Figure 5.3 The putative thermotolerance-containing DNA region of C. sakazakii 

ATCC® 29544 compared with C. sakazakii SP291. 
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As mentioned above, Cronobacter species have the capacity to survive in 

desiccated environments for long periods, a phenotype that is linked to their 

epidemiology and routes of infection.  As an example of genes linked to this 

phenotype, the yih-encoding operons, consisted of 10 annotated genes present in 

the genome of C. sakazakii SP291.  Desiccation-related proteins YihU, YihT, YihR, 

YihS, YihQ and YihV have conserved domains, which function in carbohydrate 

transport and metabolism.  YihO is a glucuronide transport protein whilst YihP is 

homologous to it.  YshA is an outer membrane sugar transport protein and YihW is a 

deoR-type transcriptional regulator, reported to negatively regulate the expression of 

yihU-oyshA in Salmonella (Gibson et al. 2006).  This operon was reported to be up-

regulated following desscication stress in Salmonella.  Interstingly, the yih operon are 

conserved in 17 annotated Cronobacter genomes (strain information are listed in 

Table 5.1) and noted previously (Grim et al. 2013). 

The ability of a bacterium to eliminate toxic compounds from the cell is an 

important survival mechanism.  Nine genes involved in detoxification were identified 

in the C. sakazakii SP291 genome.  These included a tellurite resistance-encoding 

gene tehB, which matches a 593 bp hypothetical protein in C. sakazakii ATCC® BAA-

894.  However, a tellurite resistance region (terACDYZ) was reported only in C. 

sakazakii ATCC® BAA-894 (Table 5.4), and with the exception of the terC-encoding 

marker in C. turicensis z3032, was not identified in any of the other Cronobacter 

species genomes sequenced (Grim et al. 2013; Joseph et al. 2012b; Kucerova et al. 

2010).  Genes involved in the detoxification of organic pollutants, including a D-

tyrosyl-tRNA (Tyr) deacylase-encoding dtd, two glutathione-dependent pathway 

formaldehyde detoxification genes (frmA and yieG), three genes involved in the 

uptake of selenate and selenite (dedA, cysA, and its homolog tsgA), and two 

uncharacterised genes (ydsK and ydcL), were also identified in C. sakazakii SP291.  

This feature supports an earlier report describing the ability of Cronobacter species 

to detoxify and survive in tannery wastewater effluents (Chandra et al. 2011). 

Oxidative stress is an example of an important bacterial stress response, with 

62 annotated genes covering 40.8% genome linked to this sub-system.  These 

genes included the zinc uptake regulation zur, which was reported as involved in the 

oxidative stress response of Streptomyces coelicolor (Shin et al. 2007).  Other 

stress-related genes included seven periplasmic stress related genes, a bacterial 

hemoglobin gene, seven genes involved in carbon starvation, four commensurate 

regulon activation genes, a flavohaemoglobin gene, five hfl operon genes, five phage 

shock protein (psp) operon genes, a sugar-phosphate stress regulation gene, and 

five universal stress protein family genes. 
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5.4.8 Resistance to antibiotics and toxic compounds 

C. sakazakii was originally reported to be susceptible to a panel of 69 antimicrobial 

agents (Stock and Wiedemann 2002).  Subsequently, a tetracycline-resistant C. 

sakazakii cultured from a Chilean freshwater Salmon farm was isolated (Miranda et 

al. 2003), followed by a report of a trimethoprim and neomycin resistance isolate 

cultured from fresh domiati cheese (El-Sharoud et al. 2009).  More recently, isolates 

resistant to cephalothin were recovered from dried food (Chon et al. 2012).  The 

emergence of strains that have become resistant to antimicrobial compounds is of 

great concern to public health (Dumen 2010; Yan et al. 2012). 

Figure 5.2 [D] shows a heat map comparing C. sakazakii SP291 and C. 

sakazakii ATCC® BAA-894 and Table 5.5 provides a summary of the significant 

changes in PM redox measurements, after bacterial growth in microtitre wells 

containing a number of antimicrobial compounds as part of the phenotypic 

microarray.  Compared to C. sakazakii ATCC® BAA-894, C. sakazakii SP291 

exhibited more activity in the presence of 5,7-dichloro-8-hydroxyquinoline, 5-nitro-2-

furaldehyde semicarbazone, hexamminecobalt (III) chloride, poly-L-lysine, protamine 

sulfate, ornidazole, tobramycin, streptomycin, apramycin, iodonitro tetrazolium violet, 

amoxicilin, neomycin, and sisomicin; while exhibiting a reduced activity in the 

presence of phleomycin, ciprofloxacin, cinoxacin, dichlofluanid, tolylfluanid, guanidine 

hydrochloride, colistin, methyl viologen, sodium azide, guanazole, rifamycin SV, 

glycine hydroxamate, D,L-methionine hydroxamate, cefmetazole, and cloxacillin. 

 

Table 5.5 Comparison of the differential phenotypes expressed by C. sakazakii 

SP291 and C. sakazakii ATCC® BAA-894 related to antimicrobial and toxic 

compounds as determined by phenotype microarray. 

Test compound Difference¶ Mode of Action 

Phenotypes gained by C. sakazakii SP291 relative to C. sakazakii ATCC® BAA-894- 
Amoxicillin 20,446 wall, lactam 
Neomycin 47,681 protein synthesis, 30S ribosomal subunit, 

aminoglycoside 
Sisomicin 40,297 protein synthesis, 30S ribosomal subunit, 

aminoglycoside 
Tobramycin 33,297 protein synthesis, 30S ribosomal subunit, 

aminoglycoside 
Sodium arsenate 22,155 toxic anion, PO4 analog 

Sodium metaborate 65,231 toxic anion 
EDTA 89,134 chelator, hydrophilic 

5,7-Dichloro-8-hydroxyquinoline 21,638 chelator, lipophilic 
5-Nitro-2-furaldehyde semicarbazone 40,348 DNA damage, multiple sites, nitrofuran analog 
Protamine sulfate 27,720 membrane, nonspecific binding 
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Test compound Difference¶ Mode of Action 
Streptomycin 40,297 protein synthesis, 30S ribosomal subunit, 

aminoglycoside 
Potassium tellurite 27,025 toxic anion 

Sodium tungstate 50,849 toxic anion, molybdate analog 
Poly-L-lysine 43,324 membrane, detergent, cationic 

Sodium m-arsenite 28,927 toxic anion 
Sodium periodate 47,820 toxic anion, oxidizing agent 
Antimony (III) chloride 35,457 toxic cation 

Iodonitro tetrazolium violet 22,427 respiration 
Hexamminecobalt (III) Chloride 30,202 DNA synthesis 

Apramycin 43,717 protein synthesis, 30S ribosomal subunit, 
aminoglycoside 

Ornidazole 22,594 protein glycosolation 

Phenotypes lost by C. sakazakii SP291 relative to C. sakazakii ATCC® BAA-894- 
Cloxacillin -20,939 wall, lactam 

Colistin -35,638 membrane, transport 
Guanidine hydrochloride -47,347 membrane, chaotropic agent 
Cefmetazole -21,713 wall, cephalosporin second generation 

Phleomycin -45,183 DNA damage, oxidative, ionizing ratiation 
Methyl viologen -81,565 oxidizing agent 

Sodium azide -22,375 respiration, uncoupler 
Dichlofluanid -42,205 fungicide, phenylsulphamide 

Cinoxacin -18,744 DNA unwinding, gyrase (GN), topoisomerase 
(GP), quinolone 

Rifamycin SV -22,130 RNA polymerase 
Glycine hydroxamate -64,946 tRNA synthetase 

D,L-Methionine hydroxamate -38,317 tRNA synthetase 
Sodium bromate -27123 toxic anion 

Guanazole -33164 ribonucleotide DP reductase 
Ciprofloxacin -22172 DNA unwinding, gyrase (GN), topoisomerase 

(GP), fluoroquinolone 
Tolylfluanid -18317 fungicide, phenylsulphamide 
¶a positive number indicates faster growth in C. sakazakii SP291 compared to C. sakazakii ATCC® 
BAA-894; a negative number indicates faster growth in C. sakazakii ATCC® BAA-894 compared to C. 
sakazakii SP291. 
 

Careful analysis of the PM data showed an interesting phenotype, related to 

bioactive and toxic anions.  C. sakazakii SP291 survived significantly better in 

sodium metaborate, potassium tellurite, sodium m-arsenite, sodium tungstate, 

sodium periodate,sodium arsenate, and antimony (III) chloride compared with C. 

sakazakii ATCC® BAA-894.  In contrast the latter bacterium, exhibited a distinct 

phenotype in sodium bromate.  These observations suggested that C. sakazakii 

SP291 elaborates a greater ability to counter the effects of a broader range of heavy 

metals, a characteristic that could be facilitate adaptation in powered infant formula 

manufacturing environments where metallic compositions such as quaternary 

containing disinfectants are used for decontamination.  This resistance phenotype 
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may be globally regulated as well.  Together, this information may explain how this 

organism adapted to the manufacturering environment. 

Based in part on these phenotypes, a total of 44 genes were shared between 

C. sakazakii ATCC® BAA-894 and C. sakazakii SP291.  These consisted of 

adaptation to D-cysteine related genes (include yecC, yecS, and dcyD), a β-

lactamase-encoding ampC gene, three cobalt-zinc-cadmium resistance genes 

(including feiF, zitB and a MerR family transcriptional regulator), 11 copper 

homeostasis genes (include cueO, yobA, copA, zntA, ccmF, ccmH, cutE, cutF, corC, 

cutA, and a copper resistance protein D gene), a fosfomycin resistance gene fosA, a 

lysozyme inhibitor mliC, a tripartite multidrug resistance system found in Gram- 

negative bacteria, 11 multidrug resistance efflux pumps (including macB, macA, 

acrA, acrE, norM, acrD, acrB, acrF, acrR, envR, and tolC), four genes encoding 

resistance to fluoroquinolones (including gyrA, gyrB, parC, and parE), and a 

multidrug resistance cluster (consisting of mdtB, mdtC, mdtD, mdtA, baeR, and 

baeS).  All of these genes mapped to the bacterial chromosome.  In addition three 

arsenic resistance genes were identified on pSP291-1 (supplementary Table S5.5).  

This latter feature confirmed the previous report on the copper/silver resistance 

determinants in Cronobacter species (Grim et al. 2013; Joseph et al. 2012b; 

Sivamaruthi et al. 2011).  In contrast, eight cobalt-zinc-cadmium resistance genes 

(include cusA, cusC, cusF, czcA, czcB, cusS, cusR, and pcoS) and three copper 

homeostasis genes (including copG, pcoB and pcoA) were unique to C. sakazakii 

ATCC® BAA-894, of which cusRCFBA/silRECBA and pcoABCDR were indicated as 

two copper and silver resistance regions.  The previous region was shared among C. 

sakazakii, C. malonaticus, and C. turicensis; while the latter region was shared 

among C. sakazakii, C. malonaticus, C. turicensis and C. universalis (Joseph et al. 

2012b) (Table 5.6). 
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Table 5.6  Genes related to resistance to antibiotics and toxic compounds annotated in C. sakazakii SP291 and C. sakazakii ATCC® BAA-894. 

Subsystem Start Stop Size(bp) Gene Role 

Resistance to antibiotic and toxic compunds genes shared by C. sakazakii SP291 and ATCC® BAA-894- 

Adaptation to D-cystine 1345012 1345764 752 yecC Cystine ABC transporter, ATP-binding protein 
Adaptation to d-cystine 1344347 1345015 668 yecS Cystine ABC transporter, permease protein 
Adaptation to d-cystine 1343343 1344323 980 dcyD D-cystine desulfhydrase  
Beta-lactamase 1853746 1852619 1,127 ampC Beta-lactamase  
Cobalt-zinc-cadmium resistance 4087380 4088282 902 fieF Cobalt-zinc-cadmium resistance protein 
Cobalt-zinc-cadmium resistance 733136 733498 362  Transcriptional regulator, MerR family 
Cobalt-zinc-cadmium resistance 2570193 2571155 962 zitB Zinc transporter ZitB 
Copper homeostasis 2643555 2645219 1,664 cueO Blue copper oxidase CueO precursor 
Copper homeostasis 1433730 1434104 374 yobA Copper resistance protein C 
Copper homeostasis 1434109 1434978 869  Copper resistance protein D 
Copper homeostasis 2766031 2768538 2,507 copA Copper-translocating P-type ATPase  
Copper homeostasis 4209899 4207683 2,216 zntA Zinc/cadmium/mercury/lead-transporting ATPase 
Copper homeostasis 924321 926270 1,949 ccmF Cytochrome c heme lyase subunit CcmF 
Copper homeostasis 926821 927282 461 ccmH Cytochrome c heme lyase subunit CcmH 
Copper homeostasis: copper tolerance 2651936 2653477 1,541 cutE Copper homeostasis protein CutE 
Copper homeostasis: copper tolerance 3053870 3053172 698 cutF Copper homeostasis protein CutF precursor 
Copper homeostasis: copper tolerance 2651056 2651931 875 corC Magnesium and cobalt efflux protein CorC 
Copper homeostasis: copper tolerance 130149 129802 347 cutA Periplasmic divalent cation tolerance protein CutA 
Fosfomycin resistance 1712546 1712959 413 fosA Fosfomycin resistance protein FosA 
Lysozyme inhibitors 1973845 1973522 323 mliC Membrane-bound lysozyme inhibitor of c-type lysozyme 
Multidrug Resistance, Tripartite Systems 
Found in Gram Negative Bacteria 2468114 2466543 1,517 emrB

2 Inner membrane component of tripartite multidrug resistance system 

Multidrug Resistance, Tripartite Systems 
Found in Gram Negative Bacteria 2469268 2468111 1,157  Membrane fusion component of tripartite multidrug resistance system 

Multidrug Resistance, Tripartite Systems 
Found in Gram Negative Bacteria 2466541 2465000 1,541 nodT Outer membrane component of tripartite multidrug resistance system 

Multidrug Resistance Efflux Pumps 2397113 2395170 1,943 macB Macrolide export ATP-binding/permease protein MacB  
Multidrug Resistance Efflux Pumps 2398222 2397110 1,112 macA Macrolide-specific efflux protein MacA 
Multidrug Resistance Efflux Pumps 2799127 2800332 1,205 acrA Membrane fusion protein of RND family multidrug efflux pump 
Multidrug Resistance Efflux Pumps 3599205 3600347 1,142 acrE Membrane fusion protein of RND family multidrug efflux pump 
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Subsystem Start Stop Size(bp) Gene Role 

Multidrug Resistance Efflux Pumps 1999315 2000688 1,373 norM Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of 
MDR efflux pumps 

Multidrug Resistance Efflux Pumps 809372 806256 3,116 acrD Probable aminoglycoside efflux pump 
Multidrug Resistance Efflux Pumps 2800354 2803503 3,149 acrB Acriflavine resistance protein B 
Multidrug Resistance Efflux Pumps 3600357 3603476 3,119 acrF Acriflavine resistance protein F 
Multidrug Resistance Efflux Pumps 2798982 2798317 665 acrR HTH-type transcriptional regulator acrR 

Multidrug Resistance Efflux Pumps 3598827 3598180 647 envR Transcription repressor of multidrug efflux pump acrAB operon, TetR (AcrR) 
family 

Multidrug Resistance Efflux Pumps 374805 373318 1,487 tolC Type I secretion outer membrane protein, TolC precursor 
Resistance to fluoroquinolones 1021753 1024389 2,636 gyrA DNA gyrase subunit A  
Resistance to fluoroquinolones 3931538 3929124 2,414 gyrB DNA gyrase subunit B  
Resistance to fluoroquinolones 383132 385402 2,270 parC Topoisomerase IV subunit A  
Resistance to fluoroquinolones 377546 379438 1,892 parE Topoisomerase IV subunit B  
The mdtABCD multidrug resistance cluster 1153120 1149998 3,122 mdtB Multidrug transporter MdtB 
The mdtABCD multidrug resistance cluster 1149997 1146908 3,089 mdtC Multidrug transporter MdtC 
The mdtABCD multidrug resistance cluster 1146904 1145489 1,415 mdtD Multidrug transporter MdtD 
The mdtABCD multidrug resistance cluster 1154367 1153120 1,247 mdtA Probable RND efflux membrane fusion protein 
The mdtABCD multidrug resistance cluster 1144071 1143349 722 baeR Response regulator BaeR 
The mdtABCD multidrug resistance cluster 1145492 1144068 1,424 baeS Sensory histidine kinase BaeS 

Resistance to antibiotic and toxic compunds genes specific to C. sakazakii ATCC® BAA-894- 

Cobalt-zinc-cadmium resistance 4206746 4209892 3,146 cusA Cation efflux system protein CusA 
Cobalt-zinc-cadmium resistance 4203563 4204948 1,385 cusC Cation efflux system protein CusC precursor 
Cobalt-zinc-cadmium resistance 4204976 4205329 353 cusF Cation efflux system protein CusF precursor 
Cobalt-zinc-cadmium resistance 4206746 4209892 3,146 czcA Cobalt-zinc-cadmium resistance protein CzcA 

Cobalt-zinc-cadmium resistance 4205443 4206735 1,292 czcB Cobalt/zinc/cadmium efflux RND transporter, membrane fusion protein, CzcB 
family 

Cobalt-zinc-cadmium resistance 4202505 4201219 1,286 cusS Copper sensory histidine kinase CusS 
Cobalt-zinc-cadmium resistance 4203373 4202693 680 cusR Copper-sensing two-component system response regulator CusR 
Cobalt-zinc-cadmium resistance 4219774 4221174 1,400 pcoS Heavy metal sensor histidine kinase 
Copper homeostasis 4209979 4210419 440 CopG CopG protein 
Copper homeostasis 4217266 4217688 422 pcoB Copper resistance protein B 
Copper homeostasis 4214975 4216792 1,817 pcoA Multicopper oxidase 
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5.5 Conclusions 

Stress responses and resistance to antibiotic and toxic compounds are interesting 

phenotypes identified in C. sakazakii SP291, when compared to C. sakazakii ATCC® 

BAA-894, based on the comparative phenotypic microarray analysis in parellel with 

the annotation of its genome.  Given this the fact that the PIF production environment 

is a stressful ecological niche, the osmoprotectant ABC transporters including 

YehZYXW, ProP, ProU, and OpuCABCD can be expected to play a role to support 

bacterial survival, as reported in other microorganisms previously (Cairney et al. 

1985a; Cairney et al. 1985b; Checroun and Gutierrez 2004; Finn et al. 2013; 

Frossard et al. 2012).  Notably, C. sakazakii SP291 possesses a greater ability to 

survive in a broader range of heavy metals, as quaternary containing disinfectants 

which include metallic compositions are often used for PIF manufacturing 

environment disinfection.  In conclusion, genome analysis of C. sakazakii SP291 

along with its metabolome highlighted a number of potential features, which might be 

considered as candidates for future studies to extend our understanding of the 

persistence and virulence mechanisms deployed by this bacterium in the production 

environment.  These data provide an early insight into how a factory isolate may 

survive in a desiccation condition and adapt to the PIF production environment and 

associated food matrices. 
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Supplementary Tables and Figures 

 

Table S5.1 Genomic regions absent in C. sakazakii SP291 when compared to other 

complete genomes, including C. sakazakii ATCC® BAA-894 ( the reference), C. 

sakazakii E15 and C. turicensis z3032. (see the accompanying CD) 

 

Table S5.2 Genomic regions unique to C. sakazakii SP291 (the reference) when 

compared to other complete genomes, including C. sakazakii ATCC® BAA-894, C. 

sakazakii ES15 and C. turicensis z3032. (see the accompanying CD) 

 

Table S5.3 Genome comparison within C. sakazakii: those genomes include SP291, 

ATCC® BAA-894, ES15, E899, 680, 696, 701, ES35, 2151, ES713, and E764. (see the 

accompanying CD) 

 

Table S5.4 Genome comparison among Cronobacter species: those genomes consist 

of C. sakazakii SP291, C. dublinensis LMG 23823, C. malonaticus LMG 23826, C. 

muytjensii ATCC® 51329, C. turicensis z3032, C. universalis NCTC 9529, and C. 

condimenti 1330. (see the accompanying CD) 

 

Table S5.5 Annotated plasmid clusters of three complete genome, which include 

pSP291-1, pSP291-2, & pSP291-3 of C. sakazakii SP291, pESA2 & pESA3 of C. 

sakazakii ATCC® BAA-894, as well as pCTU1, pCTU2, & pCTU3 of C. turicensis 

z3032.  plasmid group 1: pSP291-1, pESA3, and pCTU1; plasmid group 2: pSP291-2 

and pCTU3. (see the accompanying CD) 

 

Table S5.6 Numerical data of PM analysis for C. sakazakii SP291 (test) and C. 

sakazakii ATCC® BAA-894 (reference), along with the phenotype differences (greater 

than 20,000 ± 1,800 unit) generated by Omnilog® software. (see the accompanying 

CD) 

 

Table S5.7 Genes assigned to defined bacterial sub-systems and their distribution 

among these functional categories for C. sakazakii SP291 along with other three 

completed genome, C. sakazakii ATCC® BAA-894, C. sakazakii ES15 and C. 

turicensis z3032. (see the accompanying CD) 

 

Table S5.8 Genome annotation: Carbohydrate metabolism of C. sakazakii SP291 and 

ATCC® BAA-894. (see the accompanying CD) 
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Table S5.9 Genome annotation: Phosphorus metabolism of C. sakazakii SP291 and 

ATCC® BAA-894. (see the accompanying CD) 

 

Table S5.10 Genome annotation: Sulfur metabolism of C. sakazakii SP291 and 

ATCC® BAA-894. (see the accompanying CD) 

 

Table S5.11 Iron acquisition systems identified in the chromosome of C. sakazakii 

SP291 (see the accompanying CD). 

 

Figure S5.1 Circular representation of the C. sakazakii SP291 genome. 

 

Figure S5.2 Comparison of plasmid group 1 (pESA3, pSP291-1 & pCTU1) using 

Artemis Comparison Tool (ACT). 

 

Figure S5.3 Comparison of plasmid group 2 (pSP291-2 & pCTU3) using Artemis 

Comparison Tool (ACT). 
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Figure S5.1 Circular representation of the C. sakazakii SP291 genome. The first 

circle represents the scale in kilobases starting with the origin of replication at 

position 0.  The second circle shows the distribution of CDS (Goldman and Green) in 

forward strand. The third circle indicates the distribution of CDS (blue) in reverse 

strand. rRNA operons are colored in red on the fourth circle. tRNA operons are 

colored in purple on the fifth circle. The sixth circle indicates the deviation of the GC 

content average, with values greater than zero in green and those less than zero in 

purple. The innermost circle displays the GC skew ([G+C]/[G-C]), with values greater 

than zero in light blue and those less than zero in orange. The figure was generated 

using DNAPlotter (Carver et al. 2009). 
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Figure S5.2 Comparison of plasmid group 1 (pESA3, pSP291-1 & pCTU1) using 

Artemis Comparison Tool (ACT). 

 

 
Figure S5.3 Comparison of plasmid group 2 (pSP291-2 & pCTU3) using Artemis 

Comparison Tool (ACT). 

!



! 191!

 

 
!

!

!

Chapter 6 

 

Gene signalling contributing to the survival 

and persistance phenotype of Cronobacter 

sakazakii in low-moisture environments as 
determined by RNA sequencing and 
transposon-directed insertion site 

sequencing 
 

 

 

 

 

 

 

 

In preparation for the submission to Genome Research 



! 192!

Gene signalling contributing to the survival and persistence phenotype of 

Cronobacter sakazakii in low-moisture environments as determined by RNA 

sequencing and transposon-directed insertion site sequencing 

 

 

Qiongqiong Yan1, Matthew Mayho2, Lars Barquist3, Robert Stones4, Karsten 

Hokamp5, Marta Martins1, Christopher J. Grim6, Gopal R. Gopinath6, Ben D. Tall6, 

Matthew P. McCusker1, and Séamus Fanning1 

 

 
1UCD Centre for Food Safety, WHO Collaborating Centre for Research, Reference & 

Training on Cronobacter, School of Public Health, Physiotherapy & Population 

Science, University College Dublin, Ireland 
2Wellcome Trust Sanger Institute, Cambridge, UK 
3Institute of Molecular Infection Biology, University of Würzburg, Germany 
4The Food and Environment Research Agency, Sand Hutton, York, UK 
5Department of Genetics, Trinity College Dublin, Dublin, Ireland 
6U.S. Food and Drug Administration (US-FDA), Division of Virulence Assessment, 

OARSA, Centre for Food Safety and Applied Nutrition, MOD 1 Facility, Virulence 

Mechanisms Branch (HFS-025), Maryland 20708, USA 

 

 

 

 

 

 

Corresponding author:  Professor Séamus Fanning, 

UCD-Centre for Food Safety, 

School of Public Health, Physiotherapy  

and Population Science, 

Science Centre South [Room S1.04], 

University College Dublin,  

Belfield, Dublin 4, Ireland. 

Tel.:  (+353-1) 716 2869; 

Fax:  (+353-1) 716 4117 

sfanning@ucd.ie 



! 193!

6.1 Abstract 

Cronobacter species are opportunistic pathogens, associated with serious illness in 

neonates.  Powdered infant formula (PIF) has been epidemiologically linked to 

infections.  Little is known about the mechanisms Cronobacter employ to survive and 

persist in low-moisture environments, including during PIF production.  This study 

sought to determine the bacterial gene signalling contributing to the survival and 

persistence phenotype, recognised in these pathogens in low-moisture 

environments.  Based on earlier long-range molecular surveillance of a PIF 

production facility, Cronobacter sakazakii SP291, a persistent PIF factory isolate, 

was identified and selected for further study.  This investigation included two 

elements, the first of which focused on the transcriptome, using RNA sequencing 

(RNA-seq) and the second, using a mutant library, which was designed to explore 

the genes required to support the phenotype of interest.  Early stationary phase 

(ESP) cells were dried onto industrial grade stainless steel coupons for 4 h at 24 °C, 

to simulate a low-moisture environment.  ESP culture was used as control.  Total 

RNA was purified for RNA-seq and these sequences were subsequently mapped to 

the reference genome.  Absolute and relative levels of gene expression were 

determined using the transcripts per million (TPM) method, applying a log2 

FoldChange (FC) cut-off value of 2.  Approximately 158 million sequence reads were 

generated on an Illumina HiSeq platform, with an average of 25 million per library.  

Of all, 360 genes (9%) were highly up-regulated (log2 FC≥2) and 109 genes (3%) 

were greatly down-regulated (log2 FC≤-2) in low-moisture conditions.  Significantly 

up-regulated genes (log2 FC>5) included the osmotic stress response ProU system 

(composed of proV, proX, proW genes), and betIAB, all of which have been reported 

in other microorganisms previously, such as E. coli and Salmonella.  Interestingly 

four stress response genes were involved in the down-regulation of gene expression, 

in particular yehW, a gene known to play a role in osmoprotectant solute uptake 

system.  Reverse transcription polymerase chain reaction (RT-PCR) validated these 

data using a sub-set of selected genes identified from RNA-seq. 

A transposon-mutant library was constructed in C. sakazakii SP291 

separately.  Pools of random insertion mutants were desiccated in a similar manner 

to that used for RNA-seq.  The mutant library was screened by transposon-directed 

insertion site sequencing (TraDIS) and compared against the original, to identify 

genes involved in low-moisture survival.  Two libraries of 19 and 18 million reads 

were generated on a MiSeq platform matching transposon tag and these sequences 

were then mapped to reference genome of C. sakazakii SP291, yielding 3.5-5.9 
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million reads for each library.  The number of insertion sites, the insertion read and 

TMM (trimmed mean of M-values) normalisation were generated by MAQ v0.6.6 and 

the R program respectively.  TraDIS identified 258 genes required for fundamental 

biological processes, 133 advantageous genes for growth under standard laboratory 

conditions as well as 43 advantageous genes required for growth under the 

environmental conditions selected.  When tested under desiccated conditions, 32 

genes were required for survival in TSB (TSB1), with 48 genes being identified as 

required after recovery in rich nutrients (TSB2); while 23 genes were required for 

both desiccation in reconstituted PIF (PIF1) and recovery in rich nutria after 

desiccation in PIF (PIF2).  When compared, TSB1 and TSB2 shared 15 genes, while 

PIF1 and PIF2 have 23 genes in common.  TSB1 and PIF1 shared 9 genes while 

TSB2 and PIF2 have 10 genes in common.  Some 32 genes have significant fold-

changes after desiccation without recovery as assayed by TraDIS.  Mapping these 

data outputs with those genes identified by RNA-seq when challenged the similar 

conditions, eleven genes were defined as being up-regulated, and two genes being 

greatly down-regulated. 

In conclusion, this study used two high-throughput technologies to investigate 

the gene signalling and gene requirements in Cronobacter when exposed to low-

moisture environments.  The osmotic stress response ProU system (composed of 

proV, proX, proW genes), and the bet-encoding operon (betIAB) were over-

expressed as determined by RNA-seq and confirmed by RT-PCR.  TraDIS approach 

has identified the genetic signalling in Cronobacter required for its fundamental 

biological growth under defined environmental conditions as well as its survival when 

challenged in a low moisture environment.  Together these findings highlight at least 

some of the important biomarkers that need to be further assessed for their roles in 

this process.  These data will extend our understanding towards the survival of 

Cronobacter in PIF products and its production environments in order to improve 

food safety measures and protect valuable consumers. 

 

6.2 Introduction 

Cronobacter is a genus comprised of opportunistic pathogens, linked with necrotizing 

enterocolitis (NEC), bacteraemia and meningitis.  This bacterium has been isolated 

from dried food, in particular powdered infant formula (PIF) and its production 

environments (Tall et al. 2014; Xu et al. 2013).  Clinical cases have been linked 

directly with the isolation of Cronobacter in un-opened cans of commercial PIF, which 

were the same batch with the can consumed by neonates (CDC 2002).  Little is 

known about the molecular factors contributing to the survival of Cronobacter species 
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in low-moisture environments, such as PIF.  Genomic and proteomic efforts 

highlighted several biomarkers as potential candidates for further study (Feeney and 

Sleator 2011; Grim et al. 2013; Kucerova et al. 2010; Shin et al. 2012; Stephan et al. 

2011; Yan et al. 2013; Yan et al. 2011).  Virulence, osmotolerance and acidity factors 

have been studied previously (Alvarez-Ordonez et al. 2014; Cruz et al. 2011; Feeney 

et al. 2014; Franco et al. 2011; Riedel and Lehner 2007).  Although Cronobacter is 

capable of resisting various environmental stresses, such as thermal-, dry-stresses, 

low-moisture and low pH conditions (Barron and Forsythe 2007; Dancer et al. 2009; 

Osaili and Forsythe 2009; Osaili et al. 2009), almost nothing is known about the gene 

signalling contributing to this phenotype. 

 RNA sequencing (RNA-seq) is the first sequencing-based method that allows 

the entire transcriptome to be assayed in a high-throughput and quantitative manner 

(Wang et al. 2009).  Gene expression levels determined by RNA-seq correlate 

closely with those determined independently by reverse transcription polymerase 

chain reaction (RT-PCR) and RNA spike-in controls (Wang et al. 2009).  One 

advantage of RNA-seq is that it can capture transcriptome dynamics across different 

conditions without sophisticated normalisation of data sets.  RNA-seq has been used 

to track gene expression changes during yeast vegetative growth, yeast meiosis and 

mouse embryonic stem-cell differentiation (Cloonan et al. 2008; Mortazavi et al. 

2008; Wilhelm et al. 2008) as well as define the mRNA expression levels and identify 

differentially expressed genes and novel transcribed regions in the Campylobacter 

genome (Chaudhuri et al. 2011). 

Transposon-directed insertion site sequencing (TraDIS) is a technique that 

combines signature-tagged mutagenesis with novel sequence-based approaches for 

transposon mutant identification (Cummins and Gahan 2012).  It can be applied to 

very large mutant pools, which allow the simultaneous assay of every single gene in 

an organism that contributes to its fitness under any condition of interest, by 

comparing the input and output pools of mutants (Chaudhuri et al. 2013; Langridge et 

al. 2009; Moule et al. 2014).  TraDIS has been used to aid with the elucidation of the 

multi-faceted nature of bacterial pathogens, such as Salmonella Typhi (Langridge et 

al. 2009), Salmonella Typhimurium (Chaudhuri et al. 2013), Haemophilus parasuis 

(Luan et al. 2013), Vibrio cholerae (Chao et al. 2013) and Burkholderia pseudomallei 

(Moule et al. 2014). 

In this study, both RNA-seq and TraDIS were used to investigate the genetic 

contribution and gene signalling of Cronobacter sakazakii SP291, an isolate cultured 

from a PIF environment with its complete genome determined (Yan et al. 2013).  

Figure 6.1 provides an overview of the experiment design.  Cronobacter sakazakii 
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SP291 was cultured to an early stationary phase (ESP) (this represented the control) 

and then desiccated onto stainless steel coupons (SSC), constituting the test 

samples.  RNA was extracted from both control and test samples and sequenced 

commercially on an Illumina HiSeq platform.  The gene expressions in both 

conditions were directly compared.  Experiments were carried out in biological 

triplicates.  A sub-set of selected genes was analysed by RT-PCR. 

 

 
Figure 6.1 A flowchart describing the experiment design of this study 

 

Meanwhile, a TraDIS mutant pool was constructed using the commercially 

available EZ-Tn5 transposome kits.  Six passages of C. sakazakii SP291 were 

performed under standard laboratory condition to select the advantageous genes for 

bacterial growth under standard laboratory conditions, followed by two passages in 

selected environmental conditions.  ESP cells were re-suspended in either trypticase 

soy broth (TSB) or reconstituted sterile PIF and desiccated directly onto SSCs 

similarly to RNA-seq.  After desiccation, cells were recovered for an hour.  DNA was 

purified from all seven samples and sequenced on an Illumina MiSeq platform.  

Sequences with Tn5 tags were assigned to each sample according to the index 

primers and then mapped to the C. sakazakii SP291 reference genome.  Genes 

essential as well as advantageous for conditions of interest were identified, by 

comparing the inputs and outputs sequence reads from the TraDIS libraries.  Genes 

identified from the RNA-seq experiments were compared against the required genes 

developed from the TraDIS approach.  This is the first study combining both RNA-
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seq and TraDIS to investigate the survival and persistent phenotype of Cronobacter 

in low-moisture conditions. 

 

6.3 Materials and methods 

6.3.1 Bacteria strain and its growth conditions 

Cronobacter sakazakii SP291, an isolate cultured from the environment of a 

powdered infant formula facility and whose complete genome sequence was 

previously determined (Yan et al. 2013), was selected in this study.  The bacterium 

was stored on cryobeads (Technical Service Consultants Ltd, Lancashire, UK) at -

80°C and recovered on trypticase soy agar (TSA, Sigma-Aldrich, Gillingham, UK) 

plate at 37°C overnight.  Trypticase soy broth (TSB, Sigma-Aldrich, Gillingham, UK) 

was used for incubation at 37°C for the standard laboratory condition while 24°C was 

selected to mimic the factory environmental condition. 

 

6.3.2 RNA purification from bacterial cells desiccated onto stainless steel coupons 

A single colony of C. sakazakii SP291 was inoculated in 10 ml TSB and incubated 

statically at 24°C in a stationary incubator until late stationary phase (48 h).  A total of 

103 cfu/ml cells from this culture were then inoculated in 500 ml fresh TSB and 

incubated statically at 24°C for 17 h to reach the early stationary phase.  The 

desiccation experiment was designed and applied as published previously (Finn et 

al. 2013).  RNA was purified from the control and desiccated samples using TRIzol 

(Thermo Fisher Scientific Inc., MA, USA) followed by DNase I digestion (New 

England Biolabs, Herts, UK) as described earlier (Kroger et al. 2013).  Figure 6.2 

describes the outline of RNA-seq protocol used.  The experiment was carried out in 

biological triplicates.  Purified RNA was stored at -80°C until required. 

 

 
Figure 6.2 A diagram describing the process of RNA-seq from a single colony to the 

end sequencing profiles 

 

6.3.3 Library preparation and RNA sequencing 

The library preparation and RNA-seq was carried out commercially (vertis 

Biotechnologies AG, Freising, Germany).  Briefly, six RNA samples were fragmented 
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with ultrasound (3 pulses at high power of 30 sec at 4°C) followed by treatment with 

Antarctic Phosphatase and re-phosphorylation with polynucleotide kinase (PNK).  

Thereafter, the RNA fragments were poly (A)-tailed using poly (A) polymerase and a 

RNA adapter was ligated to the 5'-phosphate of the RNA.  First-strand cDNA 

synthesis was performed using an oligo (dT) -adapter primer and Moloney Murine 

Leukemia Virus (M-MLV) reverse transcriptase (Promega, WI, USA).  The resulting 

cDNA was PCR-amplified to about 20-30 ng/µl using a high fidelity DNA polymerase 

(New England Biolabs, MA, USA).  The cDNA was then purified using the Agencourt 

AMPure XP kit (Beckman Coulter Genomics, MA, USA) and analysed by capillary 

electrophoresis.  The primers used for PCR amplification were designed according to 

the manufacturer’s instructions (Illumina, CA, USA) and are listed in Table 6.1.  Six 

cDNA samples were pooled in equal molar concentrations.  A cDNA size range of 

200-400 bp was eluted from preparative agarose gels.  An aliquot of the size 

fractionated cDNA pool was then analysed by capillary electrophoresis.  The cDNA 

pool was sequenced on an Illumina HiSeq 2000 system with 50 bp read length.  

Sequence reads were analysed by DESeq v2.14 (Bioconductor, Germany) and 

subsequently mapped to the C. sakazakii SP291 genome.  Gene expression values 

were calculated using the transcript per million (TPM) method (Wagner et al. 2012, 

2013).  Genes with a TPM value less than 10 were set to 10 for the log2 FoldChange 

(FC) calculation.  A cut-off value of log2 FC 2 was applied to distinguish whether a 

gene is expressed or not. 

 

6.3.4 Growth curve of C. sakazakii SP291 and cell number reduction during 

desiccated treatment 

A single colony of C. sakazakii SP291 was picked from a TSA plate and inoculated in 

10 ml TSB at 24°C for 48 h in a stationary incubator.  The culture was then serially 

diluted 100 times and a 200 µl of the diluted culture was transferred into a fresh 500 

ml TSB-containing flask.  The static growth curve was followed at 24°C for a 48 h 

period.  At 0-16 h, cell numbers were enumerated every 2 h by diluting aliquots that 

were removed, followed by plate counting.  Cells were subsequently enumerated 

every hour from 16 to 20 h, every 2 h from 20 to 24 h, and every 4 h from 24 to 48 h.  

Finally a growth curve was constructed plotting log10 CFU/ml versus the 

corresponding time points.  Cell numbers were tested prior to desiccation and during 

the process of desiccation to assess the extent of any cell loss.  One coupon was 

taken and placed in 5 ml sterile PBS solution at 2 and 4 h time-points independently.  

The solution was mixed well by vortexing for 10 min.  The cell suspension was 

transferred to a fresh tube and centrifuged at 4,000 g for 5 min.  The supernatant  
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Table 6.1 Primer sequences used in the sample preparation for HiSeq and MiSeq as well as RT-PCR amplification 

Experiment Primer name Nucleotide sequences 

RNA-seq TrueSeq_Sense_primer AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATCT 
TrueSeq_Antisense_NNNNNN_primer  CAA GCA GAA GAC GGC ATA CGA GAT – NNN NNN – GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG 

ATC (dT25) 
TraDIS SplA5 Duplex Top: G*AG ATC GGT CTC GGC ATT CCT GCT GAA CCG CTC TTC CGA TC*T 

Bottom: /5Phos/G*AT CGG AAG AGC GGT TCA GCA GGT TTT TTT TTT CAA AAA AA*A 
SplA5.1 indexed adapter CAA GCA GAA GAC GGC ATA CGA GAT AAC GTG ATG AGA TCG GTC TCG GCA TTC C 
SplA5.2 indexed adapter CAA GCA GAA GAC GGC ATA CGA GAT AAA CAT CGG AGA TCG GTC TCG GCA TTC C 
SplA5.3 indexed adapter CAA GCA GAA GAC GGC ATA CGA GAT ATG CCT AAG AGA TCG GTC TCG GCA TTC C 
SplA5.4 indexed adapter CAA GCA GAA GAC GGC ATA CGA GAT AGT GGT CAG AGA TCG GTC TCG GCA TTC C 
SplA5.5 indexed adapter CAA GCA GAA GAC GGC ATA CGA GAT ACC ACT GTG AGA TCG GTC TCG GCA TTC C 
SplA5.6 indexed adapter CAA GCA GAA GAC GGC ATA CGA GAT ACA TTG GCG AGA TCG GTC TCG GCA TTC C 
SplA5.7 indexed adapter CAA GCA GAA GAC GGC ATA CGA GAT CAG ATC TGG AGA TCG GTC TCG GCA TTC C 
Transposon specific forward primer, 5F AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT GAT ATA TTT TTA TCT TGT GCA ATG TAA CAT CAG AG 
Sequencing primer, 5Seq AGA TTT TGA GAC ACA ATT CAT CGA TGA TGG TTG AGA TGT GTA 

RT-PCR 16s_F  TGC AAG TCG AAC GGT AAC AG 
16s_R AGT TAT CCC CCT CCA TCA GG 
osmC_F GCT GAA TAT TCA CCT GCC G 
osmC_R CAC GGG TCG CGT TAG AGT AC 
rpoS_F TCT ACG TAC GCA ACC TGG TG 
rpoS_R ACA GTT CAC GAG CGG TAC G 
betI_F GTA GGA ATG CAG CCG ATA CG 
betI_R GTA GTG GCT GAT AAT GCC TGC 
iraP_F GAA CTA CTG GTC AAG CTT GCT G 
iraP_R TTC CAC ACT GGC AAT CAG C 
rmf_F GGC ACA TCA TCG TGG TTA TC 
rmf_R CCC AGC CAA TAA GAC CTC TG 
bfr_F ATG AGA TGA AGC ACG CCG 
bfr_R TCT ACG TCT TCG CCA ATG TG 
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was discarded and the pellets were re-suspended in 1 ml PBS solution.  The cell 

suspension was then serially diluted to the appropriate concentration.  From each dilution 

20 µl were spread on a TSA plate and incubated at 37°C overnight.  This experiment was 

carried out in biological duplicate.  Similarly, reduction assays for TraDIS passage cells 

during the desiccation process were performed every hour. 

 

6.3.5 Bacterial cells transformation and DNA extraction from cells desiccated on stainless 

steel coupons 

In this study the TraDIS library preparation for Cronobacter was performed based on 

protocols published previously (Chaudhuri et al. 2013; Langridge et al. 2009; Phan et al. 

2013) as shown in Figure 6.3.  Briefly, bacterial cultures in Luria-Bertani (LB) broth (Becton 

Dickinson, MD, USA) were grown at 37°C with shaking until the OD600 reached 0.3-0.5.  

Cells were harvested and washed using 18 MΩ water as well as 10% glycerol for three 

times.  Cells were then re-suspended in 2 ml of 10% glycerol and split into 80 µl aliquots for 

storage at -80°C until use. 

Each aliquot was mixed with 0.3 µl EZ-Tn5TM <KAN2> Tnp TransposomeTM 

(Epicenter, WI, USA) and electro-transformed in a 1 mm electrode gap cuvette using 

Electroporator 2510 (Eppendorf AG, Germany) at a voltage of 1.8 kV.  Cells were re-

suspended in 1 ml Super Optimal broth with Catabolite repression (SOC) medium (Thermo 

Fisher Scientific Inc., MA, USA) and incubated at 37°C with shaking for 2 h, before being 

spread onto LB agar (Becton Dickinson, MD, USA) supplemented with 20 µg/ml 

Kanamycin.  After overnight incubation at 37°C, a proportion of cells were counted to 

estimate the overall number of mutants.  Kanamycin resistant colonies were re-suspended 

in maximum recovery diluent (MRD, Sigma-Aldrich, MO, USA) using a bacteriological 

spreader.  Additional electro-transformations were performed and pooled to create the 

mutant library mixture, comprised of approximate 188,000 mutants. 

Approximately 109 viable mutants were inoculated into 500 ml TSB and grown 

overnight at 37°C with shaking.  One milliliter of the latter culture was transferred to 500 ml 

fresh TSB and again grown overnight at 37°C with shaking.  This strategy was continued for 

a total of six passages.  Thereafter, one milliliter of the sixth passage was transferred to 500 

ml fresh TSB and incubated statically at 24°C for 48 h.  Following this step, one milliliter 

was then transferred to 500 ml fresh TSB and grown at 24°C for 17 h.  Bacterial cultures 

were harvested and re-suspended in both TSB and reconstituted sterile PIF prior to the 

desiccation treatment.  A four-hour desiccation experiment was carried out similar to that 

described previously for RNA-seq.  A one-hour enrichment in TSB at 24°C was applied to 

one set of each sample after desiccation treatment.  Genomic DNA was purified from each 
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passage as well as the desiccated samples using the cetyltrimethylammonium bromide 

(CTAB) method and stored at -80°C until required. 

 

 
Figure 6.3 A flowchart showing the experiment design of TraDIS.  The red stars denote the 

sequenced samples for comparison as labeled. 

 

6.3.6 Library preparation and transposon-directed insertion site sequencing 

Genomic DNA (2 mg) was fragmented to an average size of 350 bp using Bioruptor® 

Standard (Diagenode, NJ, USA) set to high power for 3 pulses of 10 min each at 4°C.  The 

DNA library was prepared using NEBNext® UltraTM DNA Library Prep Kit for Illumina® (New 

England Biolabs, Herts, UK) following the manufacture’s instructions.  Custom-based 

adapters and index primers were designed to meet the specification of TraDIS libraries.  

Transposon specific primers were designed for the PCR enrichment step.  DNA was 

amplified using KAPA HiFi PCR Kits (KAPA Biosystems, MA, USA).  After size selection, 

DNA libraries were quantified using Qubit® dsDNA HS Assay kit (Thermo Fisher Scientific 

Inc., MA, USA), 2100 bioanalyzer with High Sensitivity DNA Analysis Kits (Agilent 

Technologies, CA, UK), and RT-PCR using Quanti Test SYBR Green RT-PCR kits 

(QIAGEN, Manchester, UK) on the 7900HT Fast Real-Time PCR System (Thermo Fisher 

Scientific Inc., MA, USA).  The amplified libraries were sequenced on MiSeq v2.4 platform 

(Illumina, CA, USA) using the MiSeq Reagent Kit v2 (50 cycle) with single read flow cells 

and custom-based sequencing primers (listed in Table 6.1), which yields 50 bp single reads 

finally.  The primer was designed in a way that the first 10 bp of each sequence read 

included the transposon sequence tag. 
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 Sequence reads from Illumina FASTQ files were mapped to the Cronobacter 

sakazakii SP291 chromosome using MAQ version 0.6.6 (Li et al. 2008).  The outputs from 

MAQ were used to determine the numbers of insertion sites and total reads for every gene.  

The interpretation of the data was described previously (Barquist et al. 2013; Langridge et 

al. 2009).  Briefly, a normalised insertion index was calculated by dividing the numbers of 

insertion sites by the gene length (as the number of each insertion site was dependent 

upon the gene length).  The frequency of insertion index displayed a bimodal distribution 

(including required and non-required genes).  For the original mutant pool and each 

passage condition thereafter, the gamma distribution was fitted for the two modes using R 

MASS library (http://www.r-project.org).  Log2 Likelihood Ratios (LR) was calculated 

between the required and non-required gene sets for each condition.  A cut-off value of -2 

was applied for required genes and of 2 for non-required genes.  A gene was considered as 

required if log2 LR was less than -2, which means the gene was at least four times more 

likely to be in the required mode than non-required mode.  Similarly a gene was identified 

as non-required if log2 LR was greater than 2, as it is four times more likely to be in the non-

required mode than required mode.  Any gene that had a log2 LR between -2 and 2 

remained unassigned.  For each pair of conditions tested, including passages and 

desiccated conditions, a log2 FC was calculated for each non-required genes with an added 

pseudo-count of 100 reads.  A normal distribution was selected to fit the pair to the mean 

±3 sample standard deviations, and this model was used to calculate P-values for fitness 

contributions.  P-values were corrected for multiple testing using the Benjamini-Hochberg 

method, and genes with a P-value less than 0.1 were considered significant for the growth 

conditions. 

 

6.3.7 Reverse transcription polymerase chain reaction (RT-PCR) 

Reverse transcription polymerase chain reaction (RT-PCR) was used for the validation of 

RNA-seq results.  Primers designed and used are listed in Table 6.1.  Three up-regulated 

genes (osmC, rpoS, betI), as well as three down-regulated genes (iraP, rmf, and bfr) were 

selected.  Their expressions were compared with the standard housekeeping gene (16S 

rDNA).  RT-PCR was carried out using the QuantiTect SYBR green RT-PCR kit (QIAGEN, 

Manchester, UK) in a Mastercycler ep realplex system (Eppendorf, NY, USA), with a total of 

50 ng RNA per reaction. Three biological replicates were carried out, and the Fold Change 

was calculated using the 2-ΔΔCT method (Livak and Schmittgen 2001).  A standard curve 

was created with RNA concentration of 50, 10, 2, 0.4, 0.08 ng per reaction. 
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6.4 Results 

6.4.1 Cell number reduction during desiccation 

A growth curve of C. sakazakii SP291 performed over a 48 h time frame is shown in Figure 

6.4.  Cells entered the stationary phase after 17 h of incubation at 24°C.  Therefore a time 

point at 17 h was selected for early stationary phase (ESP) incubation.  ESP planktonic 

cells were inoculated on to SSCs for a period of 4 h as described.  A 2.7 log10 reduction 

was observed during the 4 h desiccation process (inset in Figure 6.4).  Interestingly, there 

was a 2.6 log10 reduction during the first two hours with only a 0.1 log10 reduction in the 

remaining hours.  Similarly, when TraDIS passage cells were tested for the cell reduction 

during desiccation, a 1.46 log10 reduction was observed when desiccated in TSB, whilst a 

0.45 log10 reduction was recorded when the inoculum was desiccated in reconstituted 

sterile PIF (Figure 6.4). 

 

 
Figure 6.4 Growth curve of C. sakazakii SP291 at 24°C for 48 h time period with the inset 

showing the reduction in cell numbers over the 4-h desiccated period.  Cells cultured in 

different manners are shown, including planktonic cells, the TraDIS-related passage cells 

re-suspended in TSB and reconstituted sterile PIF. 

 

6.4.2 Up- and down-regulated genes of C. sakazakii when subjected to desiccation on 

stainless steel coupons as assayed using RNA-seq 

Early stationary phase cells of C. sakazakii SP291 were used as the control.  Cells from the 

same culture were desiccated onto the industry grade SSC for 4 h at ambient 

environmental temperature (24°C).  Total RNA was purified from both the ESP cells 

(control) and desiccated samples for sequencing.  Approximately 158 million sequence 

reads were generated on the Illumina HiSeq platform, with an average of over 26 million per 

library.  Approximately 96.7% of sequenced reads were mapped to the C. sakazakii SP291 

reference genome (Yan et al. 2013).  Those sequence reads that mapped to ribosomal 
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RNA (rRNA) and transfer RNA (tRNA) genes were discarded, as no ribo-depleting strategy 

was applied prior to cDNA library construction.  This step limited the sequence reads 

remaining, calculated at over 19 million, and which were then mapped to the chromosome 

of C. sakazakii SP291 (Figure 6.5 [a]).  The latter resulted in an average of 2 million reads 

per library to represent the transcriptome expressed under the desiccation condition tested. 

 

 
Figure 6.5 RNA-seq profiles of C. sakazakii SP291 planktonic (control) as well as 

desiccated cells (test).  (a) The overall RNA-seq reads mapping to C. sakazakii SP291 

chromosome.  CDS: coding sequences; ESP: early stationary phase cells (control); 

Desiccated: desiccation treated cells;  (b) The log2 FC value of all genes in C. sakazakii 

SP291 genome as assayed by RNA-seq. 

 

Absolute and relative levels of gene expression were determined using the 

transcripts per million (TPM) method.  TPM value of 10 or below could be affected by noise 

and therefore the corresponding TPM value was reset to 10 for log2 FC calculations.  Genes 

up- or down- regulated in the desiccated condition were assigned based on these log2 FC 

value (Figure 6.5 [b]).  Genes with a log2 FC value greater than 2 were at least four times 

more likely to be up-regulated and assigned as highly up-regulated genes.  Similarly genes 

with a log2 FC value less than -2 was considered to be greatly down-regulated, at which 

value the genes are four times more likely to be down-regulated.  Across the genome, 360 

genes (9%) were highly up-regulated (log2 FC≥2) when given the desiccated condition, 
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while 109 genes (3%) were greatly down-regulated (log2 FC≤-2) compared with the control.  

Among the remaining genes, forty-two percent was up-regulated (0<log2 FC<2), with 27% 

down-regulated (-2<log2 FC<0) and 19% unchanged (log2 FC=0) during desiccated 

treatment.  The full list is available in supplementary Table S6.1. 

 Of all, 360 genes highly up-regulated (log2 FC≥2) within the desiccation condition in 

C. sakazakii SP291, 17 subsystem categories were identified as shown in Figure 6.6.  The 

most highly relevant categories included carbohydrate (39 genes, 11%) and stress 

response (35 genes, 10%). 

 

 
Figure 6.6 The subsystem categories of highly up-regulated genes (log2 FC≥2) under 

desiccated conditions as assayed by RNA-seq 

 

Genes differently expressed under desiccation involved various pathways linked to 

the metabolism of carbohydrates, including the Embden-Meyerhof-Parnas (EMP) glycolytic 

pathway and pentose phosphate pathway.  Those genes that function in the uptake and 

utilisation of fructose (fruA, fruB and fruK), mannose (manA, and manC), glycerol and 

glycerol-3-phosphate (glpD, glpK, glpQ and glpT), lactose and galactose (lacZ, lacY, lacA, 

rafA, galK, galM and galT), pyruvate (pta, aceE and aceF), along with 10 functional genes 

in the citrate cycle (also referred to as the tricarboxylic acid cycle, or TCA cycle), and thirty 

genes utilised in the EMP pathway were also noted.  Figure 6.7 provides a summary of the 

TCA cycle and shows where these genes functioned, including acnA and acnB (aconitase; 

EC 4.2.1.3), icd (isocitrate dehydrogenase; EC 1.1.1.41), sucA and sucB (α-ketoglutarate 

dehydrogenase; EC 1.2.4.2), sucC (succinyl-CoA synthetase; EC 6.2.1.4), sdhA (succinate 

dehydrogenase; EC 1.1.1.42), mdh (malate dehydrogenase; EC 1.1.1.37) and gltA (citrate 

synthase; EC 2.3.3.1).  Three genes played a role in the pentose phosphate pathway, 
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consisting tktA1, rpe, and talA.  Others consisted of four genes relevant to starch and 

sucrose metabolism and one gene linked to the biochemical interconversion of pentose and 

glucuronate. 

 

 
Figure 6.7 The diagram of TCA cycle involving the up-regulated genes of C. sakazakii 

SP291 under desiccation (in red) 

 

Osmotic and oxidative stress genes played an important role among all stress 

response signals mapped to the C. sakazakii SP291 genome.  Thirteen osmotic stress 

proteins including the glycine-betaine uptake ProU systems (ProX, ProW, ProV) and ProP2, 

the OpuC glycine-betaine uptake system (OpuCA and OpuCB), the choline and betaine 

uptake and betaine biosynthesis proteins (BetA, BetB, BetI and BetT), the osmoregulation 

periplasmic glucans proteins (MdoH and MdoG) and others were all up-regulated.  Eight 

oxidative genes (ygiC, gshB, nrdH, lpd, yebA, oxyR and two others), three periplasmic 

stress genes (sigE, rseB and degP), two cold-shock genes (cspG and cspA1), two heat-

shock genes (rpoH and hslR), one detoxification gene (frmA), three genes from the hfl 

operon (hflC, hflK and hflX), as well as two stringent starvation genes (sspA and sspB) 

were identified.  Of note seven virulence genes were expressed, which included DNA-

directed RNA polymerase genes rpoB and rpoC, a 30S ribosomal gene rpsG, the 

elongation factors fusA and tuf1, the zinc transporter gene zupT, and the 

amidophosphoribosyl transferase (ATPase) gene purF.  In particular, the ProU system 

(consists of proV, proX and proW genes), and betIAB genes were the most up-regulated 

genes (log2 FC>5) detected as shown in Figure 6.8. 

Those genes that were down-regulated (log2 FC≤-2) included four involved in 

carbohydrate metabolism, four stress response genes, two cell division and cell cycle 

genes, one gene encoding cofactors, vitamins, and prosthetic groups, a pigments gene, a 
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membrane transport gene, two motility and chemotaxis genes, two nucleosides and 

nucleotides genes, two regulation and cell signalling genes, two respiration genes, one 

sulfur metabolism gene and 88 other genes.  The stress response genes identified as 

down-regulated and linked with desiccation included the universal stress gene uspB, the 

osmoprotectant uptake system permease gene yehW, the catalase/hydroperoxidase HPI 

gene katG and the glutathione S-transferase gene of oxidative stress. 

 

 
Figure 6.8 The comparisons of TPM value between early stationary phase (ESP) cells 

(control) and desiccated cells at selected regions, which indicated the most highly up-

regulated genes (log2 FC>5) when challenged with low moisture conditions as determined 

by RNA-seq.  ORF: open reading frame; ESP1: biological replicate 1 of ESP cells; ESP2: 

biological replicate 2 of ESP cells; ESP3: biological replicate 3 of ESP cells; Desiccated 1: 

biological replicate 1 of desiccated cells; Desiccated 2: biological replicate 2 of desiccated 

cells; Desiccated 3: biological replicate 3 of desiccated cells. 

 

6.4.3 RT-PCR analysis of selected genes from RNA-seq 

A selection of six genes based on RNA-seq results was assayed using RT-PCR as 

described earlier.  The standard curve of 16S rDNA gene was generated (Figure 6.9 [a]), 

against which all six tested genes were compared.  The log2 FC for each gene was 

obtained, which closely correlated to our RNA-seq results (Figure 6.9 [b]).  Thus, RT-PCR 

results validated the transcriptional data derived from RNA-seq. 
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Figure 6.9 Gene expressions of selected genes as assayed by RT-PCR and RNA-seq. 

 

6.4.4 Construction and sequencing of 188,000 transposon mutants pool 

A library of 188,000 mutants pool was constructed in C. sakazakii SP291 using a 

commercial EZ-Tn5TM <KAN2> Tnp Transposome.  Precise insertion sites for each mutant 

were identified using the TraDIS protocol as described.  Sequence reads were filtered for 

the presence of transposon tag (5’-TAA GAG ACA G-3’) and sequenced using a primer 

specific to the 5’-end of the transposon (Table 6.1).  Overall, two sequence runs of 19 and 

18 million reads were generated from the MiSeq platform and 87% of these were mapped 

to the bacterial genome, which resulted in more than 33 million reads in total.  The length of 

each insertion ranged from 43- to 63-bp, resulting in an average length of 55 bp per 

insertion site.  The total insertion sites for each gene varied from 19 to 25, consistent with 

on average 20 insertions per gene. 

 

6.4.5 Genes required for the fundamental biological processes of C. sakazakii 

Predictions of those genes required for growth were derived from these data, as previously 

described (Barquist et al. 2013; Langridge et al. 2009) and are shown in Figure 6.10 [a].  A 

histogram of the insertion indices (number of insertion sites per gene divided by gene 

length) exhibited a bimodal distribution (Figure 6.10 [b]), corresponding to those genes that 

are classified as required (mode at 0) and non-required, respectively. 

 Gamma distributions were fitted to each of these two modes using the MASS 

package in R (http://www.r-project.org).  The log2 Likelihood Ratios (LR) were determined 

automatically using a locally weighted scatter plot smoothing (LOESS) of the histogram 

density.  Genes with a log2 LR of less than -2 (indicating an insertion index ranging from 0 

to 0.0014) were defined as required.  Genes with a log2 LR of more than 2 (corresponding 

to an insertion index over 0.0023) were defined as non-required.  Any genes with log2 LR 

between -2 and 2 (an insertion index between 0.0014 and 0.0023) were denoted as being 

possibly required or ambiguous.  Application of this protocol identified 258 genes being 

defined as required, 40 being ambiguous, and 3,821 being non-required.  All genes were of 
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sufficient length to generate credible log2 LR values.  Therefore, every gene was assayed, 

resulting in 99% of the coding genome. 

 

 
Figure 6.10 TraDIS reads from the C. sakazakii SP291 genome based on the MiSeq 

platform from a pool of 188,000 transposon mutants.  (a) Frequency and distribution of 

TraDIS reads across the entire C. sakazakii SP291 genome for original mutant pools 

(referred as passage 0).  (b) Bimodal frequency distribution of the insertion index (number 

of insertion sites per gene divided by gene length), corresponding to required (mode at 0) 

and non-required distributions.  The two modes were fitted in Gamma distribution for the 

calculation of log2 LR for each gene.  (c) Eighteen significant (P<0.1) pathways enriched in 

required and ambiguous genes. 

 

Many of the 258 required genes play a fundamental biological role, such as cell 

division, DNA replication, transcription, and translation (Table 6.2 and supplementary Table 

S6.2).  All the aminoacyl tRNA synthetase genes were defined as required except glyS, 

which fell into the ambiguous region.  Similarly, 11 peptidoglycan biosynthetic genes were 

required apart from the genes encoding UDP-N-acetylene pyruvoyl glucosamine reductase 

MurB and D-alanyl-alanine synthetase DdlAB.  Interestingly, genes required for the 

fundamental biological process of C. sakazakii and E. coli were broadly shared as shown in 

Table 6.2.  A comparison between required genes identified from C. sakazakii SP291 as 

assayed by TraDIS and those essential in E. coli K-12 were performed as previously 

described (Barquist et al. 2013).  Orthologs were identified when they were each other’s 
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best hit in a reciprocal fasta search and showed at least 30% sequence identity over at 

least 80% of their length.  A list of 299 genes with strong evidence for essentiality in E. coli 

K-12 was obtained from EcoGene (Zhou and Rudd 2013).  Of these, 14 genes essential in  

 

Table 6.2 All known genes coding for fundamental biological processes in Cronobacter 

sakazakii identified following TraDIS-based sequencing and statistical analysis 

Biological process Sub-process Required genes Non-required genes 

Cell division  ftsAZ, mukB ftsBELMNQWX, minDE, 
cedA, damX, dedD, 
mraZ, zapB, zipA, tolA 

DNA replication DNA polymerase I  polA 
DNA polymerase II  polB 
DNA polymerase III dnaENQX, holB holACDE 
Supercoiling gyrAB, parCE  
Primosome-associated dnaBCGI, priA, ssb priB, rep 

Transcription RNA polymerase  rpoAB rpoCZ 
Sigma, elongation, anti- 
and termination factors  

rpoDH rpoENS, nusABG, rho, 
greAB, licT 

Translation tRNA-synthetases glyQ, hisS, cysS, lysS, 
metG, pheST, proS, serS, 
thrS, tyrS, aspS, asnC, 
alaS, valS, leuS, ileS, 
gltX, glnS, argS, trpS 

glyS 

Ribosome components rplBCDEFMNOPQRTUV
WXY, rpmABCDI, 
rpsCDFGHJKLMNST 

rplAIJKLS, rpmEFGJ, 
rpsABEIOPQRU 

Initiation, elongation 
and peptide chain 
release factors  

fusA, infAC, prfAB, tsf infB, efp, prfC, tuf12 

Biosynthetic pathways   
Peptidoglycan  murACDEFGI, mraY murB, ddlAB 
Fatty acids   accABCD, fabABGI fabDFHZ 

Note: Gene names in bold are also essential in E. coli K-12 (Baba et al. 2006).  The ambiguous 
genes with long2 LR between -2 and 2 are underlined. 
 

E. coli K-12 did not appear to have orthologs in C. sakazakii SP291 (supplementary Table 

S6.3).  Most of these were associated with phage (racR, ydiL, cohE) or toxin-antitoxin 

systems (mazE, chpS, yefM, mqsA, yafN), which has been observed previously in 

comparisons of closely related Salmonella strains (Barquist et al. 2013).  Of 298 C. 

sakazakii genes denoted as either required or ambiguous, approximately 64% (192) was 

also essential in E. coli K-12 (Baba et al. 2006), which covers around 67% of E. coli K-12 

essential genes.  The similarity of these proportions suggests that the differences in 

essential genes may primarily be the turnover in lineage-specific essential genes which 

identified the divergence of the two species as previously hypothesised (Barquist et al. 

2013). 
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A pathway analysis of genes predicted to be required or ambiguous by TraDIS was 

performed against Kyoto Encyclopedia of Genes and Genomes (KEGG) database (csz for 

C. sakazakii SP291) as described previously (Kanehisa et al. 2014).  A hypergeometric test 

for over-representation of required genes in each pathway was assessed with P-value 

adjusted using the Benjamini-Hochberg method.  Pathways with an adjusted P-value of less 

than 0.1 were considered significant, controlling for false discoveries at a rate of 10%.  

Eighteen pathways were significantly enriched among the required genes at this level 

(Figure 6.9[c]).  Many of the enriched pathways were involved in core cellular processes, 

including metabolic pathways (29%), ribosomal proteins (12%), tRNA biosynthesis proteins 

(21%), DNA replication (3%) and others. 

 

6.4.6 Advantageous genes of C. sakazakii during growth at standard laboratory condition 

and ambient environmental temperature using TraDIS 

It is hypothesised that the growth of C. sakazakii will be reduced or disrupted if there is 

transposon insertion in one or more of the required genes.  However, there are many other 

genes wherein an insertion will reduce the bacterial growth albeit allowing for continuous 

growth in a nutrient rich environment.  In order to identify these genes, designated as 

advantageous genes for growth, the original 188,000 mutant pools were passaged six 

continuous times under standard laboratory conditions (at 37°C for 24 h, denoted as P6 in 

Figure 6.3) with an additional two passages under environmental conditions (at 24°C for an 

initial 48 h and then 17 h, denoted as P8 in Figure 6.3).  Upon analysis, the total number of 

insertion sites was reduced from the original 105,296 to 88,112 at P6 and 81,355 at P8 

(Figure 6.11[a]).  Compared with P0, Log2FC of every gene at P6 or P8 was calculated and 

fit into a normal distribution to calculate P value for its fitness contributions (Figure 6.11[b]).  

Genes with a P value of less than 0.1 were considered significant for advantageous genes 

at required conditions.  As a result, 133 advantageous genes were identified for growth at 

standard laboratory conditions, with 43 additional genes being required for growth at factory 

environmental conditions (Figure 6.11 [c], supplementary Table S6.4). 

When pathway analysis was performed, only four significant pathways (P<0.1) were 

enriched in P6, and none in P8.  Of those that were enriched, they appeared to be largely 

similar to pathways identified among the required gene category, including ribosome, 

lipopolysaccharide biosynthesis, bacterial secretion system and protein export.  This was 

probably due to the relatively small numbers of genes being assayed.  In particular at P8, 

many genes advantageous for growth at both standard laboratory and environmental 

conditions, for instance, ribosomal genes, would have already lost insertion at P6, 

therefore, such genes would no longer be assessable.  Interestingly, the numbers of 

transposon insertions detected in the RNA polymerase sigma factor, encoded by rpoS 
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gene, increased from P0 to P6.  This could due to the fact that the cells were exposed to 

optimal growing conditions in rich nutrient media during several passages, and therefore do 

not require a functional rpoS, until such time as the stress condition is applied. 

 

 
Figure 6.11 Advantageous genes of C. sakazakii during growth at standard laboratory 

condition and ambient environmental temperature.  (a) Frequency and distribution of 

TraDIS reads across the entire C. sakazakii SP291 genome in the original mutant pool 

(passage 0, denoted as P0), then following growth at standard laboratory conditions (at 

37°C, passage 6, denoted as P6), and an additional environmental condition (at 24°C, 

passage 8, denoted as P8). (b) Log2FC of every gene was calculated against P0 and fit into 

a normal distribution to calculate P value for fitness contributions; (c) Genes required for 

growth at various conditions, such as 258 genes required for fundamental biological 

process (P0), 133 advantageous genes for growth under standard laboratory condition 

(P6), 43 advantageous genes for growth at environmental condition (P8) 

 

6.4.7 Identification of desiccation related genes in C. sakazakii using TraDIS 

The ability of survival in desiccated environment is an important phenotype that 

distinguishes Cronobacter from other members of the Enterobacteriaceae.  In order to 

identify these genes, the C. sakazakii SP291 mutant pool (P8, Figure 6.3) was desiccated 

in TSB for a 4-h period denoted as TSB1 as described in Figure 6.3 and subsequently 

recovered for 1 h in TSB at the environmental condition (denoted as TSB2, Figure 6.3).  

Similarly, the P8 mutant pool (Figure 6.3) was desiccated in reconstituted sterile PIF 

(denoted as PIF1, Figure 6.3) and recovered for an hour in  TSB at the environment 

conditions (PIF2, Figure 6.3).  TSB provides Cronobacter with a rich nutrient environment, 
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while PIF is the environment, wherein Cronobacter was originally cultured.  All samples 

were compared against P8 to identify those genes required under the tested conditions. 

Compared with mutant pool P8, 32 genes in TSB1 and 48 genes in TSB2 were 

identified, all of which exhibited fold-changes that were significantly different (P<0.1) (Figure 

6.12 and supplementary Table S6.5).  Fifteen of these genes were shared between TSB1 

and TSB2, and these included clustered regularly interspaced short palindromic repeats 

(CRISPR) -associated gene (cse1), a dinI-like encoding protein found previously in retron 

EC67, a lppC encoding a member of the lipoprotein family, a penicillin-binding protein 1a 

(denoted as yhjT), three phage and phage-related genes, and 8 genes of unknown function.  

A few genes required specifically for each condition were worthy of note.  Genes required 

during desiccation included a biofilm formation regulatory bssS, a lysozyme inhibitor, a 

putative 6-pyruvoyl tetrahydrobiopterin synthase ygcM, a reductase gene, a phage gene, 

and three aminoacyl tRNA synthetase genes (supplementary Table S6.5).  Genes required 

in particular for recovery in rich nutrients after desiccation consisted of a RNA polymerase 

sigma factor rpoS, a multidrug efflux system mdtJ, a cold shock-like gene cspC, two DNA 

mismatch repair genes mutH and mutL, a regulatory gene deoR, an adenine DNA 

glycosylase mutY, an anti-adapter gene iraM, an excisionase gene, two fimbrial genes sthB 

and sthD, a flagella biosynthesis gene fliZ, the lac repressor lacI, a nucleoside triphosphate 

gene, a sucrose porin, a tail sheath, and a thymidine kinase tdk (supplementary Table 

S6.5). 

 

 
Figure 6.12 Genes required for survival/growth at different conditions, which included 32 

genes required for desiccation in TSB (TSB1), 48 genes required in recovery from TSB 

desiccation (TSB2), and 23 genes required for desiccation in reconstituted PIF (PIF1) or 

recovery after desiccation in PIF (PIF2). 
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Genes required during the desiccation in reconstituted PIF (PIF1) and after recovery 

(PIF2) were broadly shared.  In all, twenty-three genes were defined in PIF1 and PIF2 when 

compared with the mutant pool P8 (Figure 6.12 and supplementary Table S6.6).  These 

genes encode a heat shock gene hspQ, a universal stress global response regulator uspA, 

a PTS system mannitol-specific transporter subunit IICBA mtlA, an inner membrane yhhQ, 

a DNA polymerase III subunit theta holE, a thiamine biosynthesis protein thiS, two phage 

and phage-related genes, a dinI-like protein in retron EC67 and a flagella biosynthesis gene 

fliZ. 

 To test whether or not desiccation was medium-dependent, we aimed to identify 

those genes uniquely required in each condition, these were compared in TSB or PIF and 

identified as TSB1, which they were compared against PIF1, or TSB2 when against PIF2 

(Figure 6.12 and supplementary Table S6.7).  Nine genes were shared between TSB1 and 

PIF1 while 10 genes were common between TSB2 and PIF2.  Interestingly, the CRISPR-

associated gene cse1 and the biofilm formation regulatory bssS were required in TSB 

under desiccated condition.  Two DNA mismatch repair proteins mutH and mutL, the RNA 

polymerase sigma factor rpoS, the cold shock-like gene cspC, and the multidrug efflux 

system mdtJ were identified in recovery phase following desiccation in TSB.  While in PIF, 

genes required included the heat shock gene hspQ, the universal stress global response 

regulator uspA, the PTS system mannitol-specific transporter subunit IICBA mtlA, the DNA 

polymerase III subunit theta holE, and the thiamine biosynthesis protein thiS.  

 

6.5 Discussion 

Cronobacter have the ability to survive under desiccation conditions, however, how well it 

survives varies from one isolate to another, depending on the local environment.  When 

tested, Cronobacter cell numbers reduce most during the first hour when exposed to 

desiccation conditions.  Based on this observation, it is reasonable to hypothesise that in 

this case bacterial cells are capable of managing the change from a higher- to a lower-

moisture containing environment.  Once in a desiccated state, the bacterium is somewhat 

protected leading to the subsequent stabilisation in numbers of cells recovered (Figure 6.4).  

The mutant pool P8 is considered to have the greatest number of physiologically fit cells as 

this population was specifically selected for this phenotype following several passages in 

rich bacterial culture medium.  When these cells were exposed to the same desiccation 

condition as planktonically cultured C. sakazakii SP291, there was a reduction in cell 

numbers corresponding to 1 log10 when they were desiccated in TSB and a 2 log10 

reduction was recorded when desiccated in reconstituted PIF.  Previously a similarly 

designed study reported a 0.74 log10 cell reduction during desiccation for Salmonella 

Typhimurium (Finn et al. 2013). 
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 It is clear from the data reported in this chapter that bacteria can survive 

desiccation.  To further understand this phenomenon at a genomic level, it would be 

interesting to explore the corresponding genetic signalling.  High-throughput RNA-seq 

facilitates an unbiased analysis of the gene expression occurring in C. sakazakii SP291, 

when exposed to a reduced moisture condition.  This bacterium was originally cultured from 

a PIF environment and found to persist over long time periods.  Genes involved in 

carbohydrate metabolism and the stress response were highly up-regulated among all 360 

up-regulated genes recorded.  This finding suggested that metabolic pathway signalling in 

Cronobacter when stressed by desiccating the culture resulted in 77% of the up-regulated 

genes being mapped to the Embden-Meyerhof-Parnas (EMP) pathway.  In particular, nine 

of fifteen functional genes in TCA cycle were also highly up-regulated (Figure 6.7).  PIF 

contains ingredients such as lactose, proteins and milk fat, thus Cronobacter may be 

capable of switching its metabolic profile to generate energy and thereby maintain its 

persistent phenotype, based on its ability to utilise suitable available nutrients.  

 Those genes that act to maintain osmotic functionality, including the proline/glycine 

betaine transporter ProP and its homologues have been reported to paly a role in 

osmotolerance in C. sakazakii (Feeney et al. 2014) and Salmonella Typhimurium (Finn et 

al. 2013).  These markers can also be identified in C. sakazakii SP291 and have been 

shown to be active in this study.  ABC transporter systems such as ProU system encoded 

an ATP binding cassette (ProV), an integral membrane protein subunit (ProW), and a 

periplasmic substrate binding protein (ProX), were all highly expressed in C. sakazakii 

SP291, when subjected to a low-moisture condition. This system has been well 

characterised in E. coli (May et al. 1989; Mellies et al. 1994) and Salmonella (Stirling et al. 

1989) and is noted for its important role in bacterial survival under osmotic stress.  The bet-

encoding operon (composed of betIABT) functions in the osmoregulatory choline-glycine 

betaine pathway, and these genes were found to be over-expressed in C. sakazakii SP291.  

The latter observation was consistent with similar experiments that were previously 

reported in E. coli (Lamark et al. 1991).  The opuCAB genes identified in C. sakazakii 

SP291 were also reported in Listeria monocytogenes representing general stress-response 

genes (Sue 2003).  Finally, the RNA polymerase sigma factors rpoH and rpoS genes, are 

highly active under desiccated conditions as it is know that RpoS is the central regulator of 

general stress response and RpoH is known to be switched on when bacteria are exposed 

to heat.  The rpoS function as well as the de-activation has been studied in C. sakazakii 

recently (Alvarez-Ordonez et al. 2013). 

 TraDIS facilitates the study of every single gene in the genome of C. sakazakii 

SP291.  Our data identified 258 genes necessary to support the fundamental biological 

processes of Cronobacter.  Following six independent passages, a total of 133 
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advantageous genes required for growth under standard laboratory conditions were 

identified.  An additional two passages detected 43 more advantageous genes required to 

support bacterial growth at a defined environmental condition.  This process enabled the 

selection of those genes that contributed to bacterial fitness, which are subsequently 

assessed under desiccation conditions.  Meanwhile, those genes disadvantageous for 

bacterial growth under nutrient-rich standard laboratory conditions were identified.  Of note, 

the calculated density of the average transposon insertion length within the genome and the 

number of insertions within each gene depend on the number of mutants in the original pool 

regardless of species of bacteria.  This is the first time that transposon-mediated and direct 

sequencing mutagenesis has been applied to Cronobacter to discover those genes 

required for fundamental biological growth, as well as those required for defined conditions. 

Thirty-two genes were identified with significant fold-changes after desiccation 

without recovery as assayed by TraDIS.  To better compare the data outputs from RNA-seq 

and TraDIS, three tRNA synthesis genes were excluded since we originally discarded any 

sequence reads mapping to tRNA and rRNA in the RNA-seq analysis pipeline.  Using this 

approach, eleven genes were mapping by RNA-seq and defined as being up-regulated, 

with four genes unchanged, 12 genes being down-regulated and two genes being identified 

as greatly down-regulated (Figure 6.13).  The overlapping and up-regulated genes included 

a dinI-like encoding gene in retron EC67, an lppC encoding lipoprotein gene, a penicillin-

binding gene 1a (yhjT), a phage-holin-like gene, a lysozyme inhibitor (mliC), a putative 6-

pyruvoyl tetrahydrobiopterin synthase (ygcM), and five genes of unknown function.  The two 

greatly down-regulated genes as assayed by RNA-seq consisted of the biofilm formation 

regulatory gene (basS) and a gene of unknown function. 

 

 
Figure 6.13 Mapping the genes required at desiccation conditions as assay by TraDIS to 

those identified in RNA-seq when exposed to similar conditions 
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 As our desiccation process was performed after the eight passages, there is reason 

to believe that the C. sakazakii SP291 cells in the mutant pool P8 have lost their pool 

complexity.  Therefore, the desiccation process may not have been sufficiently selective for 

the organism to activate its stress response system.  To take this hypothesis into 

consideration, the mutant library (P0) should be cultured to ESP (ESP), then cells 

recovered and re-suspended in TSB and reconstituted PIF, followed by desiccation as 

applied for the RNA-seq (TSB and PIF) experiment.  A recovery step should be considered 

to improve the survival (denoted as TSBr and PIFr) since reductions in cell numbers were 

observed during the desiccation process.  All six samples could then be sequenced using 

the TraDIS approach and compared statistically.  This approach will further extend our 

understanding of those essential genes for the growth of Cronobacter at ESP under defined 

environment conditions, along with identifying the required genes for its survival in TSB and 

PIF, as well as the required genes for its recovery in a nutrient-rich environment.  A full 

genetic signalling model will be presented.  

 In summary, this study used two high-throughput technologies to investigate the 

gene signalling and gene requirements in Cronobacter when exposed to a low-moisture 

condition.  The osmotic stress response system ProU (composed of proV, proX, and proW 

genes), and the bet-encoding operon (betIAB) were over-expressed as determined by 

RNA-seq and confirmed by RT-PCR.  Data from the TraDIS analysis identified 258 genes 

required for fundamental biological processes, comprising of 133 defined genes based on a 

detailed statistical analysis as being advantageous for growth under standard laboratory 

conditions along with a further 43 advantageous genes required for growth at the defined 

environmental condition.  When tested under desiccated condition, eleven genes were 

over-expressed, which were confirmed by RNA-seq.  This approach has identified the 

genetic signalling in Cronobacter required for its fundamental biological growth under 

defined environmental conditions.  These findings highlight the important biomarkers that 

need to be further assessed for their roles in this process.  Genes of great significance 

should be applied for the development of new antibiotics in order to eliminate Cronobacter 

species in low moisture environments.  These data will extend our understanding of 

Cronobacter in PIF and its production environments in an effort to improve food safety 

measures and protect public health. 
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Conclusions and future directions 

 

Cronobacter species are opportunistic pathogens linked with life-threatening infections 

predominantly in neonates (infants less than four weeks of age).  The bacterium has been 

isolated from various food sources and environments, in particular powdered infant formula 

(PIF) and its production environment (Baumgartner et al. 2009; Chap et al. 2009; El-

Sharoud et al. 2009; Jaradat et al. 2009; Schmid et al. 2009).  Contaminated PIF has been 

epidemiologically linked with many of the infections reported (Bowen and Braden 2006).  

Controlling the microbiological load in infant food products, and understanding the 

epidemiology and mechanisms of its survival in PIF and its environment would contribute 

positively towards a reduction in the health risk to vulnerable individuals. 

 

7.1 Classification of Cronobacter species 

Cronobacter species were originally referred to as yellow pigmented Enterobacter cloacae, 

later being reclassified as Enterobacter sakazakii (Farmer et al. 1980).  Further 

characterisation and understanding suggested a new classification and the genus, 

Cronobacter now consists seven species, C. sakazakii, C. malonaticus, C. turicensis, C. 

muytjensii, C. dublinensis, C. universalis and C. condimenti (Iversen et al. 2007; Joseph et 

al. 2012).  Meanwhile, molecular serotyping has facilitated the epidemiologic classification 

of Cronobacter to the sub-species level.  The first two serotypes to be recognised were O:1 

and O:2 (thereafter these are referred as C. sakazakii O:1 & O:2), which were originally 

identified in C. sakazakii in 2008, using a molecular approach based on a long-range 

amplification of the rfb-encoding locus followed by MboII digestion (Mullane et al. 2008b).  

Using a similar molecular approach, another five additional serotypes were identified as C. 

sakazakii O:3 through O:7 (Sun et al. 2011).  The original molecular characterisation 

scheme was then extended by Jarvis et al. (2011) to include other Cronobacter species, 

with C. sakazakii O:3, C. turicensis O:1, C. muytjensii O:1, and C. malonaticus O:1 and O:2 

developed.  More recently another five serotypes among four Cronobacter species were 

identified, and these included C. turicensis O:3, C. muytjensii O:2, C. dublinensis O:1 and 

O:2, and C. universalis O:1  (as outlined in Chapter 3).  Following careful comparisons 

among the various approaches described previously, fifteen serotypes are now defined, 

and these include C. sakazakii O:1-O:4, and O:7, C. turicensis O:1-O:3, C. muytjensii O:1, 

C. malonaticus O:1 and O:2, C. dublinensis O:1 and O:2, and C. universalis O:1 (Yan et al. 

2014). 
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7.2 Detection of Cronobacter species from PIF and its production environment 

The conventional microbiological method generally used for the detection of Cronobacter 

includes standard methods, such as the one outlined in the US-FDA reference method 

(http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/ucm114665.htm), along with 

the ISO/TS 22964 protocol (Anonymous 2006).  These can take up to seven days to obtain 

a positive detection.  The US-FDA reference method was later improved by combining a 

real-time PCR assay along with two chromogenic agars (Chen et al. 2009; Chen et al. 

2010; Chen et al. 2012; Lampel and Chen 2009).  This approach was applied in Chapter 4 

during a 26-month surveillance study in four PIF production facilities in different 

geographical regions. 

Chapter 2 described a reliable detection platform for Cronobacter using the VIDAS® 

system, a strategy developed to perform in vitro immunoassay diagnostics automatically.  

Pure isolates cultured in TSB along with those artificially added to reconstituted PIF were 

investigated using the VIDAS® platform to assess its utility to detect Cronobacter species in 

PIF and its production environment.  The VIDAS® Cronobacter kits were found to be 

capable of detecting most Cronobacter species and it required the shortest time-duration 

(within 20 h), compared with other commercial available methods, including GEN III, iQ-

Check, and BacTrac in combination with RiboFlow.  When competing with other 

opportunistic pathogens, such as Enterobacter cloacae, and Pantoea agglomerans, the 

detection of Cronobacter varied from species to species.  This would in a way limit its 

application, however, the dominant species C. sakazakii can be effectively detected when 

competing with other flora.  In PIF samples spiked with the same cell numbers of 

Cronobacter and Salmonella, Cronobacter was found to grow faster compared with 

Salmonella, which may explain its dominance in PIF and this environment. 

 Monitoring the microbiological ecology of PIF production facility may help to 

understand how this pathogen adapts to the PIF production environment, which will then 

support targeted improvements in food safety measures to limit the risk of contamination in 

the finished product.  Molecular strategies, including target-specific PCR-based protocols, 

pulsed-field gel electrophoresis (PFGE), multi-locus sequence typing (MLST), and multi-

genome microarray were applied to monitor PIF production environments, as described in 

Chapter 4.  Among the PIF isolates investigated, sequence type 1 (ST-1, 63.2%) was the 

pre-dominant sequence type, and 70 of these isolates clustered with an indistinguishable 

pulsotype and were found to persist for at least an 18-month period.  Most (97.0%) were 

identified as C. sakazakii, with serotype O:1 being commonly recognised (53.4%).  Of note, 

another ST-1 isolate, C. sakazakii ATCC® BAA-894, was cultured from PIF and its PFGE 

profile matched a clinical isolate, which was historically linked to an outbreak and caused 

the death of an infant, who consumed the same batch of PIF, in Tennessee in 2001 (CDC 
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2002).  It has been reported previously that ST-4 has been linked with recorded cases of 

meningitis.  Cronobacter species with same ST type were cultured in these cases, from PIF 

and its production environment.  Using this extensive collection of Cronobacter species 

cultured from these PIF production sites, additional phenotypes were studied and these 

included bacterial motility, biofilm formation, the Congo red dye binding and cellulose 

production, which were all considered to be relevant for bacterial survival in low moisture 

environments.  Significant differences were noted among isolates of various ST types, in 

particular ST-1 and -4.  ST-1 isolates cultured from PIF produced stronger biofilm at both 28 

and 37°C, when compared with ST-4 isolates of clinical origin; whilst the latter exhibited 

higher swim activity and increased binding of the Congo red dye compared to the former.  

These differences may contribute to the patho-adaptation of this pathogen, as it becomes 

disseminated along the food chain. 

 

7.3 Understanding the survival mechanisms of Cronobacter in PIF and its production 

environments 

Cronobacter species, like other microorganisms, can adapt to the production environment.  

Previous studies reported the isolation of Cronobacter from PIF, and the PIF production 

environments, suggesting that this bacterium has the capacity to adapt to, survive and 

persist under desiccated conditions (Drudy et al. 2006; Mullane et al. 2008a).  Comparison 

of environmental and clinical Cronobacter isolates indicated that the desiccation tolerance 

exhibited might play a role in the persistence of Cronobacter in PIF and its associated low-

moisture ingredients (Beuchat et al. 2013; Walsh et al. 2011). 

Following a previous surveillance study of a PIF production facility, an interesting 

isolate C. sakazakii SP291 was identified, which exhibited a thermo-adapted phenotype 

when compared with other Cronobacter and Salmonella species tested under laboratory 

conditions (Cooney 2012).  In an effort to better understand C. sakazakii SP291, its 

genome was completely sequenced and compared to that of a PIF isolate C. sakazakii 

ATCC® BAA-894, a whole grain isolate C. sakazakii ES15, a clinical isolate C. turicensis 

z3032 and other draft genomes available in NCBI by August 13, 2013 (Chapter 5).  

Additionally, the phenotype of C. sakazakii SP291 was interrogated, to determine the 

functionality of its strain-specific genotypic traits that might contribute to its adaptive 

capacity in a PIF production environment.  Stress responses and resistance to antibiotic 

and toxic compounds were phenotypes identified in C. sakazakii SP291, when compared 

with C. sakazakii ATCC® BAA-894, based on the comparative phenotypic microarray 

analysis in parallel with the annotation of its genome.  Given this the fact that the PIF 

production environment is a stressful ecological niche, the osmoprotectant ABC 

transporters including YehZYXW, ProP, ProU, and OpuCABCD can be expected to play a 
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role to support bacterial survival, as reported in other microorganisms previously (Cairney 

et al. 1985a; Cairney et al. 1985b; Checroun and Gutierrez 2004; Finn et al. 2013; Frossard 

et al. 2012).  Notably, C. sakazakii SP291 possesses a greater ability to survive in a 

broader range of heavy metals.  This might due to the fact that quaternary containing 

disinfectants, which include metallic compositions, are often used for PIF manufacturing 

environment disinfection. 

 Understanding of the mechanisms Cronobacter employing to survive and persist in 

low-moisture environments, including PIF were further developed in Chapter 6 by using 

RNA-sequencing (RNA-seq) and a novel transposon-directed insertion site sequencing 

(TraDIS) approaches.  Gene expression profiles in early stationary planktonic cells (control) 

as well as desiccated cells (test) were studied using RNA-seq.  Approximately 150 million 

sequence reads were generated on an Illumina HiSeq platform, with an average of 25 

million reads per library.  In summary 360 genes (9%) were highly up-regulated and 109 

genes (3%) were greatly down-regulated in low-moisture conditions.  Overall the most up-

regulated genes included the osmotic stress response ProU system (consisting of proV, 

proX, and proW) and the bet-encoding operon (betIAB), which have been noted in other 

microorganisms, such as E. coli (Checroun and Gutierrez 2004; Ly et al. 2003) and 

Salmonella (Frossard et al. 2012).  Interestingly, four stress response genes were involved 

with down-regulation expression, in particular yehW, a gene known to play a role in 

osmoprotectant uptake system in E. coli (Checroun and Gutierrez 2004).  Meanwhile, a 

transposon-mutant library was constructed in C. sakazakii SP291 separately.  Pools of 

random insertion mutants were desiccated in a manner similar to that used for the RNA-seq 

experiments.  The mutant library was screened by TraDIS and compared against the 

original, to identify genes involved in low-moisture survival.  Two libraries of 19 and 18 

million reads were generated on the MiSeq platform and which matched the 10 base pair 

transposon tag and these sequences were subsequently mapped to reference genome of 

C. sakazakii SP291, thereby generating 3.5-5.9 million reads for each library.  TraDIS 

identified 258 genes required for fundamental biological processes, 133 advantageous 

genes for growth under standard laboratory conditions as well as 43 advantageous genes 

required for growth at the environmental conditions selected.  Thirty-two genes had 

significant fold-changes after desiccation as assayed by TraDIS.  Compared with the data 

outputs from RNA-seq, 11 genes were defined as being up-regulated, and 2 genes being 

greatly down-regulated.  These findings begin to shed some lights on the gene signalling 

and functionality of Cronobacter in PIF and its production environment. 
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7.4 Contamination control of Cronobacter in the production environments 

The United Nations (UN)-Food and Agriculture Organization (FAO) and the World Health 

Organization (WHO) convened two conferences to address Cronobacter linked to PIF and 

follow-up formula (FUF), respectively (FAO/WHO 2004, 2008).  The prevalence of 

Cronobacter contamination in commercial PIF and FUF was reported to be as high as 12% 

recently (Pan et al. 2014). 

The design of new hygienic practices/measures has progressed slowly due to the 

nature of Cronobacter biofilm formation and its adhesive properties.  Food contamination 

often originates from using conventionally clean utensils and equipment for the preparation 

of infant formula in industrialised production settings such as hospitals, day-care centers, 

food service kitchens and the home (Craven et al. 2010; Himelright et al. 2002; Jacobs et 

al. 2011; Mullane et al. 2008a; Mullane et al. 2007).  Commercial liquid chemical 

disinfectants have shown varying degrees of efficacy in eliminating the contaminating 

organism (Chapter 1).  This is further complicated by the strain-to-strain tolerance of 

Cronobacter to disinfectants.  Data has shown that the best strategy to prevent biofilms 

from proliferating on food utensils has been to remove all trace amounts of infant formula or 

food, then follow up with the application of a suitable disinfectant (Meyer 2003; Simões et 

al. 2010).  The theory is that infant formula can act as a protective nourishing layer/barrier 

when left on utensils; therefore, removing all food particles from abiotic surfaces will 

increase the lethality of disinfectants. 

 Describing the epidemiology of Cronobacter in a PIF production environment can be 

regarded as a useful first step in an attempt to reduce the bacterial load and control 

dissemination (Chapter 4).  The importance attached to the correct installation and 

maintenance of air filters to reduce the dissemination of Cronobacter and other biological 

hazards in the food production setting were addressed previously (Mullane et al. 2008a).  

These strategies facilitate the distinction between transient colonizing bacteria and those 

that can persist for long periods of time.  These latter organisms could be regarded as 

having adapted to the production environment.  A Cronobacter sakazakii isolate, denoted 

as SP291 was cultured from such environment that demonstrated a remarkable phenotype.  

This isolate adapted and acquired a tolerance to temperatures of 60ºC for periods of time 

and could remain viable for several weeks in a desiccated state (Cooney 2012).  Those 

finding clearly supports the need to continuously monitor for Cronobacter species in the 

production environment and also to identify those isolates that persist (Chapter 4). 

Understanding the molecular mechanisms associated with such characteristics may be 

helpful as means of eliminating them (Chapters 5 and 6). 

In attempts to ensure food safety and improve hygiene measures, biocides and 

chemical-based disinfection protocols are in widespread use throughout the modern food 
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industry.  Chapter 1 evaluated eight commercially available biocide formulations and 

determined that each biocide formulation was completely effective in killing all Cronobacter 

strains tested, when cultured in a planktonic state, at the working concentration 

recommended by the manufacturer.  However, when the biocide formulations were re-

analysed for their efficacy against surface-dried bacterial cells and Cronobacter contained 

in a biofilm, they all displayed a reduced killing effect.  Five of the biocides were ineffective 

at killing Cronobacter contained in a biofilm at twice the reported working concentration and 

three were unable to eradicate surface-dried Cronobacter after an hour of contact time 

(Chapters 1).  These results further emphasised a critical need to understand the role of 

stress responses in Cronobacter species (Chapters 5 and 6).  Moreover, the widespread 

use of biocides is not without its risks.  Therefore, the potential for selection and 

dissemination of Cronobacter in the food chain, that have become biocide tolerant, is an 

area that should be considered and monitored in the designing and implementation of 

cleaning regimes. 

 

7.5 Future researches 

Rapid detection platforms for Cronobacter are of value to the PIF industry, and their 

development and validation may aid positive release protocols for finished products.  

However, detection is only a last stop solution before the release of PIF products.  Pro-

active prevention measures should be considered in order to positively decrease the 

contamination and dissemination of Cronobacter species.  Production environments should 

be monitored at all times in order to understand the microorganisms within these facilities.  

Furthermore, with the advantage of next generation sequencing technologies, isolates of 

note should be investigated in detail.  Additionally, the stress response factors identified 

previously in Cronobacter, such as heat-shock, cold-stresses, survival in dry conditions, low 

water activity (aw) and pH need to be re-assessed using RNA-seq and TraDIS approaches 

as described here.  Advances in our understanding of mechanisms involved with 

Cronobacter survival will be the key to developing better food safety measurements to 

reduce the risk of Cronobacter contamination in PIF and production environments. 

 

7.6 Conclusions 

The research work carried out in this thesis advanced detection, classification, 

characterisation strategies for Cronobacter species as well as extended our understanding 

of the factors contributing to its survival under stressed conditions.  In time these can be 

expected to lead to targeted improvements in food safety measures. 

The main findings arising are as follows.  (1) The VIDAS® Cronobacter kits can 

effectively detect most Cronobacter species with a pre-enrichment step and required a 
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short time-duration (within 20 h).  This will aid with the implementation of a positive release 

strategy for finished PIF products.  (2) Five new serogroups in various Cronobacter species 

were identified, including C. turicensis O:3, C. muytjensii O:2, C. dublinensis O:2, C. 

universalis O:1, and C. dublinensis O:2.  (3) Cronobacter sakazakii ST-1, serotype O:1 was 

identified as the dominant genotype in four geographically distinct PIF production facilities.  

The geno- and phenotypic features of all isolates, in particular ST-1 and -4 isolates were 

studied and significant differences were noted.  These differences may be consistent with a 

form of patho-adaptation.  (4) Whole genome sequencing of C. sakazakii SP291 revealed 

some of the genotypes that appear to contribute to its stress responses and resistance to 

antibiotic and toxic compounds phenotypes, when compared with C. sakazakii ATCC® 

BAA-894.  The osmoprotectant ABC transporters including YehZYXW, ProP, ProU, and 

OpuCABCD can be expected to play a role to support its survival in PIF production 

environment.  These biomarkers should be considered as potential candidates for future 

studies to extend our understanding of the persistence and virulence mechanisms deployed 

by this bacterium in the production environment.  These data provide an early insight into 

how a factory isolate may survive in a desiccated condition and adapt to the PIF production 

environment and associated food matrices.  (5) Combining RNA-seq with TraDIS, gene 

expression of Cronobacter sakazakii under low-moisture conditions was investigated.  

These findings highlighted some of the important biomarkers that need to be further 

assessed for their roles in this process.  
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Introduction

Cronobacter species (formerly known as Enterobacter sak-
azakii) are Gram-negative rod-shaped, motile pathogenic
bacteria of the family Enterobacteriaceae. These organisms
are regarded as opportunistic pathogens linked with life-
threatening infections predominantly in neonates (infants
<4 weeks of age) (Bar-Oz et al. 2001; Gurtler et al. 2005,
Anonymous 2006a,b; Mullane et al. 2007a). Clinical syn-
dromes of Cronobacter infection include necrotizing
enterocolitis (NEC), bacteraemia and meningitis, with
case fatality rates ranging between 40 and 80% being
reported (Bowen and Braden 2006; Friedemann 2009).
Infections in older infants and among immuno-compro-
mised adults, mainly the elderly, have also been noted
(Bowen and Braden 2006; Gosney et al. 2006; See et al.
2007). The bacterium has been isolated from a range of
food sources including dairy-based foods, dried meats,
water, rice and others (Baumgartner et al. 2009; Chap

et al. 2009; Healy et al. 2010). Surveillance studies
detected Cronobacter in a variety of different environ-
ments including households, livestock facilities, food
manufacturing operations, in particular PIF production
facilities (Bar-Oz et al. 2001; Kandhai et al. 2004; Mullane
et al. 2007b; Kilonzo-Nthenge et al. 2008). Contaminated
powdered infant formula (PIF) has been epidemiologi-
cally linked with many of the infections reported (Bowen
and Braden 2006). Controlling the microbiological load
in infant food products and understanding the optimal
growth conditions and epidemiology would contribute
positively towards a reduction in the health risk to
vulnerable individuals.

Classification of Cronobacter

Cronobacter species were originally referred to as yellow-
pigmented Enterobacter cloacae, later being reclassified as
a new species, E. sakazakii in 1980 (Farmer et al. 1980).
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Summary

Cronobacter species (formerly known as Enterobacter sakazakii) are opportunis-
tic pathogens that can cause necrotizing enterocolitis, bacteraemia and menin-
gitis, predominantly in neonates. Infection in these vulnerable infants has been
linked to the consumption of contaminated powdered infant formula (PIF).
Considerable research has been undertaken on this organism in the past num-
ber of years which has enhanced our understanding of this neonatal pathogen
leading to improvements in its control within the PIF production environment.
The taxonomy of the organism resulted in the recognition of a new genus, Cro-
nobacter, which consists of seven species. This paper presents an up-to-date
review of our current knowledge of Cronobacter species. Taxonomy, genome
sequencing, current detection protocols and epidemiology are all discussed.
In addition, consideration is given to the control of this organism in the
manufacturing environment, as a first step towards reducing the occurrence of
this pathogen in PIF.
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Using partial 16S ribosomal DNA (rDNA) and hsp60
sequencing, Iversen et al. (2004a) divided 126 Cronobacter
isolates into four clusters, suggesting that the genus may
require re-classification. Later and following further
extensive polyphasic analysis, Iversen et al. (2007a, 2008)
proposed the reclassification of these bacteria into a new
genus called Cronobacter. Originally, six species (C. sak-
azakii, C. malonaticus, C. turicensis, C. muytjensii,
C. dublinensis and C. genomospecies 1) were defined and
comprised of the 16 biogroups described in Table 1.
A new species (C. condimenti) was identified recently by
Joseph et al. (2011), and in addition, C. universalis now
replaces the original C. genomospecies 1.

This re-classification by Iversen et al. (2007a, 2008) was
subsequently supported by both optical mapping and
genome sequencing data which confirmed the revision of
the taxonomy (Kotewicz and Tall 2009; Kucerova et al.
2010). Although C. sakazakii and C. malonaticus were
found to be closely related and difficult to distinguish by
16S rDNA sequence analysis, a seven loci (atpD, fusA,
glnS, gltB, gyrB, infB, ppsA) multilocus sequence typing
(MLST) scheme was developed to discriminate between
these two species (Baldwin et al. 2009). Furthermore,
recent findings reported by Joseph and Forsythe (2011)
identified a highly stable sequence type (denoted as ST4)
within Cronobacter sakazakii and which was responsible
for a large proportion of severe neonatal infections, espe-
cially neonatal meningitis.

Two of the species genomes were subsequently
published (as discussed below), and currently, a collaborative
effort is underway to complete the genome sequences of a
further 15 isolates of six of the seven Cronobacter species
adding substantially to our knowledge of the core genome
of this group of bacteria and highlighting particular
species-specific features of interest.

Another method of classification used is O-antigen
typing and studies describing the nature of the O-anti-
gen associated with Cronobacter species have been
reported (Mullane et al. 2008a; Jarvis et al. 2011). The
O-antigen is a component of the lipopolysaccharide
(LPS) structure located on the outer surface of Gram-
negative bacteria and is responsible for serological
diversity. Mullane et al. (2008a) initially developed a
molecular serotyping method, based on long-range
amplification of the rfb-encoding locus (in Gram-nega-
tive enteric bacteria located between galF-gnd) followed
by MboII digestion (Fig. 1). Using this approach, a
PCR-RFLP profile was generated which can be compared
across several isolates. Based on this approach, the first
two O-serotypes were characterized and denoted as O:1
and O:2. More recently, another five additional O-anti-
gens were serologically identified by Sun et al. (2011)
and these correlated with the previously reported PCR-
RFLP profiles. Jarvis et al. (2011) extended the original
molecular-characterization scheme to include other Cro-
nobacter species and defined new molecular O-serotype
gene clusters. Two of these O-serotype gene clusters
were shared among C. sakazakii and C. muytjensii, as
well as C. malonaticus and C. turicensis strains (Tall,
unpublished data). The structural composition of several
O-serotypes has now been described (MacLean et al.

Table 1 Distribution of biogroups among the genus Cronobacter

Cronobacter species Biogroups

Cronobacter sakazakii sp. nov. 1, 2–4, 7, 8, 11, & 13

Cronobacter malonaticus sp. nov. 5, 9, &14

Cronobacter turicensis sp. nov. 16

Cronobacter muytjensii sp. nov. 15

Cronobacter condimenti sp. nov. 1

Cronobacter universalis sp. nov. Separate

genomospecies

Cronobacter dublinensis sp. nov.

Cronobacter dublinensis subsp.

dublinensis subsp. nov.

12

Cronobacter dublinensis subsp.

lausannensis subsp. nov.

10

Cronobacter dublinensis subsp.

lactaridi subsp. nov.

6

M1 M2
1500 bp

1000 bp

500 bp

1 2 3 4 5 6

Figure 1 Restriction fragment length profiles of amplified rfb-encod-

ing loci of Cronobacter following MboII digestion. A selection of some

of the serotypes previously classified. Lane 1, ATCC!BAA 894, Cro-

nobacter sakazakii O1; Lane 2, E830, C. sakazakii O2; Lane 3, E615,

Cronobacter malonaticus O1; Lane 4, E618, C. malonaticus O2; Lane

5, E464, Cronobacter dublinensis O6; Lane 6, E797, Cronobacter

genomospecies 1 O9; Lane M1, 100 bp DNA ladder (New England

Biolabs, Hertfordshire, England) and Lane M2, 1 kb DNA ladder (New

England Biolabs).
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2009; Czerwicka et al. 2010; Maclean et al. 2011; Arbat-
sky et al. 2010, 2011; Shashkov et al. 2011).

Genomes of the genus Cronobacter

The first sequenced Cronobacter genome, C. sakazakii
ATCC!BAA-894 was published by Kucerova et al. (2010).
It revealed a single chromosome of 4Æ4 Mb (57% GC)
along with two plasmids, denoted as pESA2 and pESA3
(31-kb, 51% GC and 131-kb, 56% GC, respectively). The
source of this isolate was reported to be contaminated
PIF used in a neonatal intensive care unit and which gave
rise to an outbreak in 2001 in Tennessee, USA. Using
comparative genomic hybridization (CGH) techniques,
representative isolates including C. malonaticus, C. turic-
ensis, C. muytjensii and C. dublinensis were further inves-
tigated, and those genes considered to be part of the core
species genome along with other markers unique to
C. sakazakii were identified (Kucerova et al. 2010).

Cronobacter sakazakii ATCC!BAA-894 contained
approximately 4392 genes as part of its core genome.
However, using the CGH approach, 4382 unique, anno-
tated genes from both the chromosome and plasmids
were noted, and only 54Æ9% of genes were common to all
C. sakazakii with 43Æ3% being common across all Cronob-
acter species. Interestingly, 21 genes were found to be
unique in five of the C. sakazakii tested, and these
encoded proteins were involved in pilus assembly, a phos-
photransferase system (PTS), an acid transporter, N-acet-
ylneuraminate lyase and a toxin ⁄ antitoxin system.

The genome of C. turicensis z3032 was published in
early 2011 (Stephan et al. 2011) in an attempt to further
determine virulence factors and mechanisms of pathoge-
nicity in this bacterium. Following the deaths of two new-
born infants in 2005, the latter isolate was cultured from
the blood of one child with meningitis (Mange et al.
2006). In this sequenced isolate, the genome was 4Æ4 Mb
(57% GC) in size and contained three plasmids of sizes
approx 138-kb pCTU1 (56%), 22-kb pCTU2 (49%) and
54-kb pCTU3 (50% GC). Two hundred and twenty-three
genes were annotated as virulence- and disease-related
encoding open reading frames (ORFs); however, 9Æ27%
(413 of 4455) encoded proteins were of unknown func-
tion. Because these latter ORFs lacked similarity to
sequences already in the current databases, these could
potentially have important pathogenic functions.

Franco et al. (2011a) reported the in silico analysis of
two plasmids, one from C. sakazakii ATCC!BAA-894,
pESA3 and the other from Cronobacter turicensis z3032,
pCTU1, each of which contained a RepFIB replicon. Both
plasmids possessed two iron acquisition systems (eitCBAD
and iucABCD ⁄ iutA) essential for survival and success-
ful pathogenesis. Ninety-seven per cent of 229 strains,

representing seven of the eight Cronobacter species,
possessed a RepFIB plasmid. The presence of a Cronobacter
plasminogen activator-encoding gene (cpa) [encoded on
pESA3], a type 6 secretion system (T6SS) [also encoded
on pESA3] and a filamentous haemagglutinin ⁄ adhesin
(FHA) gene locus (located on pCTU1) suggested the exis-
tence of unique virulence determinants in these species.
The cpa-encoding gene encodes an outer membrane pro-
tease implicated in serum resistance, a feature that would
facilitate Cronobacter species in crossing the blood–brain
barrier and causing meningitis (Franco et al. 2011b). The
T6SS acts to translocate putative effector proteins aiding
in bacterial pathogenesis, while FHA pCTU1 contains
fhaB, fhaC genes (which encode proteins with similarly
identity to a transported and transporter protein as part
of a two-partner secretion system) and five associate
putative adhesins. Further studies are now in progress to
extend our understanding of the functional roles of these
plasmid-encoded loci.

Virulence characteristics of Cronobacter

Information from epidemiological studies along with in
vitro mammalian tissue culture assays has shown that
Cronobacter isolates demonstrate a variable virulence phe-
notype (Caubilla-Barron et al. 2007; Townsend et al.
2007, 2008). Only isolates of C. sakazakii, C. malonaticus
and C. turicensis have been linked with neonatal infec-
tions (Healy et al. 2010; Kucerova et al. 2010).

Currently, few clues as to the mechanisms involved are
known, though, data from genome sequencing efforts
highlighted several potential markers that may be helpful
candidates for future studies (Kucerova et al. 2010;
Stephan et al. 2011).

The first putative Cronobacter virulence factors to be
described were enterotoxin-like compounds produced by
four of 18 isolates studied (Pagotto et al. 2003). Using
conventional tissue culture-based assays, Cronobacter is
known to attach to intestinal cell lines in vitro and survive
within macrophages for periods of time (Townsend et al.
2008). Franco et al. (2011b) recently demonstrated resis-
tance to complement-mediated killing of C. sakazakii,
and this was associated with the presence of cpa which is
contained on the pESA3 plasmid.

The outer membrane protein A, encoded by the ompA
gene, is probably the best characterized virulence marker.
This was originally reported by Nair and Venkitanarayanan
(2006) and shown to be required for binding of the bac-
terium to human brain microvascular endothelial cells
(BMEC) (Nair et al. 2009). More recently, Kim and
Loessner (2008) reported that the disruption of tight
junctions significantly enhanced adherence of C. sakazakii
to Caco2 cells in culture and that the same marker was
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required for basolateral invasion (Kim et al. 2010a,b). The
ompA-encoding gene is thought to be present in all Cro-
nobacter strains tested, and this marker has also been
linked with invasive Escherichia coli, which causes neona-
tal meningitis (Prasadarao et al. 1996; Kim 2000).

At the epithelial cell surface, C. sakazakii infection
results in damage of these cells, following the recruitment
of greater numbers of dentritic cells, compared with mac-
rophages and neutrophils (Emami et al. 2011). Using a
NEC mouse model, these effects were shown to be medi-
ated through OmpA and involved inducible NO synthase
(iNOS).

From an analysis of the annotated genes in C. sak-
azakii ATCC!BAA-894, Kucerova et al. (2010) high-
lighted several markers including, ibeA, ibeB, yijP and
ompA, which were previously identified in other organ-
isms associated with invasion of BMEC (Prasadarao
et al. 1996; Huang et al. 1999, 2001; Wang et al. 1999).
Interestingly, ibeB (a gene synonymous with cusC),
which belongs to a cluster of genes encoding a copper
and silver resistance cation efflux system, facilitates the
invasion of BMEC cells (Franke et al. 2003); although
this gene was found in the reference strain C. sakazakii
ATCC!BAA-894, the genes ibeA and yijP produced no
matches. When assessed, it was found that the complete
cation efflux operon (cusA, cusB and cusC) and its regu-
latory gene cusR were present in isolates associated with
neonatal infections (including C. sakazakii, C. turicensis
and C. malonaticus) and absent in the other tested
strains (Kucerova et al. 2010).

Detection protocols

Conventional bacteriological culture

The first detection method developed for Cronobacter spe-
cies was described by Muytjens et al. (1988). Based on
this protocol, the US Food and Drug Administration (US
FDA) recommended a method to isolate and enumerate
E. sakazakii from powdered infant formula in 2002. In
2006, the International Organization for Standardization
(ISO 2009) and the International Dairy Federation devel-
oped a technical standard protocol for the detection of
Cronobacter species from milk-based powdered formula
known as ISO ⁄ TS 22964 (Anonymous 2006a,b) (described
in Table 2). More recently, the US–FDA method was
revised to combine both a PCR assay and two newly
developed chromogenic agars for detection (Chen et al.
2009; Chen 2011).

Pre-enrichment of the PIF samples to be tested is a
requirement in these three protocols, and the time dura-
tion varies from a maximum overnight period (ranging
from 18 to 24 h) to a minimum time period of 6 h, fol-
lowed by selective enrichment and subsequent isolation
using selective agars ⁄ media. Typical colonies are con-
firmed using a selective agar and ⁄ or a suitable real-time
PCR assay, with the final identification based on either
biochemical ⁄ molecular characterization. In the revised
US–FDA protocol, there is one enrichment step which is
then followed by a molecular method used for quick
confirmation. This approach eliminates two days from

Table 2 Detection protocols for Cronobacter in PIF

Procedure FDA (Original) ISO ⁄ TS 22964 FDA (revised)

Pre-enrichment Make 1 : 10 (w ⁄ v) of sample in

distilled water, incubated

overnight at 36"C

Make 1 : 10 (w ⁄ v) of sample in

BPW, incubated at 37"C for

18 ± 2 h

Make 1 : 10 (w ⁄ v) of sample in

BPW, incubated at 36"C for 6 h

Selective

enrichment

Transfer 10 ml pre-enrichment to

90 ml EE broth, incubated

overnight at 36"C

Transfer 100 ll pre-enrichment to

10 ml mLST ⁄ vancomycin medium,

incubated at 44"C for 24 ± 2 h

Selection ⁄
isolation

Make an isolation streak and spread

plate from each EE broth onto

VRBG agar, incubated overnight

at 36"C

Streak from the cultured mLST ⁄
vancomycin medium one loopful

on the chromogenic agar in Petri

dishes, incubated at 44"C for

24 ± 2 h

Centrifuge 40 ml samples, 3000 g,

10 min and resuspend pellet in

200 ll PBS; Spread 100 ll onto

chromogenic media, incubated

overnight at 36"C
Confirmation Pick five presumptive positive

colonies and streak onto TSA,

incubated overnight at 25"C

Select five typical colonies and streak

on TSA agar, incubated at 25"C for

48 ± 4 h

Pick two typical colonies from each

chromogenic media confirmed with

real-time PCR, API 20E, Rapid ID 32 E

Identification Yellow colonies are confirmed

with the API 20E test kit

Select one yellow colony from

each TSA plate for biochemical

characterization

Detection

time (days)

5 6 3

A review of Cronobacter species Q.Q. Yan et al.

4 Journal of Applied Microbiology ª 2012 The Society for Applied Microbiology
ª 2012 The Authors



the detection procedure compared with the original
protocol.

Selective media for Cronobacter, including Leuschner–
Bew agar (Leuscher and Bew 2004), Druggan-Fosythe-Iversen
agar (Iversen et al. 2004b), Oh-Kang agar (Oh and Kang
2004), ESPM agar (Restaino et al. 2006) and HiCrome#
Cronobacter spp. agar (Sigma-Aldrich, Switzerland), have
been developed, based on the a-glucosidase enzyme marker
(Iversen et al. 2004b) identified by Muytjens et al. (1984)
and b-cellobiosidase activity (Restaino et al. 2006) which is
present in all Cronobacter strains. Moreover, violet red bile
agar (VRBA), MacConkey agar and desoxycholate agar,
which are selective for Gram-negative bacteria, are also
available for the isolation of Cronobacter (Druggan and Iver-
sen 2009; Forsythe 2009) from foods.

However, despite the availability of selective agar
media, some were shown to insufficiently support the
growth of all Cronobacter strains (Iversen and Forsythe
2007) and other related species, such as Enterobacter helv-
eticus, Enterobacter pulveris and Enterobacter turicensis,
which are often found in the same ecological niches.
Therefore, improvements in the design of the selective
media for the isolation and identification of Cronobacter
were required.

O’Brien et al. (2009) described the design of a one-step
pre-enrichment and enrichment protocol using a chromo-
genic medium. In this detection strategy, the specific
broth developed [denoted as Cronobacter enrichment
broth (CEB)] facilitated a shortened two-day culture
method for the detection of Cronobacter species in PIF.
Mullane et al. (2006) utilized a cationic-magnetic-bead
capture technique to improve the sensitivity of detection
for Cronobacter from PIF.

The accuracy and reliability of commercially available
identification kits for Cronobacter have been questioned,
with reports of false-negative and false-positive identifica-
tion (Restaino et al. 2006; Iversen and Forsythe 2007).
However, Gen III is currently the only commercially
available identification kit with the original six species
included (Healy 2010).

Immuno-based detection protocols

Immuno-based assays are convenient for detection meth-
ods that can be applied to detect specific bacteria. Assays
using monoclonal antibodies are widely used in research as
rapid detection tools. These approaches can improve the
sensitivity and specificity for detection. Commercial kits
based on enzyme-linked immunosorbent assay (ELISA)
technology have been developed, and the VITEK! immu-
nodiagnostic assay system (denoted as VIDAS!, bio-
Merieux Vitek Inc., Hazelwood, MO, USA) has been used
as a rapid detection platform for Salmonella, E. coli

O157:H7, Listeria species, Campylobacter jejuni and
Staphylococcus species enterotoxins. The VIDAS! Salmonella
method has been validated and certified by the Association
of Official Analytical Chemists (AOAC) as an approved
method of analysis in foods. This protocol was also
approved by other regulatory organisations including
Health Canada, the European Microbiological Method
Assessment Scheme (EMMAS) and German Normalization
Institute (DIN). Research on a VIDAS!-based Cronobacter
method is currently in progress; early results suggest that
the method is fast, reliable and sensitive for the detection
of Cronobacter in a range of test matrices (Q.Q. Yan,
unpublished data).

Molecular-based detection protocols

Molecular detection techniques have always been regarded
as useful tools to extend our understanding of the epide-
miology of an organism. Usually, these assays are
designed to target unique genes present in the pathogen
of interest. Many of the more recent assay formats are
based on real-time PCR and several have been designed
for the specific detection of Cronobacter (Malorny and
Wagner 2005; Seo and Brackett 2005; Drudy et al. 2006;

Table 3 Gene targets useful for the detection of Cronobacter and

related species

Gene targets Reference

Genus loci

ribosomal

DNA (rDNA)

16S rRNA Iversen et al. (2004a)

23S rRNA Derzelle et al. (2007)

tRNAGlu Hassan et al. (2007)

FISH Iversen et al. (2007a)

Almeida et al. (2009)

1,6 a-glucosidase gluA Iversen et al. (2007b)

MMS operon dnaG Seo and Brackett (2005)

Drudy et al. (2006)

Zinc-containing

metalloprotease

zpx Jaradat et al. (2009)

Outer membrane

protein A

ompA Nair and

Venkitanarayanan

(2006)

Species loci

rfb (O-antigen) wehC [CsakO:1]

& wehI [CsakO:2]

Mullane et al. (2008a)

wzx [CsakO:3;

CturO:1;Cmuy O:1;

and Cmal O:1

and O:2 ]

Jarvis et al. 2011)

b-subunit of RNA

polymerase

rpoB Stoop et al. (2009)

Other gene targets

RNaseP

infB (initiation factor)
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Nair and Venkitanarayanan 2006; Kothary et al. 2007;
Zhou et al. 2008). Targets used (Table 3) include the 16S
rRNA gene, 16S -23S rDNA intergenic region, the dnaG
gene, the ompA gene, the 1,6 a-glucosidase-encoding gene
(gluA) and a zinc-containing methalloprotease (zpx).
More recently, a PCR-based method developed by Stoop
et al. (2009) was extended by A. Lehner, C. Fricker-Feer
and R. Stephan (unpublished data) to include the new
species described. The latter protocol facilitated the detec-
tion of all seven known species within the Cronobacter
genus using a mismatch-PCR-based approach. The appli-
cations of these molecular-based protocols can support
the traditional culture-based approaches (Fig. 2). Interest-
ingly, using the latter protocol, C. malonaticus and C. sak-
azakii could not be differentiated using this approach,
and therefore, a second PCR was required to accurately
identify each of these species. In 2011, Yan et al. (2011)
published a PCR- and array-based biomarker verification
study for the detection and identification of Cronobacter
spp. Here, these authors propose to elucidate virulence
markers which may be helpful as biomarkers for differen-
tiating Cronobacter spp. and Salmonella spp. from other
food-borne pathogens. While these putative markers were
identified, further validation experiments are currently
being conducted.

Molecular subtyping has long been regarded as a useful
approach that can be applied to elucidate the nature of
those bacteria colonizing a particular ecological niche.
Mullane et al. (2007b) applied pulsed-field gel electropho-
resis (PFGE) to characterize and track Cronobacter species
in a PIF processing facility (Fig. 3). The study provided a
basis for the development of efficient intervention mea-
sures contributing to the reduction of Cronobacter in the
PIF manufacturing environment. A similar approach
using the second generation subtyping method, multiple-
locus variable-number tandem-repeat analysis (MLVA),
was subsequently applied to subtype a collection of geno-
and phenotypically diverse Cronobacter isolates (Mullane

et al. 2008b). However, a standardized PFGE protocol is
close to completion and has already been validated by
PulseNet, a network of national and regional laboratory
networks dedicated to tracking food-borne infections.

A significant reduction in both time and cost associated
with genome sequencing has made molecular detection
methods increasingly accessable. Multilocus sequence
analysis (MLSA) based on recN, rpoA and thdF genes was
used in describing the genomic similarity of Cronobacter
genes by Kuhnert et al. (2009). El-Sharoud et al. (2009)
applied recN gene sequence analysis to isolate Cronobacter
strains recovered from dried milk and related products.
A similar MLST typing scheme using the following seven
housekeeping genes: atpD, fusA, glnS, gltB, gyrB, infB,
ppsA (3036 nt concatenated length) has been developed
by Baldwin et al. (2009), and a database containing
defined sequence types covering all Cronobacter spp. is
currently being maintained at Oxford University. The
database and MLST analytics can be accessed at
www.pubMLST.org/cronobacter. However, the scheme
has not been applied for use in any ongoing epidemiologic
investigation.

Whole-genome sequencing efforts can be expected to
facilitate the correct identification of the bacterial species
being studied; it can also provide detailed information
regarding the unique geno- and phenotypic features.
Moreover, these approaches can be used for comparative
purposes to rapidly and simultaneously investigate the
presence ⁄ absence of all annotated genes or coding

628 bp
M 1 2 3 4 5 6 7 M

514 bp
506 bp

251 bp
289 bp
418 bp

Figure 2 A 1Æ0% agarose gel showing the amplification of rpoB

amplicons used to identify six of the genus species (Stoop et al.

2009). Lane 1, Cronobacter sakazakii SP291; Lane 2, Cronobacter

malonaticus E766; Lane 3, C. malonaticus E766 (following a confirma-

tory second PCR); Lane 4, Cronobacter muytjensii ATCC!51329; Lane

5, Cronobacter dublinensis CFS237; Lane 6, Cronobacter turicensis

E626; Lane 7, Cronobacter genomospecies 1 E797 and Lane M,

100 bp DNA ladder.

1135 kbp
M 1 2 3 M 4 5 6 M M7 8 9

452·7 kbp

244·4 kbp

33·3 kbp

138·9 kbp

Figure 3 Pulsed-field gel electrophoresis (PFGE) profiles used to char-

acterize and track Cronobacter species in a PIF processing facility.

Lane 1, factory sample 1; Lane 2, factory sample 2; Lane 3, factory

sample 3; Lane 4, factory sample 4; Lane 5, factory sample 5; Lane 6,

factory sample 6; Lane 7, factory sample 7; Lane 8, factory sample 8;

Lane 9, factory sample 9 and Lane M, Salmonella Braenderup, molec-

ular marker, genomic DNA digested with XbaI. The arrow heads at

the foot of the image show that in lanes 3 and 7, these isolates have

the same PFGE profile and would be considered to be indistinguish-

able. Similarly, isolates contained in lanes 4 and 5 have another indis-

tinguishable profile cluster.
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sequences or ⁄ and polymorphisms that may contribute to
a specific morphology or physiology. Microarray-based
comparative genomic indexing analysis of Cronobacter
genus was originally performed by Healy et al. (2009),
and this study identified species-specific genes that could
be evaluated as candidate markers for inclusion in a
molecular-based detection protocol. More recently, next
generation sequencing has been used for the comprehen-
sive analysis of eight Cronobacter genomes to better
understand the pathogenicity and evolution of the genus
alongside the characterization of virulence genes
(Ji 2011). While this approach might reveal species-
specific genomic information, in essence, this is a method
that will provide much more detail necessary for subtyp-
ing an organism.

Epidemiology of Cronobacter species

Cronobacter infections are rare and are often underreported,
especially in developing and less-developed countries (Es-
tuningsih and Sani 2008; Friedemann 2009). Thus, the
epidemiology of Cronobacter species is incomplete and
poorly described. Bowen and Braden (2006) first
attempted to describe the epidemiology related to these
infections. These authors analysed the clinical case notes
of 46 invasive infant E. sakazakii infections between 1961
and 2005. These included 12 infants presenting with bac-
teraemia, 33 with meningitis, and 1 with a urinary tract
infection. Infants presenting with bacteraemia had higher
birth weights (2454 g), and a gestational age of 37 weeks,
with infections occurring at a younger age (6 days), com-
pared with those infants presenting with meningitis. Men-
ingitis was reported to have a high mortality rate (42%)
and many of the survivors (more than 74%) suffer
chronic neurological and developmental complications
(Reij and Zwietering 2008). More recently, Friedemann
(2009) analysed 120–150 neonatal Cronobacter-confirmed
infections based on data published between 2000 and
2008. The overall lethality of the 67 invasive infections
noted was 26Æ9%. Lethality of Cronobacter meningitis,
bacteraemia and necrotizing enterocolitis (NEC) was cal-
culated to be 41Æ9% (P < 0Æ0001), <10% and 19Æ0%
(P < 0Æ05), respectively. Interestingly, this study identified
two key risk factors, a longer gestational age at birth and
parentage not from Europe, as significant factors for a
higher reporting probability of neonatal Cronobacter men-
ingitis based on a logistic regression models.

Many infections in newly born babies are transmitted
from mother to child through the mother’s birth canal,
which has been suspected as a source of Cronobacter
infections (Townsend and Forsythe 2008; Kandhai 2010).
In most cases, both the route of exposure and the incuba-
tion period are generally unclear. Two early described

outbreaks demonstrated a clear relationship between
Cronobacter isolates from infected patients and the
isolates cultured from unopened cans of PIF of the same
batch consumed by these same patients (Clark et al. 1990;
Block et al. 2002). Although powdered infant formula is
regarded as an important source of this pathogen, envi-
ronmental or extrinsic sources of contamination should
not be excluded (Noriega et al. 1990). It has been
reported that plant material may be the natural habitat
for Cronobacter species (Schmid et al. 2009). Moreover,
reports on Cronobacter species infections in immune-
compromised adults (Gosney et al. 2006; See et al. 2007)
may indicate other potential sources of contamination,
such as the home environment or transient carriage states
present in adult care takers, among others (Kandhai 2010;
unpublished data and personal communication with
Anna Bowen, CDC). It was estimated that the annual
incidence rate among the low birth weight infants (i.e.
weight <2500 g; children <12 months of age) was 8Æ7 per
100 000 infants in the United States of America (FAO ⁄
WHO 2006). Similarly, another study estimated an inci-
dence rate of 9Æ4 per 100 000 among very low birth
weight infants (i.e. weight < 1500 g) (Stoll et al. 2004).

Additionally, the prevalence of Cronobacter species
infections in adults is increased in the elderly who have
experienced strokes that have affected their abilities to
swallow (dysphagia) and may therefore require reconsti-
tuted powdered protein supplements as part of their daily
diet (Gosney et al. 2006; FAO ⁄ WHO 2008). This is a
problem that is likely to become more common because
of the ageing of the world’s population, and as trends for
consumption of synthetic, dehydrated formulas for such
patients increase.

Control in manufacturing environment

Describing the epidemiology of Cronobacter in a PIF pro-
duction environment can be regarded as a useful first step
in an attempt to reduce the bacterial load and control
dissemination. Mullane et al. (2008c) investigated Cronob-
acter species in a powdered milk protein manufacturing
facility and highlighted the importance attached to the
correct installation and maintenance of air filters to
reduce the dissemination of Cronobacter and other biolog-
ical hazards in the food production setting. Furthermore,
these strategies facilitate the distinction between transient
colonizing bacteria and those that can persist for long
periods of time (Osaili and Forsythe 2009). These latter
organisms could be regarded as having adapted to the
production environment. Data from on-going surveillance
studies identified a Cronobacter sakazakii isolate that dem-
onstrated a remarkable phenotype. This isolate adapted
and acquired a tolerance to temperatures of 60"C for
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periods of time. The bacterium also remained in a viable
state when in a desiccated state for several weeks (Coo-
ney, unpublished data). This finding clearly supports the
need to continuously monitor Cronobacter species in the
production environment and also to identify those iso-
lates that persist. An understanding the molecular mecha-
nisms associated with such characteristics may be helpful
as a means of eliminating them.

Walsh et al. (2011) provided further insights into the
variability among strains in terms of their survival charac-
teristics. Environmental strains appeared to survive better
in dry ingredients, when tested in inulin and lecithin over
a 338-day period. Also, clinical strains appeared to be
more thermotolerant compared with their environmental
counterparts. This resistance may be linked to a pheno-
type involving the production of extracellular polysaccha-
ride (EPS). Walsh et al. (2011) proposed, based on these
data, that the ability to produce EPS reduces thermotoler-
ance. Based on these observations, clinical strains may
have patho-adaptation resulting in a less desiccation-
resistant phenotype.

Gajdosova et al. (2011) characterized an 18-kbp region
from a collection of Cronobacter isolates and compared
this locus to members belonging to other genera, such as
Enterobacter, Citrobacter and Escherichia, where its pres-
ence was positively correlated with increased thermotoler-
ance. The contribution of the 22 open reading frames
annotated within this region to the thermotolerance phe-
notype remains unclear and requires further detailed
experimental investigation.

Farmer et al. (1980) observed that many of the isolates
that were studied originally had two different colony
types referred to as types A and B. Type A colonies were
described as ‘either dry or mucoid, crenated (notched or
scalloped edges), and rubbery when touched with a loop’.
Type B colonies were described as possessing ‘a typical
smooth colony appearance, easily removed with a loop’.
Based on similar descriptions of colonies of Salmonella
(Anriany et al. 2006), we currently related these Cronob-
acter colony descriptions to those reported by Zogaj et al.
(2003) as colonies expressing the rugose phenotype. Vari-
ous studies using other enteric organisms such as Salmo-
nella (Anriany et al. 2006), Vibrio cholerae (Ali et al.
2002) and Grimontia hollisae (formerly Vibrio hollisae)
(Curtis et al. 2007) have shown that strains expressing the
rugose phenotype impart: (i) a resistance to desiccation
and antimicrobial agents such as hypochlorite; (ii) an
increased ability to form biofilms; and (iii) the reversible
rugose to smooth colony phase variation that was origi-
nally described by Farmer et al. (1980), respectively. It
has been reported that Cronobacter species possesses a
bcsABZC operon (Grimm et al. 2008) which is required
for cellulose expression. Grimm et al. (2008) showed that

a strain of E. sakazakii, ES5, which was used in develop-
ment of a bacterial artificial chromosome (BAC) library,
possesses the genetic machinery for cellulose biosynthesis.
These studies also suggested that the overexpression of an
exopolysaccharide composed of cellulose may play a role
in rugosity, but the involvement and expression of other
bacterial exopolysaccharides in rugosity should not be
discounted. Understanding how these phenotypes evolve
at a molecular level may facilitate the development of
strategies to eliminate the persistent population of Cro-
nobacter. Several such strategies have been suggested
recently. These include the use of biocides and natural
antibacterial compounds, such as essential oils and
polyphenols, all of which are effective against Cronobacter
(Brul 2004; Manach et al. 2004; Kim et al. 2010a,b).

Biocides to control Cronobacter

In attempts to ensure food safety and improve hygiene
measures, the use of biocides and chemical-based disin-
fection protocols to control the microbial ecology of the
production environment is in widespread use throughout
the modern food industry. Several studies evaluated the
ability of Cronobacter to survive treatment with common
biocides used for this purpose. A study by Condell et al.
(2012) evaluated the efficacy of eight commercially
available biocide formulations against a collection of 90
Cronobacter species cultured from various origins: food,
water, clinical and environmental. This study determined
that each biocide formulation was completely effective in
killing all Cronobacter strains tested, when cultured in a
planktonic state, at the working concentration recom-
mended by the manufacturer (Fig. 4). Mean minimum
inhibitory concentration (MIC) values determined for
these biocides ranged from 0Æ2 to 50% of the recom-
mended working concentration. However, when the bio-
cide formulations were re-analysed for their efficacy
against surface-dried bacterial cells and Cronobacter con-
tained in a biofilm, they all displayed a reduced killing
effect. Five of the biocides were ineffective at killing

Formulation 1
Formulation 2
Formulation 3
Formulation 4
Formulation 5
Formulation 6
Formulation 7
Formulation 8

0 20 40
MIC (% working concentration)

60 80 100

Figure 4 Minimum inhibitory concentration of planktonic Cronobact-

er measured against eight food industry biocide formulations.
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Cronobacter contained in a biofilm at twice the reported
working concentration and three were unable to eradicate
surface-dried Cronobacter after an hour of contact time.
These results further emphasized a critical need to under-
stand the role of stress responses in Cronobacter species.

In a similar approach, Kim et al. (2007) reported that
different disinfectants varied in their lethality to Cronob-
acter and showed reduced activity against Cronobacter in
a biofilm, or when dried on stainless steel.

Both of these studies indicated that biofilm or surface-
dried-associated phenotypes may contribute to the persis-
tence of Cronobacter in the production environment.
Cleaning regimes should consider this possibility, incor-
porating control strategies to prevent the development of
biofilm and surface-dried communities in the food pro-
cessing environment.

Other studies evaluated the use of natural biocides as
food additives as an alternative natural means to control
Cronobacter. Al-Holy et al. (2010) studied the effect of
using natural biocides as food additives for the control of
Cronobacter. In their study, lactic acid (LA), copper sul-
fate and monolaurin were used to inactivate Cronobacter
species. Data showed that the use of a synergistic interac-
tive combination of LA and copper sulfate could be bene-
ficial to control Cronobacter in PIF industry.

Although biocides play an important role, their wide-
spread use is not without its risks. The current scientific
literature continues to report on the links between the
over-use of biocides in the clinical and domestic environ-
ments and the subsequent selection of bacterial isolates
displaying an increased tolerance to these agents concom-
itant with the emergence of cross-resistance to clinically
important antibiotics. Condell et al. (unpublished data)
evaluated the ability of Cronobacter to develop a tolerance
to commercial food-grade biocide formulations and to
active biocidal compounds contained in these products.
Sublethal exposure of Cronobacter failed to increase their
tolerance to any of the formulations tested or the actives
contained therein. Nonetheless, the potential for selection
and dissemination of pathogens, such as Cronobacter in
the food chain, which have become biocide tolerant, is an
area that should be considered and monitored in the
designing and implementation of cleaning regimes.

Essential oils

Essential oils, aromatic-based liquids derived from plants,
have been shown to inhibit some food-borne pathogen
(Brul 2004). These oils may demonstrate potential for use
in the food industry, particularly as consumer demands
for pathogen-free food along with the minimal use of
artificial preservatives continues to increase (Brul 2004).
The capacity for the use of essential oils in the control of

Cronobacter has been evaluated, with work mainly focus-
ing on ‘trans’-cinnamaldehyde (TC), a component of bark
extract from the cinnamon plant (Amalaradjou and
Venkitanarayanan 2011a).

Studies examined the inhibition of Cronobacter on abi-
otic surfaces (Amalaradjou and Venkitanarayanan 2011b)
as well as evaluating its use in reducing the tolerance of
Cronobacter to environmental stresses (Amalaradjou and
Venkitanarayanan 2011c). These studies determined that
TC was an effective agent in the inhibition and inactiva-
tion of Cronobacter biofilms, in the reduction of Cronob-
acter tolerance to desiccation, acid and osmotic stresses
and in enhancing the killing effect of heat treatments.
Indeed, this compound was shown to down-regulate
genes involved in biofilm formation (Amalaradjou and
Venkitanarayanan 2011b) in addition to many important
stress regulators within the genus, such as rpoS, phoP ⁄ -
phoQ and ompR (Amalaradjou and Venkitanarayanan
2011c). Further work by Amalaradjou and Venkitanarayanan
examined the effect of TC on Cronobacter by analysing
alterations in the proteome following exposure to TC.
This work determined that TC disrupts Cronobacter
metabolism, down-regulating proteins involved in amino
acid metabolism as well as the F0F1 ATPase, disrupting
the production of ATP. TC was also found to inhibit pro-
teins involved in active transport across the membrane,
flagellar biosynthesis, many genes associated with bacterial
survival and defence such as catalase, superoxide dismu-
tase and metaloprotease, as well as OmpA, a known Cro-
nobacter virulence factor involved in adherence and
invasion. The ability of TC to disrupt proteins associated
with motility and survival in the host indicated that it
may have a compromising effect on Cronobacter virulence
(Amalaradjou and Venkitanarayanan 2011a). These data
suggest that TC may be a promising agent useful in the
control of Cronobacter. However, further work is required
to identify and verify an appropriate application protocol
for essential oils in the control of food-borne pathogens.

Polyphenols

Polyphenols are compounds that are abundant in nature.
They are produced by plants and animals and often
found in food and soil. Plants produce polyphenols as a
defence mechanism to protect against infections, thus
many plant polyphenols elaborate an antibacterial activity
(Manach et al. 2004). Polyphenols have been evaluated as
a potential food additive for the control of Cronobacter.
A study by Kim et al. (2010a,b) concluded that red mus-
cadine juice, a rich source of polyphenols, displayed
strong antimicrobial action against Cronobacter, with tan-
nic acid showing the greatest effect. This study suggested
that the red muscadine juice had the potential for use in
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baby food as an inhibitor of Cronobacter (Kim et al.
2010a,b).

Prebiotics

Prebiotics have been emerging over recent years as a ben-
eficial food ingredient. These are known to stimulate the
growth of beneficial bacteria in the intestine and have
been recently reported to inhibit bacterial adherence to
host cell surfaces in vitro (Gibson et al. 2005). Prebiotics,
in particular polydextrose (PDX) and galactooligosaccha-
rides (GOS), have been evaluated for use in the preven-
tion of infection by Cronobacter. A study by Quintero
et al. (2011) determined that GOS and a PDX ⁄ GOS com-
bination had an inhibitory effect on the adherence of
Cronobacter to intestinal-derived cells in tissue culture
experiments. This work indicated that these prebiotics are
inhibitory during the initial step in the establishment of a
Cronobacter infection and therefore show some potential
in the prevention of Cronobacter-related illness (Quintero
et al. 2011). Furthermore, prebiotics have the added
advantage of being food grade agents, and further work
in this area could be important in the development of
prebiotics as a natural, noninvasive and safe method for
the control of Cronobacter infection.

Risk analysis

The implementation of microbiological criteria is one of
the control measures that should be employed to reduce
the risk of Cronobacter infection associated with PIF.
There are several types of sampling plans that can be
employed for the microbiological testing of PIF. The most
common approach is attribute testing, which can be used
to determine the presence ⁄ absence of Cronobacter.

A workshop on Cronobacter was convened in 2004,
jointly by the United Nations (UN)-Food and Agriculture
Organization (FAO) and World Health Organization
(WHO) in response to a request for scientific advice from
the Codex Alimentarius Committee on Food Hygiene
(EC 2005), to provide information or guidance to PIF
manufacturing companies and parents in regard to Cro-
nobacter infections (FAO ⁄ WHO 2004). For any single lot
of PIF, the level of contamination and the within-lot vari-
ability will determine the likelihood that a sample will be
positive for Cronobacter and thus accepted or rejected.
Three parameters can be used to characterize PIF produc-
tion: the mean log concentration (MLC) (CFU g)1) of
Cronobacter across all PIF lots, the between-lot standard
deviation (rb) across all PIF lots and the within-lot stan-
dard deviation (rw) for individual PIF lots. Therefore,
related process controls should be developed according to
these parameters.

In recent years, Hazard Analysis and Critical Control
Point (HACCP) systems designed for prevision and man-
agement of contamination has been widely accepted and
applied. HACCP programmes are mandatory in the food
industry, but infant formula establishments are not
required at this stage to have quality system standards
such as ISO 9000 in place. Nevertheless, all infant formula
industry-related manufactures are required to have in
place effective good manufacturing practice (GMP) and
related quality control procedures, which help these food
factories to monitor the product line, manage the produc-
tion quality and further improve products and processes.

Future considerations

Future attention to improve the control of Cronobacter
should focus on five aspects as follows (FAO ⁄ WHO 2004):
1. For manufacturing and factories:

i Implementing an effective environmental moni-
toring programme, such as GMP and HACCP, to
control the microbiological hazards from the raw
materials, during the entire processing chain,
until the final products, so as to minimize the
entry of Cronobacter into the PIF environment
and avoid the growth ⁄ persistence of this pathogen
in PIF products.

ii Improving PIF product labels and communicat-
ing with consumers to create awareness of the
correct method to be used for reconstituting PIF
products.

iii Collaborating with researchers and governments
to provide assistance on solving Cronobacter-
related issues.

2. For governments and intergovernmental bodies:
i Setting a standard regulation and ⁄ or legislation

directive for Cronobacter to guide food manufac-
turing towards improved control in the quality of
their PIF products and further reduce the risk of
Cronobacter infection.

ii Educating healthcare professionals to provide
high-quality training to parents and professional
caregivers to ensure PIF is prepared, handled and
stored properly.

3. For hospitals:
i Using commercial sterile liquid formula or for-

mula, which has undergone an effective point of
use decontamination procedure and which is to
be given to high-risk infants.

ii Educating parents in relation to the proper way
of raising children being fed with PIF.

iii Assisting developing countries in establishing
effective measures to minimum risk on Cronob-
acter infection.
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4. For researchers and public health officials:
i Developing a better understanding of the ecology,

virulence and other characteristics of Cronobacter
as a means of developing effective ways to reduce
contamination in reconstituted PIF.

ii Investigating and reporting of sources and vehi-
cles and establishing laboratory-based domestic
and international networks such as an integrated
food safety system (IFSS), a mandate put forth by
of the United States Food Safety and Moderniza-
tion Act of 2011 (US-FSMA) which will house
the Pathogen-Annotated Tracking Resource Net-
work system (PATRN) (Tall 2010) as a prototype
of an IFSS.

iii Developing effective and rapid Cronobacter detec-
tion protocols for the PIF industry.

4. For consumers:
i Being aware of the healthcare information-related

infants.
ii Obtaining scientifically grounded assistance from

professionals, such as caregivers, doctors, PIF
researchers.
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Abstract

Cronobacter spp. (formerly Enterobacter sakazakii) is an emerging foodborne pathogen consisting of seven species
including C. sakazakii, C. malonaticus, C. muytjensii, C. turicensis, C. dublinensis (with three subspecies, dublinensis,
lausannensis, and lactaridi), C. universalis, and C. condimenti. To date, 12 Cronobacter serogroups have been
identified. In this study, MboII restriction fragment length polymorphism patterns and DNA sequences of
O-antigen gene clusters were used to identify novel serogroups of Cronobacter spp. Sequence analysis of the
O-antigen regions, located between galF and gnd, of strains with distinct restriction fragment length polymor-
phism patterns revealed five unique gene clusters. These new O-antigen gene clusters were species specific and
were termed C. turicensis O3, C. muytjensii O2, C. dublinensis O1, C. dublinensis O2, and C. universalis O1.
Polymerase chain reaction assays were developed using primers specific to O-antigen processing genes and used
to screen a collection of Cronobacter strains to determine the frequency of these newly identified serotypes.

Introduction

Cronobacter spp. are emerging opportunistic pathogens
known to cause infections including necrotizing entero-

colitis, septicemia, and meningitis, particularly among
neonates and elderly persons (Flores et al., 2011). The genus
consists of seven species: C. sakazakii, C. malonaticus,
C. muytjensii, C. turicensis, C. dublinensis, C. universalis, and
C. condimenti (Iversen et al., 2008; Joseph et al., 2011).

The O-antigen is a highly variable component of the lipo-
polysaccharide of Gram-negative bacteria and is used for the
development of both serological and molecular typing
methods. This structure of oligosaccharide repeats ranges in
size from two to eight sugar residues, and its variability comes
from the presence of different sugars, their unique order and
arrangement, and the chemical bonds between residues
(Samuel and Reeves, 2003). O-antigen encoding gene clusters
are flanked by the galF and gnd genes in most Enterobacteriaceae,
contain from six to 19 genes, and are usually 6- to 20-kb in
length (Samuel and Reeves, 2003). Typically O-antigen gene
clusters contain three types of genes: those specific to the bio-
synthesis pathways of nucleotide sugars, glycosyltransferase
genes that provide unique linkages between sugar residues,

and O-antigen processing genes required for assembly of
polysaccharide repeat units and their subsequent transport
through the periplasm (Samuel and Reeves, 2003). There are
three known pathways for O-antigen processing, including
one, which is Wzx/Wzy-dependent, an ABC transporter-de-
pendent pathway, and one, which is synthase-dependent
(Raetz and Whitfield, 2002; Cuthbertson et al., 2010). The most
common O-antigen processing pathway in Enterobacteriaceae is
the Wzx/Wzy-dependent transport process, which utilizes
two proteins, an O-antigen flippase (Wzx), and an O-antigen
polymerase (Wzy). However, in some instances O-antigens are
processed via an ABC transporter mechanism using the Wzm
protein in conjunction with an ATP binding protein, desig-
nated Wzt (Lewis et al., 2012; Cuthbertson et al., 2010).

The use of serotype-specific polymerase chain reaction
(PCR) assays in lieu of the more traditional serological methods
is accepted for typing Escherichia coli, Salmonella species, Shigella
species, and many other Gram-negative bacteria including
Cronobacter spp. (Wang et al., 2007; Liu et al., 2008; Mullane
et al., 2008; Liu et al., 2010; Jarvis et al., 2011; Debroy et al.,
2011). Previous work in our laboratory and others has iden-
tified 12 Cronobacter serogroups including C. sakazakii ser-
ogroups O1 through O7, C. malonaticus serogroups O1 and
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O2, C. muytjensii serogroup O1, and C. turicensis serogroup O1
and O2 (Mullane et al., 2008; Sun et al., 2011; Jarvis et al., 2011;
Sun et al., 2012b; Sun et al., 2012a). In this study, we extend the
characterization of Cronobacter O-antigen loci by adding five
new serogroups. Furthermore, we developed five new ser-
ogroup-specific PCR assays to facilitate the characterization of
Cronobacter spp.

Materials and Methods

Bacterial strains used in this study

A collection of 270 bacterial isolates, representing seven
Cronobacter species, was used in this study. All strain infor-
mation and results were submitted to the Pathogen Anno-
tated Tracking Resource Network, located at http://
www.patrn.net/ (Tall et al., 2010). Enterobacter helveticus
and Enterobacter turicensis, which are taxonomically related
to Cronobacter, were included as negative-controls for the
O-antigen-specific PCR screening. The seven Cronobacter
strains used for O-antigen sequence analysis in this study are
listed in Table 1.

Restriction fragment length polymorphism (RFLP)
analysis of O-antigen amplicons by use of MboII

O-antigen gene clusters ranging in size from 9794 to
14,788 bp were amplified using primers specific to the galF
and gnd genes of Cronobacter (Table 2) as described previously
( Jarvis et al., 2011). Amplicons recovered (1.5 lg) were
digested with MboII (New England BioLabs, Ipswich, MA)
according to the manufacturer’s instructions. Restriction di-
gests were subjected to gel electrophoresis using 1.5% agarose
gels and were visualized with ethidium bromide (0.5 lg/mL,
final concentration). TIFF images were imported into Bio-
Numerics software (version 6.6, Applied Maths, Inc., Austin,
TX), and dendrograms were generated using the Dice simi-
larity coefficient and the unweighted-pair group method with
arithmetic means method. A band tolerance of 1% and opti-
mization coefficient setting of 3% were applied.

Amplification and sequencing
of Cronobacter O-antigen gene clusters

The O-antigen regions of five Cronobacter strains were
mined from annotated whole genome sequences in RAST

Table 1. Cronobacter Strains Used for O-Antigen Sequencing

Strain name Synonyms Species Country Sample type

E609 C. turicensis Unknown Food
LMG 23825T E464, CI464, CCUG 58094, DSM 18707,

LMG 23825
C. dublinensis subsp.

lactaridi
Zimbabwe Milk powder production

facility
LMG 23823T CFS237, DSM 8705, DES187, LMG 23823 C. dublinensis subsp.

dublinensis
Ireland Milk powder production

facility
LMG 23824T E515, CI515, CCUG 58095, DSM 18706,

LMG 23824
C. dublinensis subsp.

lausannensis
Switzerland Water fountain basin

ATCC 51329T ATCC 51329, 83-07-023, #2, 701 C. muytjensii Unknown Unknown
NCTC 9529T E797, CI797, MWB 3 C. universalis United Kingdom Water
E764 CI764 C. sakazakii Czech Republic Clinical

Table 2. Polymerase Chain Reaction Primers Used in This Study to Identify New Serogroups

Target gene Serogroup(s) Primer name Primer sequence Amplicon size (bp)

wzx C. dublinensis O1 E464-wzxF1 TCGTTTTGATGCTCTCGCTGCG 435
E464-wzxR1 ACAAATCGCGTGCTGGCTTGAA

wzx C. sakazakii O4 E764-wzxF1 CAGTAGCGGGGACATGGCTT 216
E764-wzxR1 CCTGCCAGTAACCTGCATCCTC

wzx C. turicensis O3 E609-wzxF1 GCATCCCTTCAGAGTAGCGCA 236
E609-wzxR1 ACCACCTGCCATTGTCCTACTG

wzx C. muytjensii O2 51329-wzxF1 CGCTGCGATTATGGTAGTGGGT 475
51329-wzxR1 TTCCCAGCTCAGCTCGTTTGC

wzx C. universalis O1 E797-wzxF1 CATTCTCGCTTCCGCAGTTGC 145
E797-wzxR1 CCCAACCATCATTAGGGCCGAG

wzm C. dublinensis O2 E515-wzmF1 CTCGGTTCATGGATTTGCGGC 227
E515-wzmR1 CAGCGTGAAAACAGCCAGGT

Primers for amplification of O-antigen regions
galF Cronobacter spp.a EsgalF-F2 TACCCACTCCTCCAAGAACG *8000–14,000 kb
gnd gndSeqR1 TTTGTCACGAGAGCGGTTGAATAC
galF C. dublinensis O2 GalF-E515 TTGTCGCTGCGGGTATCAAAG
gnd GndR-E515 ACGCACTTTCTCGATGAACTCG
galF C. dublinensis O1 GalF-E464 ACACCTCCTACGAACTTGAAGC
gnd GndR-E464 TAAGGTAGCTGCTCAGCTCG
galF C. sakazakii O4 GalF-E764 AGAAATGCTGCCAATCGTCG
gnd GndR-E764 GTTGAGGTTCCAGTTGTGCTC

aThis primer pair was used to amplify the O-antigen regions of Cronobacter (C.) muytjensii O2, C. turicensis O3, and C. universalis O1.
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(Aziz et al., 2008) using the SEED viewer (Overbeek et al.,
2005). The Whole Genome Shotgun project has been depos-
ited at DDBJ/EMBL/GenBank and the strain and accession
numbers for the genome sequences are Cronobacter dublinensis
subsp. lactaridi LMG 23825T (AJKX00000000), Cronobacter
dublinensis subsp. lausannensis LMG 23824T (AJKY00000000),
Cronobacter dublinensis subsp. dublinensis LMG 23823T

(AJKZ00000000), Cronobacter muytjensii ATCC 51329T

(AJKU0000000), Cronobacter universalis NCTC 9529T

(AJKW00000000). When it was necessary, fragmented gene
clusters were assembled using BioNumerics software version
6.6 (Applied Maths, Inc., Austin, TX). BLASTp analysis was
used to predict open reading frames (ORFs) and in cases
where this analysis indicated translation errors or when gaps
were detected, further sequencing was performed as de-
scribed previously ( Jarvis et al., 2011). The O-antigen gene
cluster of Cronobacter turicensis E609 was amplified using
primers specific to the galF and gnd genes of Cronobacter as
described above and sequenced using the primer walking
method (Giesecke et al., 1992). The bacterial genomic DNA
purification and PCR amplification methods were as de-
scribed above and the DNA was submitted to Eurofins MWG
Operon (Ebersberg, Germany) for sequencing.

Analysis of Cronobacter O-antigen gene clusters

The Pfam database was used to search for conserved protein
domains, and phylogenetic analyses were done within MEGA5
(Finn et al., 2008, Tamura et al., 2011). Evolutionary relationships
of wzx and wzy nucleotide sequences were determined within
MEGA5 (Tamura et al., 2011), using the neighbor-joining
method (Saitou and Nei, 1987), with evolutionary distances
computed using the maximum composite likelihood method
(Tamura et al., 2004). Prediction of transmembrane-spanning
domains of Wzx and Wzy were identified using the Hidden
Markov Models (TMHMM) program (Krogh et al., 2001).

Development of serogroup-specific PCR assays

PCR primers specific to the wzx genes of C. turicensis E609,
C. dublinensis subspecies lactaridi LMG 23825T, C. dublinensis
subspecies dublinensis LMG 23823T, C. muytjensii ATCC
51329T, C. universalis NCTC 9529T, and the wzm gene of

C. dublinensis subspecies lausannensis LMG 23824T were de-
signed (Table 2). Table 2 also contains primer sequences for the
wzx gene from C. sakazakii O4 strain E764 that was part of this
study. Simultaneous to this work, another group characterized
this O-antigen gene cluster and developed a serogroup assay
specific to the wzy gene of C. sakazakii O4 (Sun et al., 2012b). The
PCR cycling conditions for all reactions used to screen 270
strains included an initial denaturation step at 95!C for 2 min,
followed by 25 cycles of 95!C for 30 s, 55!C for 30 s, and 72!C
for 1 min, with a final extension step at 72!C for 5 min.

Nucleotide sequence accession numbers

The nucleotide sequences of the O-antigen regions for C.
turicensis E609, C. dublinensis subspecies lactaridi LMG 23825T,
C. dublinensis subspecies dublinensis LMG 23823T, C. du-
blinensis subspecies lausannensis LMG 23824T, C. muytjensii
ATCC 51329T, C. universalis NCTC 9529T, and C. sakazakii
O4 E764 were deposited in GenBank under accession num-
bers JX475926, JQ390549, JQ390550, JQ390551, JQ390552,
JQ390553, and JQ390548, respectively.

Results

RFLP cluster analysis of Cronobacter O-antigen gene
clusters with MboII restriction digestion

RFLP analysis was performed on a subset of Cronobacter spp.,
including the strains from which the O-antigen regions were
sequenced, revealing five novel Cronobacter molecular-based
serogroup clusters (Fig. 1). Two RFLP clusters were identified
for C. dublinensis, one for C. muytjensii, a single cluster for
C. turicensis, and the RFLP pattern of the single C. universalis
strain is distinct from those of all of the other strains (Fig. 1). One
of the C. dublinensis clades contains three distinct RFLP patterns
and the C. turicensis clade consists of two patterns (Fig. 1).

Sequence analysis of novel Cronobacter
serogroup-specific O-antigen gene clusters

The nucleotide sequences from the O-antigen gene clusters
(including the galF and gnd genes) of C. turicensis E609,
C. dublinensis subspecies lactaridi LMG 23825T, C. dublinensis
subspecies dublinensis LMG 23823T, C. dublinensis subspecies

FIG. 1. Restriction fragment length polymorphism analysis of MboII digests from Cronobacter O-antigen gene clusters. The
dendrogram was generated using Bionumerics software with an 80% similarity value used to distinguish serogroup specific
clusters. An asterisk (*) indicates the Cronobacter strains analyzed in this study. The scale at the top represents percent similarity.
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Table 3. ORFs in the New Cronobacter O-Antigen Gene Clusters

ORF Gene
Position

(nt)
Size
(aa) Strain (GenBank accession no)

% identity
(aa overlap) Putative function

C. turicensis O3
1 rmlB 1097..2177 360 Cronobacter sakazakii O3 2156

(HQ646168.1)
94(340) dTDP-d-glucose-4,6-dehydratase

2 rmlD 2183..3079 298 Cronobacter sakazakii O5 G2706
( JQ674748.1)

94(280) dTDP-4-dehydrorhamnose reductase

3 rmlA 3128..4006 292 Cronobacter sakazakii O5 G2706
( JQ674748.1)

99(289) Glucose-1-phosphate thymidylyl-
transferase

4 rmlC 4010..4557 182 Cronobacter sakazakii O5 G2706
( JQ674748.1)

95(171) dTDP-4-dehydrorhamnose
3,5-epimerase

5 qdtA 4561..4941 139 Cronobacter sakazakii O5 G2706
( JQ674748.1)

95(127) dTDP-4-oxo-6-deoxy-d-glucose-3,
4-oxoisomerase

6 qdtb 5398..6505 367 Cronobacter sakazakii O5 G2706
( JQ674748.1)

95(350) 3-amino-5-hydroxybenzoic acid
synthase family

7 wzx 6502..7752 416 Cronobacter sakazakii O5 G2706
( JQ674748.1)

92(383) Flippase

8 wepH 7803..8689 302 Cronobacter sakazakii O5 G2706
( JQ674748.1)

87(262) Glycosyltransferase

9 wepI 8852..9907 366 Cronobacter sakazakii O5 G2706
( JQ674748.1)

90(315) Glycosyltransferase

10 wepJ 9963..11054 363 Cronobacter sakazakii O5 G2706
( JQ674748.1)

85(310) Glycosyltransferase

11 wepK 11054..11968 304 Cronobacter sakazakii O5 G2706
( JQ674748.1)

81(245) Glycosyltransferase

12 wzy 11952..13049 365 Cronobacter sakazakii O5 G2706
( JQ674748.1)

92(334) Polymerase

C. dublinensis O1
1 rmlB 1284..2357 357 Shigella flexneri 2a str. 301

(NP_707936)
84 (350) dTDP-glucose 4,6 dehydratase

2 rmlA 2360..3229 289 Citrobacter sp. 30_2 (ZP_04562572) 81 (287) Glucose-1-phosphate thymidylyl-
transferase

3 weoA 3226..3648 140 Escherichia coli (CBN82195) 64 (132) Putative dTDP-6-deoxy-3,
4-keto-hexulose isomerase

4 weoB 3620..4072 150 Shewanella pealeana ATCC 700345
(YP_001501262)

51 (131) N-acetyltransferase GCN5

5 weoC 4073..5005 310 Pectobacterium carotovorum
(ACT12350)

59 (310) Hypothetical protein

6 weoD 5005..6108 367 Escherichia coli E22 (EDV84141) 66 (366) DegT/DnrJ/EryC1/StrS
aminotransferase family

7 wzx 6105..7355 416 Aeromonas caviae Ae398
(ZP_08521426)

54 (416) O-antigen flippase

8 weoE 7364..8548 394 Escherichia coli ECA95 091
(AAK60455)

41 (390) Glycosyltransferase Glycos_transf_1

9 wzy 8532..9740 402 Photobacterium damselae subsp. dam-
selae CIP 102761 (ZP_06154774)

23 (342) O-antigen polymerase

10 weoF 9753..10532 259 Dinoroseobacter shibae DFL 12
(YP_001534197)

36 (260) Hypothetical protein

11 weoG 10593..11432 279 Escherichia coli O112ab (ACD37090) 36 (290) Glycosyltransferase
12 weoH 11441..12190 249 Shigella dysenteriae (ACA24781) 64 (244) Glycosyltransferase

C. dublinensis O2
1 weoI 1105..1875 256 Pantoea ananatis AJ13355

(BAK11859)
42 (250) Hypothetical protein

2 weoJ 1886..2260 124 Zymomonas mobilis ZM4
(YP_003377805)

59 (120) Capsule biosynthesis phosphatase

3 weoK 2257..3798 513 Pantoea ananatis AJ13355
(BAK11860)

72 (513) Capsular polysaccharide
biosynthesis protein

4 weoL 3795..4499 234 Pantoea ananatis AJ13355
(BAK11861)

74 (234) Capsular polysaccharide
biosynthesis protein

5 wzm 4492..5292 266 Pantoea ananatis AJ13355
(BAK11862)

82 (266) ABC-2 type transporter permease

(continued)

346 JARVIS ET AL.



lausannensis LMG 23824T, C. muytjensii ATCC 51329T, and
C. universalis NCTC 9529T were 13, 275, 12,883, 13,867, 9,794,
14,788, and 12,288 bp in length, respectively. BLASTp analysis
revealed five unique O-antigen gene clusters among these six
strains (Table 3 and Fig. 2).

The O-antigen gene cluster of C. turicensis E609 was des-
ignated as serogroup C. turicensis O3 and consists of 12 pre-

dicted proteins, 11 of which are 81–99% homologous to
C. sakazakii serogroup O5 (Table 3 and Fig. 2). The nucleotide
sequence of C. dublinensis LMG 23825T and LMG 23823T

O-antigen gene clusters, designated as serogroup C. du-
blinensis O1, are 95% similar with one another and they en-
code for the same 12 ORFs (Table 3 and Fig. 2). A second
C. dublinensis serogroup, C. dublinensis O2, was identified in

Table 3. (Continued)

ORF Gene
Position

(nt)
Size
(aa) Strain (GenBank accession no)

% identity
(aa overlap) Putative function

6 wzt 5294..6049 251 Pantoea ananatis AJ13355
(BAK11863)

81 (248) ABC O-antigen transporter

7 weoM 6060..6905 281 Pantoea ananatis AJ13355
(BAK11864)

49 (267) Glycosyltransferase

8 weoN 6906..8081 391 Pantoea ananatis AJ13355
(BAK11865)

56 (339) WavE lipopolysaccharide synthesis

C. muytjensii O2
1 rmlB 1281..2363 360 Cronobacter muytjensii O1

(AEH27506)
99 (360) dTDP-d-glucose-4,6-dehydratase

2 rmlD 2366..3262 298 Cronobacter muytjensii O1
(AEH27507)

99 (298) TDP-6-deoxy-l-mannose
dehydrogenase

3 rmlA 3311..4189 292 Cronobacter muytjensii O1
(AEH27508)

100 (292) glucose-1-phosphate
thymidylyltransferase

4 rmlC 4193..4741 184 Cronobacter muytjensii O1
(AEH27509)

80 (184) dTDP-6-deoxy-d-glucose-3,5
epimerase

5 weoP 4744..5163 139 Cronobacter muytjensii O1
(AEH27510)

83 (139) WxcM domain protein isomerase

6 weoQ 5138..5608 156 Cronobacter sakazakii G2706 O5
(AFI60277)

89 (156) dTDP-D-Fuc3N acetyltransferase

7 weoR 5601..6704 367 Cronobacter sakazakii G2706 O5
(AFI60278)

85 (367) DegT/DnrJ/EryC1/StrS
aminotransferase

8 wzx 6701..7951 416 Cronobacter sakazakii G2706 O5
(AFI60279)

76 (413) O-antigen flippase

9 weoS 7999..8913 304 Cronobacter sakazakii G2706 O5
(AFI60280)

63 (286) Glycosyltransferase group 2

10 weoT 9020..10105 361 Cronobacter sakazakii G2706 O5
(AFI60281)

73 (352) Glycosyltransferase group 1

11 weoU 10162..11250 362 Cronobacter sakazakii G2706 O5
(AFI60282)

60 (363) Hypothetical protein

12 weoV 11250..12161 303 Cronobacter sakazakii G2706 O5
(AFI60283)

58 (303) Lipopolysaccharide core
biosynthesis

13 wzy 12145..13242 365 Cronobacter sakazakii G2706 O5
(AFI60284)

71 (364) O-antigen polymerase

C. universalis O1
1 wzx 1162..2451 429 Cronobacter sakazakii O7 G2592

(AFI60292)
91 (429) O-antigen flippase

2 wzy 2451..3578 375 Escherichia coli O98:K?:H8
(ABB04486)

43 (320) O-antigen polymerase

3 weoW 3579..4736 385 Cronobacter sakazakii O7 G2592
(AFI60293)

78 (306) Glycosyltransferase

4 weoX 4736..5911 391 Cronobacter sakazakii O7 G2592
(AFI60294)

80 (388) Glycosyltransferase group 1

5 fnlA 5886..6932 348 Cronobacter sakazakii O7 G2592
(AFI60295)

99 (344) l-Fucosamine synthetase

6 fnlB 6934..8037 367 Cronobacter sakazakii O7 G2592
(AFI60296)

98 (367) Nucleoside-diphosphate-sugar
epimerase

7 fnlC 8037..9167 376 Cronobacter turicensis z3032
(AEH27465)

97 (376) C-2 epimerase

8 weoY 9167..10375 402 Cronobacter turicensis z3032
(AEH27466)

95 (402) l-fucosamine transferase

9 weoZ 10366..10770 134 Cronobacter turicensis z3032
(AEH27467)

96 (134) Hypothetical protein

ORFs, open reading frames.
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strain LMG 23824T. This gene cluster encodes for eight pre-
dicted proteins that share 42–82% homology with a predicted
polysaccharide synthesis region in Pantoea ananatis and both
of these O-antigen regions encode for predicted ABC trans-
porter genes for O-antigen processing (Table 3 and Fig. 2).

The O-antigen gene cluster from C. muytjensii ATCC
51329T, designated serogroup C. muytjensii O2, encodes for 13
predicted proteins. ORFs 1–5 were 75–100% homologous to
the predicted proteins of the C. muytjensii serogroup O1 gene
cluster ( Jarvis et al., 2011). ORFs 7–13 in this gene cluster were
58–89% homologous to O-antigen proteins from C. sakazakii
O5 (Table 3 and Fig. 2) ( Jarvis et al., 2011; Sun et al., 2012b).

Finally, the O-antigen gene cluster of C. universalis NCTC
9529T, designated C. universalis serogroup O1, encodes nine
predicted proteins. ORF 1 and ORFs 3–6 encode for predicted
proteins that were 78–98% homologous to proteins in the
C. sakazakii O7 O-antigen region (Sun et al., 2012b). ORF 2 of
C. universalis O1, a feature that was lacking from the C. sakazakii
O7, encodes for an O-antigen polymerase, Wzy, and was 43%
homologous to the Wzy protein from E. coli O98:H8 (Table 3).
The last three predicted proteins in the C. universalis O1 gene
cluster share 95–97% homologies with the last three ORFs
predicted in the O-antigen region of C. turicensis serogroup O1
(Table 3) ( Jarvis et al., 2011).

Nucleotide sugar synthesis pathway genes

BLASTp analysis of the C. turicensis O3 O-antigen gene
cluster revealed six predicted sugar synthesis proteins including
RmlBDAC, and QdtA and QdtB. QdtC, which is usually present
in conjunction with QdtA and B, is missing in the C. turicensis O3
O-antigen region because of a 396-bp gap in the nucleotide se-
quence revealed by BLASTn analysis of C. turicensis O3 and
C. sakazakii O5 (Table 3 and Fig. 2) (Sun et al., 2012b). The
C. dublinensis O1 gene clusters from LMG 23825T and LMG
23823T contain six predicted sugar synthesis genes. However,
there was a 984-bp deletion in LMG 23823T, resulting in trun-
cations in the ORFs encoding WeoB, which is predicted to en-
code for an aceytltransferase, and WeoC, which has no
predicted function (Table 3 and Fig. 2). The C. dublinensis O2
O-antigen gene cluster does not contain any predicted sugar
synthesis genes, suggesting that the sugars in this oligosac-
charide structure may be coded for elsewhere in the genome
(Table 3 and Fig. 2). The O-antigen gene cluster from ATCC
51329T, designated as C. muytjensii O2, encodes for seven pre-
dicted nucleotide sugar synthesis proteins, including RmlBDAC
enzymes involved in the synthesis of dTDP-L-rhamnose (Sam-
uel and Reeves, 2003). These four ORFs, as well as ORFs 5, 6,
and 7 of this gene cluster, share identity with ORFs 1–7 of the
C. muytjensii O1 gene cluster, suggesting a similar sugar repeat
oligosaccharide structure for these two serogroups (Table 3 and
Fig. 2) ( Jarvis et al., 2011). The O-antigen gene cluster of
C. universalis NCTC 9529T serogroup O1 encodes for three putative
sugar synthesis proteins, including FnlABC, which catalyzes
the synthesis of 2-acetamido-2,6-dideoxy-hexose (UDP-L-
FucNAc) in E. coli and Shigella O-antigens (Table 3 and Fig. 2)
(Samuel and Reeves, 2003; Perepelov et al., 2006; Liu et al., 2008).

Glycosyltransferase genes

Twenty-six families of glycosyltransferase genes have been
identified based on amino acid homology (Campbell et al., 1997).

The O-antigen gene cluster of C. turicensis O3, C. dublinensis O1,
C. dublinensis O2 gene clusters encode for four, three, and one
predicted glycosyltransferase proteins, respectively (Table 3 and
Fig. 2). The C. muytjensii serogroup O2 O-antigen region
possesses the genes for two glycosyltransferases: one each
from family 1 and family 2 (Table 3 and Fig. 2). Finally, there are
three glycosyltransferases predicted from the O-antigen gene
cluster of C. universalis serogroup O1 (Table 3 and Fig. 2).

O-antigen processing genes

The O-antigen gene clusters of C. turicensis O3, C. du-
blinensis O1, C. muytjensii O2, and C. universalis O1 all encode
predicted Wzx and Wzy proteins (Table 3 and Fig. 2). TMHMM
analysis showed that all of the predicted Wzx proteins have
between eight and 13 transmembrane-spanning domains and
the Wzy proteins were predicted to have between eight and 10
transmembrane-spanning domains. BLASTp analysis of the
predicted O-antigen processing proteins from the C. du-
blinensis O2 gene cluster revealed that they utilize ABC-
transporter proteins for O-antigen processing. In comparison
to the O-antigen gene cluster of P. ananatis strain AJ13355,
ORFs 5 and 6 are 81% and 61% homologous to Wzm and Wzt,
respectively (Table 3 and Fig. 2) (Hara et al., 2012). The Wzm
protein is an ABC-2 type transporter permease, and the Wzt
protein is an ABC O-antigen transporter (Table 3 and Fig. 2).

Serogroup-specific PCR assays for Cronobacter

Analysis of the Cronobacter O-antigen regions sequenced in
this study facilitated the design of six serogroup-specific
assays. Five of the assays use PCR primers specific to the
O-antigen wzx gene sequences (namely, C. turicensis O3,
C. sakazakii O4, C. dublinensis O1, C. muytjensii O2, and
C. universalis O1) (Table 2). A sixth serogroup-specific assay
was designed using primers specific to the wzm gene identi-
fied in the C. dublinensis O2 gene cluster (Table 2). Table 4
summarizes previous results ( Jarvis et al., 2011; Mullane et al.,
2008) along with those obtained using these new PCR assays
to screen our strain collection of 270 Cronobacter isolates. The
C. turicensis O3 PCR assay identified a new group of five (2%)
strains in the collection. Sixteen (6%) C. sakazakii O4 strains
and all six (2%) C. dublinensis O1 strains in the collection were
positively identified by wzx PCR assays, and the C. dublinensis
wzm assay was positive with four serogroup O2 strains. The
new C. muytjensii serogroup O2 consists of five (2%) strains,
and the C. universalis O1 serogroup is represented by one
strain in our collection (Table 4).

These data combined with the RFLP data in Figure 1 re-
vealed several novel serogroup-specific Cronobacter clades; all
of them were species-specific (Table 4 and Fig. 1). It was of
interest that C. sakazakii strains in the present study and pre-
viously reported as an undetermined serogroup ( Jarvis et al.,
2011) were identified as serogroup O4 using a wzx PCR assay
(Table 4). These results correlate well with those reported by
Sun et al. (Sun et al., 2012b), who described a C. sakazakii ser-
ogroup O4 strains identified using a wzy-based PCR assay,
which is also positive for the same group of strains. Twenty-
five (9%) of the isolates in our collection were negative with
the Cronobacter serogroup-specific PCR assays developed in
this and previous studies (Table 4) ( Mullane et al., 2008; Jarvis
et al., 2011). Of these, there are 15 C. sakazakii, two C. turicensis,
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five C. muytjensii, one C. dublinensis, one C. universalis, and one
C. condimenti PCR-negative strains suggesting additional
serogroups in the genus.

Discussion

In this study, our BLASTp analysis of Cronobacter O-antigen
gene sequences revealed several predicted and shared
proteins between bacterial genera and species. Predicted

proteins of the C. muytjensii O2 O-antigen region share
homologies with the C. muytjensii O1 and C. sakazakii O5
O-antigen regions (Table 3) ( Jarvis et al., 2011). The results
from predicted proteins (Table 3) and nucleotide phylogeny
(Fig. 3) suggest that C. turicensis O3 and C. sakazakii O5 have
descended from a common ancestor that was also closely re-
lated to C. muytjensii O3, a prediction that is supported by
multilocus sequence type (MLST) analysis ( Joseph et al., 2012).
The wzx and wzy nucleotide phylogeny of the C. sakazakii O5,

FIG. 2. O-antigen gene clusters of Cronobacter serogroups. A: Predicted genes for the C. turicensis O3 derived from sequence
of E609. B: Predicted genes for the C. dublinensis O1 derived from sequence of LMG 23825T and LMG 23823T. Dotted lines in
weoB and weoC indicated the 984-bp deletion in LMG 23823T. C: Predicted genes for C. dublinensis O2 derived from sequence
of LMG 23824T. D: Predicted genes for C. muytjensii O2 derived from sequence of ATCC 51329T. E: Predicted genes for
C. universalis O1 derived from sequence of NCTC 9529T.

Table 4. Distribution of Cronobacter Serogroups

No. of strains

Species
Csak
O1a

Csak
O2b

Csak
O3c

Csak
O4c

Ctur
O3c

Cmal
O1c

Cmal
O2c

Cmuy
O1c

Cmuy
O2c

Cdub
O1c

Cdub
O2d

Ctur
O1c

Cuni
O1c NDe Total

C. sakazakii 76 83 10 16 15 200
C. malonaticus 9 25 34
C. muytjensii 3 5 5 13
C. dublinensis 6 4 1 11
C. turicensis 5 2 2 9
C. universalis 1 1 2
C. condimenti 1 1
Serogroup total (%) 28% 31% 4% 6% 2% 3% 9% 1% 2% 2% 1% 0.7% 0.4% 9%

aPCR specific to the wehC gene (Mullane et al., 2008).
bPCR specific to the wehI gene (Mullane et al., 2008).
cPCR specific to the wzx gene (this study and ( Jarvis et al., 2011)).
dPCR specific to the wzm gene (this study).
eND, not determined (negative with Cronobacter PCR assays developed in this and previous studies).
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C. muytjensii O2, and C. turicensis O3 clade with its closest
neighbor, the C. sakazakii O3 and C. muytjensii O1 clade,
supports the overlap in predicted proteins from the O-antigen
genes clusters of these two groups (Fig. 3 and Table 3) ( Jarvis
et al., 2011). The first six predicted proteins in the C. universalis
O1 region are homologous with C. sakazakii O7 proteins, with
the exception of ORF 2, which is missing, in C. sakazakii O7
(Table 3) (Sun et al., 2012b). Phylogenetic analysis of the nu-
cleotide sequences of wzx and wzy genes confirms this close
relationship between these serogroups (Fig. 3 and Table 3).
The nesting of the E. coli O103 strain with the C. sakazakii O4
strains reflects a shared antigenic structure between the two
species at the genetic level (Fig. 3). The C. dublinensis O2 gene
cluster and the O-antigen gene cluster from P. ananatis dem-
onstrated 45–82% protein homology and seven of the eight
predicted proteins in this gene cluster were functionally
similar; the exception is ORF 2, which is homologous to a
predicted capsule biosynthesis protein from Zymomonas mo-
bilis subsp. mobilis (Table 3). Additionally, they both encode
for ABC-transporter genes for O-antigen processing. These
data suggest that the O-antigen gene clusters of P. ananatis
and C. dublinensis O2 have a similar evolutionary origin. The
proteins with the highest homology in these two O-antigen
regions are Wzm and Wzt, the O-processing genes, which are

usually the most divergent genes in O-antigen regions con-
taining ABC-transporter genes (Cuthbertson et al., 2010).

Not surprisingly, we identified two serogroups in this
study, C. dublinensis O1, and C. turicensis O3, that consist of
strains that were PCR-positive despite their vastly different
RFLP fingerprints (Fig. 1 and Table 3). This result, also ob-
served in previous work by Jarvis et al. ( Jarvis et al., 2011),
indicates that although RFLP analysis of O-antigen gene
clusters has proven to be useful for initial screening, different
patterns do not always correlate with different O-antigens.
Further serogroup-specific PCR amplification is needed for
the confirmation in this case.

Conclusions

In conclusion, we identified five new Cronobacter spp. ser-
ogroups using PCR assays specific to O-antigen genes. Four of
these PCR assays are specific to wzx genes in C. turicensis O3,
C. muytjensii O2, C. dublinensis O2, and C. universalis O1. One
assay is specific to the wzm gene found in the O-antigen gene
cluster of C. dublinensis O2 strains, which have ABC trans-
porter mechanisms for O-antigen processing. Unlike the PCR
assays previously described for Cronobacter, these new assays
are all species-specific and represent the continuation of an

FIG. 3. Evolutionary relationships of concatenated wzx and wzy nucleotide sequences from Cronobacter serogroups, Es-
cherichia coli O29, E. coli O103, and Shigella dysenteriae D11. Relationships were analyzed in MEGA5 using the Neighbor-
Joining method with distances computed using the Maximum Composite Likelihood method. Numbers on the branches
denote bootstrap percentages from 1000 bootstrap replicates with a cut-off value of 50%. The accession numbers for the O-
antigen gene clusters are as follows: Cronobacter NCTC 11467 (ATCC 29544T) (EU076545), BAA 894 (NC_009778), NCTC 8155
(EU076546), G2594 ( JQ674747), G2706 ( JQ674748), G2704 ( JQ674749), G2592 ( JQ674750), E. coli O103 (EF027106), S. dysen-
teriae D11 (EU294172), and E. coli O29 (EU294173). aThe nucleotide sequence from C. sakazakii O7 G2592 does not contain wzy.
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approach that is useful for monitoring Cronobacter serotypes
found among clinical, environmental, and food isolates.
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Outbreaks of human infection linked to the powdered infant formula (PIF) food chain
and associated with the bacterium Cronobacter, are of concern to public health. These
bacteria are regarded as opportunistic pathogens linked to life-threatening infections
predominantly in neonates, with an under developed immune system. Monitoring the
microbiological ecology of PIF production sites is an important step in attempting to limit
the risk of contamination in the finished food product. Cronobacter species, like other
microorganisms can adapt to the production environment. These organisms are known for
their desiccation tolerance, a phenotype that can aid their survival in the production site
and PIF itself. In evaluating the genome data currently available for Cronobacter species,
no sequence information has been published describing a Cronobacter sakazakii isolate
found to persist in a PIF production facility. Here we report on the complete genome
sequence of one such isolate, Cronobacter sakazakii SP291 along with its phenotypic
characteristics. The genome of C. sakazakii SP291 consists of a 4.3-Mb chromosome
(56.9% GC) and three plasmids, denoted as pSP291-1, [118.1-kb (57.2% GC)], pSP291-2,
[52.1-kb (49.2% GC)], and pSP291-3, [4.4-kb (54.0% GC)]. When C. sakazakii SP291
was compared to the reference C. sakazakii ATCC BAA-894, which is also of PIF origin,
the annotated genome data identified two interesting functional categories, comprising
of genes related to the bacterial stress response and resistance to antimicrobial and
toxic compounds. Using a phenotypic microarray (PM), we provided a full metabolic
profile comparing C. sakazakii SP291 and the previously sequenced C. sakazakii ATCC
BAA-894. These data extend our understanding of the genome of this important neonatal
pathogen and provides further insights into the genotypes associated with features that
can contribute to its persistence in the PIF environment.

Keywords: complete genome, plasmid, Cronobacter sakazakii , stress response, antibiotic resistance, toxic
compounds

INTRODUCTION
Cronobacter species (formerly Enterobacter sakazakii) is an oppor-
tunistic pathogen of the Enterobacteriaceae family. This organism
was originally designated as E. sakazakii in 1980 (Farmer et al.,
1980). Based on its recently revised taxonomy, the genus was
renamed as Cronobacter in 2007 and now consists of seven species,
C. sakazakii, C. malonaticus, C. turicensis, C. muytjensii, C. dubli-
nensis (including three subspecies, dublinensis, lausannensis, and
lactaridi), C. universalis and C. condimenti (Iversen et al., 2004,
2007, 2008; Joseph et al., 2011). Infections caused by Cronobacter
can present as necrotizing enterocolitis, bacteremia and meningi-
tis, with long term complications for those that survive, including
delayed neurological development, hydrocephalus and perma-
nent neurological damage. Life-threatening infections have been

reported in neonates (of less than 28 days) (Bar-Oz et al., 2001;
Gurtler et al., 2005; Mullane et al., 2007), as well as older infants,
with lethality rates ranging between 40 and 80% (Bowen and
Braden, 2006; Friedemann, 2009), and more recently in immune-
compromised adults, mainly the elderly (Gosney et al., 2006; See
et al., 2007; Hunter et al., 2008; Tsai et al., 2013).

Cronobacter can be isolated from a wide range of foods and
environments (Baumgartner et al., 2009; Chap et al., 2009; El-
Sharoud et al., 2009; Jaradat et al., 2009; Schmid et al., 2009).
Specifically, contaminated powdered infant formula (PIF) has
been epidemiologically linked with many of the neonatal and
infant infections (Himelright et al., 2002; Bowen and Braden,
2006; Mange et al., 2006). Previous studies reported the isolation
of Cronobacter from PIF, and the PIF production environment
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(Drudy et al., 2006; Mullane et al., 2008a,b), suggesting that
this bacterium has the capacity to adapt to, survive and persist
under desiccated environmental conditions. Comparison of envi-
ronmental and clinical Cronobacter isolates, indicated that the
desiccation tolerance exhibited might play a role in the persistence
of Cronobacter in PIF and its associated low-moisture ingredi-
ents (Walsh et al., 2011; Beuchat et al., 2013). Stress response
factors identified previously in Cronobacter, which include heat-
shock, cold-stresses, survival in dry conditions, water activity
(aw), and pH may contribute to this phenotype (Dancer et al.,
2009a,b; Carranza et al., 2010; Chang et al., 2010; Arku et al.,
2011). Genome sequencing efforts of Cronobacter species com-
menced in 2010. To date, 16 genomes are currently available, of
which three, C. sakazakii ATCC BAA-894, C. sakazakii ES15 and
C. turicensis z3032, are complete (Kucerova et al., 2010; Stephan
et al., 2011; Joseph et al., 2012; Shin et al., 2012; Grim et al.,
2013).

Following on-going surveillance of a PIF production facil-
ity in our laboratory, an interesting isolate C. sakazakii
SP291 was identified which exhibited a thermo-adapted phe-
notype when compared with other Cronobacter and Salmonella

species tested under laboratory conditions (Cooney, 2012).
In an effort to better understand C. sakazakii SP291, its
genome was completely sequenced and compared to that of
a PIF isolate C. sakazakii ATCC BAA-894, a whole grain iso-
late C. sakazakii ES15, a clinical isolate C. turicensis z3032
and other selected draft genomes. Additionally, we inter-
rogated the phenome of C. sakazakii SP291, to determine
the functionality of strain-specific genotypic traits that may
contribute to its adaption capacity in a PIF production
environment.

MATERIALS AND METHODS
BACTERIAL ISOLATES STUDIED AND THEIR CULTURE CONDITIONS
Seventeen Cronobacter isolates used in this study are listed in
Table 1. Cronobacter sakazakii SP291 was assigned according to
the classic rpoB method described previously (Stoop et al., 2009;
Lehner et al., 2012). The isolate was cultured routinely in an
Isotherm® Forced Convection Laboratory Incubator (Esco GB
Ltd., Downton, UK) at 37!C on Trypticase Soy Agar (Oxoid
Limited, Hampshire, UK) and stored at "80!C on cryo-beads
(Technical Service Consultants Ltd., Lancashire, UK).

Table 1 | Cronobacter species, the strain identifier, source, country of origin, and accession numbers.

Species Strain identifiera Serogroupb Source Country of origin Accession number (GeneBank)

Cronobacter sakazakii ATCC BAA-894 Csak O1 PIFg USA CP000783-CP00785
Cronobacter sakazakii SP291 Csak O2 PIF manufacturing

environment
Ireland CP004091-CP004094

Cronobacter sakazakii ES15 NDf Whole grain Korea CP003312
Cronobacter sakazakii E899 Csak O2 Clinical USA AFMO01000001-AFMO01000385
Cronobacter sakazakii 680 NDf Clinical USA CALG01000001-CALG01000201
Cronobacter sakazakii 696 NDf Clinical France CALF01000001-CALF01000569
Cronobacter sakazakii 701 NDf Clinical France CALE01000001-CALE01000768
Cronobacter sakazakii ES35 Csak O1 Clinical Israel AJLC01000001-AJLC01000183
Cronobacter sakazakii 2151 Csak O2 Clinical,

cerebrospinal fluid
USA AJKT01000001-AJKT01000060

Cronobacter sakazakii ES713 Csak O2 PIF USA AJLB01000001-AJLB01000156
Cronobacter sakazakii E764 Csak O4 Clinical Czech Republic AJLA01000001-AJLA01000032
Cronobacter malonaticus LMG 23826 Cmal O2 Human, breast

abscess
USA CALC01000001-CALC01000171

Cronobacter turicensis z3032c Ctur O1 Neonate Switzerland FN543093-FN543096
Cronobacter dublinensis CFS 237d Cdub O1 PIF Ireland CAKZ01000001-CAKZ01000221
Cronobacter mutjensii ATCC 51329 CmuyO2 Unknown Unknown AJKU01000001-AJKU01000072
Cronobacter universalis NCTC 9529 Cuni O1 Water UK CAKX01000001-CAKX01000231
Cronobacter condimenti 1330e NDf Spiced meat Slovakia CAKW01000001-CAKW01000155

aStrain information was selected from publications (Kucerova et al., 2010; Chen et al., 2011; Stephan et al., 2011; Joseph et al., 2012; Shin et al., 2012; Grim et al.,
2013).
bSerogroup designations were identified using primers described by Mullane et al. (2008a,b) and Jarvis et al. (2011, 2013).
cCronobacter turicensis species type strain LMG 23827.
d Cronobacter dublinensis species type strain LMG 23823.
eCronobacter condimenti species type strain LMG 26250.
f Not determined.
g Isolate cultured from PIF, of which the PFGE pattern matched the blood sample of an infected neotate in a neonatal intensive care unit (NICU) in Tennessee in 2001.
The infection cause the death of the neotate born 20 days previously.

Frontiers in Microbiology | Food Microbiology September 2013 | Volume 4 | Article 256 | 2



Yan et al. Complete genome-Cronobacter sakazakii SP291

DNA SEQUENCING, ANNOTATION, AND COMPARATIVE GENOMIC
ANALYSIS
Total genomic DNA was purified using a DNeasy Blood
and Tissue Kit (QIAGEN, Hilden, Germany) following the
manufacturer’s instructions. Concentrations were measured
using a Nanodrop® (ND 1000) spectrophotometer (Labtech
International Ltd., Luton, UK). Purified DNA was maintained
at "20!C until required. The whole genome sequencing and
assembly methodology is described elsewhere (Power et al.,
2013). The complete chromosome and plasmid sequences were
uploaded to the RAST (Rapid Annotation using Subsystem
Technology) (Aziz et al., 2008) annotation server in a FASTA
file format. The RAST server automatically identifies protein-
encoding, tRNA and rRNA genes, assigns their functions, pre-
dicts the presence of subsystems in the genome, and recon-
structs the metabolic network (Aziz et al., 2008). Genome to
genome comparative analysis was performed in the SEED viewer
as previously reported (Overbeek et al., 2005; Grim et al.,
2013). Three complete genomes of C. sakazakii ATCC BAA-
894 (Accession number CP000783-CP00785), C. sakazakii ES15
(Accession number CP003312) and C. turicensis z3032 (Accession
number FN543093-FN543096) were uploaded and annotated in
RAST, and used as reference sequences. Most probable insertion
or deletion genome regions of C. sakazakii SP291 were identified
as previously reported (Grim et al., 2013). In addition, nitrogen
metabolism genes, stress-coding genes, as well as antibiotic and
toxic compound resistant genes were determined based on signif-
icant identity alignments using BLAST. The genome sequence of
C. sakazakii SP291 was deposited in GenBank under the accession
numbers CP004091-CP004094. The accession numbers for other
genome sequences studied were included in Table 1.

PHENOTYPE MICROARRAY ANALYSIS
Phenotype microarray (PM) analysis was performed on C.
sakazakii ATCC BAA-894 and C. sakazakii SP291 using the
OmniLog® automated incubator/reader (Biolog Inc., Hayward,
USA) following manufacturer’s instruction. All 20 plates (PM-1
through PM-20) inoculated with bacterial cell suspensions, were
incubated at 37!C and cell respiration was measured every 15 min
for 48 h. The tetrazolium redox dye is reduced when bacteria
respire, which provides both amplification and quantitation of
the phenotype. Analysis was carried out using OmniLog® phe-
notype microarray software v1.2 to determine the phenotypic
differences. Negative control wells, which contained the inocu-
lated Omnilog™ growth medium, but without any substrate, were
measured to normalize differences in inocula and redox dye oxi-
dation between samples. The respiration profiles for both strains
were compared using PM’s integration function software and a
significant divergent phenotype was identified when a difference
in Omnilog™ units of 20, 000 ± 1800 or greater between the two
strains was obtained.

RESULTS AND DISCUSSION
Cronobacter sakazakii SP291 GENOME
The complete genome sequence of C. sakazakii SP291 is com-
posed of a single, circular chromosome, 4.34 Mb in length with an
average GC content of 56.9% along with three plasmids (denoted

as pSP291-1, 118.136 kb, 57.2% GC; pSP291-2, 52.134 kb, 49.2%
GC and pSP291-3, 4.422 kb, 54.0% GC) (Accession number
CP004091-CP004094). The general features of the genome are
presented in Table 2. A total of 4129 genes were identified on the
chromosome, including 82 tRNA and 22 rRNA genes. The pro-
tein coding sequence (CDS) represents 86.3% of the genome and
is organized into 4025 CDS, with an average length of 931 nucleic
acids (Figure A1). From the annotation of the three plasmids, it
was determined that 116 genes cover 87.1% of pSP291-1, 74 genes
cover 77.2% of pSP291-2 and 7 genes were located on pSP291-3
and accounts for 48.6% of this structure.

COMPARATIVE GENOMIC ANALYSIS OF C. sakazakii SP291 WITH
THREE OTHER COMPLETED Cronobacter GENOMES
Cronobacter sakazakii SP291 and three other completed genomes:
C. sakazakii ATCC BAA-894, C. sakazakii ES15 and C. turicensis
z3032 were compared (Figure 1). For the purposes of this com-
parison, the C. sakazakii ATCC BAA-894 genome was used as the
reference. Five genomic regions (denoted as GR-1 through "5,
in Figure 1A) were identified and these were present in the other
genomes but missing in C. sakazakii SP291 (Table S1). These GRs
are discussed in detail below.

Several unique prophages or phage-like elements of C.
sakazakii ATCC BAA-894 were noted in GR-1 (genome
positions 578,739. . .601,816), GR-3 (genome positions
2,245,990. . .2,272,660) and GR-4 (genome positions
2,962,630. . .3,022,134). Three specific genes were observed
in GR-1, which included the DNA-methyltransferase subunit M
and the S subunit of a type I restriction-modification system,
along with a zinc binding domain/DNA primase, which is a phage
P4-associated/replicative helicase denoted as RepA. A lambda
phage portal protein, a large subunit of a terminase enzyme,
along with some hypothetical proteins were noted in GR-3. In
GR-4, a 1478 bp uncharacterized translocase gene required for
O-antigen conversion and two-recombination genes, part of the
bacteriophage ninR region, and denoted as ninB and ninG were
identified. These annotations confirmed those previous reported
(Kucerova et al., 2010). Interstingly, a putative bactoprenol

Table 2 | General features of the C. sakazakii SP291 genome.

Feature Chromosome Plasmids

pSP291-1 pSP291-2 pSP291-3

Size (bp) 4,344,092 118,136 52,134 4,422
Predicted
CDS

4025 116 74 7

GC content
(%)

56.9 57.2 49.2 54.0

Coding
regions (%)

86.3 87.1 77.2 48.6

Average
CDS length
(bp)

931 887 544 307

tRNA 82 nil nil nil
rRNA 22 nil nil nil
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FIGURE 1 | Genomic regions of C. sakazakii SP291 compared to three
completed genomes consists of C. sakazakii ATCC BAA 894, C. sakazakii
ES15, and C. turicensis z3032. (A) Regions absent in the genome of C.
sakazakii SP291 compared to the other three genomes. Reference genome:
C. sakazakii ATCC BAA-894; Outer circle: C. sakazakii ES15; Middle circle: C.

sakazakii SP291; Inner circle: C. turicensis z3032, see also Table S1. (B)
Regions present in the genome of C. sakazakii SP291 compared to the other
three genomes. Reference genome: C. sakazakii SP291; Outer circle: C.
sakazakii ATCC BAA-894; Middle circle: C. sakazakii ES15; Inner circle: C.
turicensis z3032, see also Table S2.

glucosyl transferase was identified in C. sakazakii ATCC BAA-
894, and shared with C. sakazakii ES15 and C. turicensis z3032,
but not C. sakazakii SP291. Regulatory protein CII along with a
phage Kil protein were annotated in C. sakazakii ATCC BAA-894
but not C. sakazakii SP291. Although protein CII was absent in C.
turicensis z3032, the Kil protein was present (Stephan et al., 2011).
A recently sequenced phage denoted as, phiES15, contained cII
and kil (Lee et al., 2012). Unique transposon genes were noted
in GR-2 (genome positions 1,722,846. . .1,742,692) and GR-5
(genome positions 4,196,138. . .4,222,295). In GR-2, a large part
of the region containing tellurium resistance-encoding genes,
including terX, terW, terA, terB, terC, and terD, were identified, a
feature reported previously (Kucerova et al., 2010; Joseph et al.,
2012; Grim et al., 2013). GR-5 contained heavy metal efflux and
resistance genes, which consists of cusS, cusR, cusC, cusF, czcB,
czcA, cusA, copG, pcoS, pcoB, and pcoA (Kucerova et al., 2010;
Joseph et al., 2012). Further detailed information related to the
corresponding phenotypes is outlined below (see also Table S1).

Genes unique to C. sakazakii SP291 were also noted and
these were used as a reference to interrogate the genomes of
the other strains. Six genomic regions (Figure 1B, denoted as
GR-a through -f, Table S2) were identified as being unique to
C. sakazakii SP291. GR-a (genome regions 319,823. . .350,809),
GR-d (genome regions 1,643,874. . .165,774) and GR-e (genome
regions 2,471,984. . .2,499,614) contained a set of phage- and
phage-related proteins along with some hypothetical proteins. A
phage regulatory CII-like protein was identified in C. sakazakii
SP291 and mapped within GR-a, which also matched a similar
homolog observed in C. turicensis z3032. A holin protein, which
controls the length of an infective cycle for bacteriophage (Wang
et al., 2000), together with membrane proteins related to metal-
loendopeptidases were present in C. sakazakii SP291 alone, being
located in GR-e. In GR-b (genome regions 618,890. . .638,586),
a YkfI toxin-encoding protein along a YfjZ-antitoxin encoding
protein (the corresponding antitoxin to YpjF) were identified
and unique to C. sakazakii SP291. This toxin-antitoxin protein
pair was also reported in E. coli previously and was shown to
regulate cell death through the disruption of essential cellular pro-
cesses (Brown and Shaw, 2003). It has been proposed by Lewis

(2000) that, under some circumstances, it may be evolution-
arily advantageous for some cells in a population to undergo
programmed cell death in order to provide nutrients for the
remainder. Toxin-antitoxin pairs were noted in a previous study
as most Cronobacter genomes contain a large number of them,
which might be conserved, shared, or unique (Grim et al., 2013).
GR-c (genome regions 891,557. . .912,700) contains seven inter-
esting genes, which includes an uncharacterized protein YeeT, a
NgrB protein, an ATP-dependent Clp protease, an ATP-binding
subunit ClpA, a small HspC2 heat shock protein, a galactoside O-
acetyltransferase-encoding gene and an anti-restriction protein
KlcA which have been reported as a component part of a type
I DNA restriction system (Serfiotis-Mitsa et al., 2010). A heli-
case protein, a glycerol dehydrogenase enzyme-encoding gene,
and a DNA-cytosine methyltransferase were identified within
GR-f (genome regions 3,363,441. . .3,392,072). Of note, a type
I restriction-modification system, specificity the S-subunit-like
gene, was identified in C. sakazakii SP291, a feature which was
noted earlier in C. sakazakii ATCC BAA-894 (Kucerova et al.,
2010; Joseph et al., 2012).

COMPARATIVE GENOMIC ANALYSIS OF C. sakazakii SP291 AND
SELECTED AVAILABLE GENOMES WITHIN THIS GENUS
Two earlier studies described the core genome of Cronobacter
(Joseph et al., 2012; Grim et al., 2013). The availability of C.
sakazakii SP291 genome has provided an opportunity to re-
evaluate the content of the Cronobacter core gemome, comparing
it to other currently available genome sequences within the genus.
Thus, a comparison between C. sakazakii SP291 and 16 other
Cronobacer genomes (Table 1) was performed in SEED viewer
server.

Within the 11 Cronobacter sakazakii isolates compared, 57
annotated genes were present in C. sakazakii SP291, but absent
in all other genomes, including 41 hypothetical proteins, 12
phage- and prophage-related genes/proteins and four other
genes/proteins (Table S3). Among all seven Cronobacter species,
there were 154 annotated genes/proteins absent in other species,
including 122 hypothetical proteins, 4 phage- and prophage-
related genes/proteins and 28 unique genes/proteins (Table S4).
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Interestingly, a conserved domain protein was identified that
was unique to C. sakazakii SP291, which is associated with
retron-type reverse transcriptase. Fifteen genes were shared with
other species by C. sakazakii SP291, but were absent in all the
C. sakazakii genomes compared to date, and these consisted
of a retron-type RNA-directed DNA polymerase, a holin pro-
tein which controls the timing of bacteriophage infections as
mentioned earlier, a topoisomerase IA-encoding protein, and 12
phage- and prophage-related proteins. There were 31 proteins,
which are only shared with some of the C. sakazakii genomes
by C. sakazakii SP291 and which were absent among the other
six species. These included a sodium-dependent phosphate trans-
porter protein, a RelE antibacterial toxin protein, a RelB pro-
tein (antitoxin to RelE), a probable poly (beta-D-mannuronate)
O-acetylase protein, two putative periplasmic proteins, a pos-
sible secretory protein, a GTPase protein, denoted as NgrB, a
mobile element protein, a galactoside O-acetyltransferase pro-
tein, a mannose-6-phosphate isomerase, class I protein, a dif-
ferent locus type I restriction-modification system, specificity
the S subunit-like protein, a predicted transcriptional regulator
COGs COG2378, permeases of the major facilitator superfamily,
a superfamily II DNA/RNA helicases, SNF2 family, a DNA mod-
ification methylase, an IS1 transposase OrfA protein, a probable
tonB-dependent receptor yncD precursor, a putative ORF-4 pro-
tein, a putative ORF (located using Glimmer/Genemark), seven
beta-fimbriae probable major subunits, and four phage related
proteins.

ANNOTATED PLASMIDS CONTAINED IN C. sakazakii SP291
Cronobacter sakazakii SP291 contains three plasmids, including
pSP291-1, 118,136 bp (57.2% GC), pSP291-2, 52,134 bp (49.2%)
and pSP291-3, 4,422 bp (54.0% GC). The predicted CDS of
pSP291-1 was found to be 116, with the average length of 887 bp,
while pSP291-2 has 74 CDS with an average length of 544 bp, and
pSP291-3 has seven CDS and with the average length of 307 bp
(Table 2). Comparision of all three plasmids with five previously
published plasmid sequences (including pESA2 and pESA3 of
C. sakazakii ATCC BAA-894; along with pCTU1, pCTU2, and
pCTU3 of C. turicensis z3032) indicated two closely related plas-
mid groups. Plasmid group 1, contains pSP291-1, pESA3, and
pCTU1, while plasmid group 2, consists of pSP291-2 and pCTU3
(Figures A2, A3, and Table S5).

Several common genes were identified in plasmid group 1,
These consisted of a complete ABC transporter (which could
function to transport iron; vitamin B12; siderophores and
hemin), including the ATP-binding component, the periplasmic
substrate-binding module and the permease element. These genes
were identified in all three plasmids. An aerobactin siderophore
receptor (the IutA/TonB-dependent siderophore receptor) was
shared between the three plasmids, while a Cronobacter plasmino-
gen activator (cpa) homolog has only been mapped to pESA3
and pSP291-1, but not pCTU1, which is in agreement with the
results reported by Franco et al. (2011) and Grim et al. (2012)
(Figure A2). Three arsenical resistance genes were identified on
all three plasmids along with pCTU3. Genes corresponding to
commonly shared proteins on all three plasmids included a
C-terminal helicase protein, a HipA protein previously reported

to be required for growth arrest and multi-drug resistance in
Escherichia coli (Correia et al., 2006), a hypothetical-encoding
gene ycgF reported to be a direct anti-repressor which acts in the
blue-light response of E. coli (Tschowri et al., 2009), a starvation
sensing protein RspA, a magnesium transporting P-type 1 ATPase
protein, transcriptional regulators, including members of ArsR
family, GntR family (Kucerova et al., 2010; Joseph et al., 2012),
LysR family and TetR-family, a MFS superfamily transporter, a
Trk system encoding the potassium uptake protein TrkG, and an
uncharacterized protein ImpD. A two-component response reg-
ulator protein, a two-component system sensor protein, three
uncharacterized proteins ImpB, ImpC, and ImpJ/VasE, a glu-
tathione S-transferase protein, a membrane protein, suppressor
for copper-sensitivity ScsB, a hypothetical ABC transport system,
periplasmic component, a RND efflux transporter, a suppression
of copper sensitivity: putative copper binding protein ScsA were
shared between pSP291-1 and pESA3, but not pCTU1, which
confirmed the findings from previous studies (Kucerova et al.,
2010; Joseph et al., 2012). In plasmid group 2, 15 heavy metal (cop-
per, cobalt, zinc, cadmium, lead, and mercury) resistance genes
were shared by both plasmids (Figure A3). An osmosensitive
K+ channel histidine kinase protein (KdpD), and a virulence-
associated protein vagC were also present in both plasmids.
PCR analysis confirmed the presence of a pCTU3 IncH1-like
origin of replication gene, repA in C. sakazakii SP291 (data
not shown).

Interestingly, pSP291-1 contained two unique proteins, a
histone acetyltransferase HPA2 and related acetyltransferases pro-
tein, along with an uncharacterized protein ImpH/VasB. Six spe-
cific proteins were found in pSP291-2, which included a putative
glutathione S-transferase protein, a LysR family transcriptional
regulator, a putative phage-associated acyl carrier protein, a S-
adenosylmethionine: tRNA ribosyltransferase-isomerase protein,
permeases of the major facilitator superfamily and an abortive
infection protein. Various pSP291-3 proteins including mobiliza-
tion proteins MobB, MobC, MobD, and DNA relaxase MbeA,
which were not shared with any of the other plasmids, were also
identified.

COMPARATIVE PHENOTYPIC PROFILING OF C. sakazakii ATCC BAA-894
AND SP291
The phenotypic microarray (PM) platform was used previously
to support the re-classification of this bacterial genus (Iversen
et al., 2008). By comparing the phenotypes of C. sakazakii ATCC
BAA-894 and C. sakazakii SP291 expressed across the complete
array, interesting differences were observed and these were sub-
sequently assessed in light of comparisons made at the genome
level despite of the same PIF orgin. General differences, noted
in the phenotypes between the two strains were described in the
form of a heat map shown in Figure 2 (the corresponding numer-
ical data is shown in Table S6). Phenotypic differences based
on the bacteria’s ability to utilize carbon, nitrogen, phosphorous
and sulfur sources, as well as other nutrient supplements were
noted. Furthermore, growth responses to osmolytes and differ-
ent pH growth environments, as measured by the array were also
observed for both strains. Antibiotic resistance patterns and the
ability to respire in the presence of toxic compounds differed.
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FIGURE 2 | (A–D) Heat map of phenotype microarray (PM). Left lane, C. sakazakii SP291; Right lane, C. sakazakii ATCC BAA-894.

Carbon, nitrogen, phosphorous, and sulfur, other nutrient
supplement metabolite utilization
Bacteria require a sufficient supply of various biomolecules to
support their metabolic activity. In natural environments, where
these bacteria are often found, it is to be expected that only limited
amounts of these nutrients may be available. To support efficient
adaptation and to enable growth in these conditions, bacteria will
evolve redundant metabolic systems to support the utilization of
a broad range of different substrates, with varying efficiencies.
The PM array data gives an insight into how these features differ,
between C. sakazakii SP291 and C. sakazakii ATCC BAA-894.

A number of phenotypic differences based on their ability
to utilize a range of carbon sources were noted (Figure 2A and
Table S6). When compared with C. sakazakii ATCC BAA-894, C.
sakazakii SP291 could grow faster in m-inositol and slower in
succinic acid, dulcitol, D,L-!-glycerol phosphate, D,L-malic acid,
Tween 20, !-ketoglutaric acid, uridine, bromosuccinic acid, gly-
colic acid, inosine, and dextrin. In contrast there were little or
no differences in growth rates when other carbon sources such as
methyl pyruvate, mannose, and "-methyl-D-glucuronic acid were
compared.

Differences in phenotypes based on the metabolism of car-
bon sources were compared at the genome level within the
carbohydrate subsystem (Table S7). Interestingly, nine inositol
catabolism genes were annotated in the C. sakazakii SP291
genome (Table S8), which supported the PM data. Furthermore,
a pentose phosphate pathway gene, a lactose utilization gene, and
a sucrose utilization gene were also annotated in the C. sakaza-
kii SP291 genome specifically although no evidence to support
their activity was found following PM analysis. Similarly, a mal-
tose and maltodextrin utilization gene and a lactate utilization
gene were annotated in C. sakazakii ATCC BAA-894 alone, with
supporting evidence for the activity lacking from the PM array

data. In all, 428 annotated genes related to carbon metabolism
were shared between C. sakazakii ATCC BAA-894 and C. sakazakii
SP291, which included 10 chitin and N-acetylglucosamine uti-
lization genes, five fructoselysine (amadori product) utilization
pathway genes, five dehydrogenase complexes genes, a dihydrox-
yacetone kinases gene, 14 Entner-Doudoroff pathway genes, and
others.

Dancer et al. (2009a,b) reported that for Cronobacter species
the availability and utilization of a nitrogen source was an impor-
tant determinant for biofilm formation when growing in skim
milk, and that strong biofilm formers were responsible for coagu-
lation of skim milk (Dancer et al., 2009a). Data from the pheno-
typic microarray, showed no differences in nitrogen metabolism
when C. sakazakii ATCC BAA-894 and C. sakazakii SP291 were
compared (Figure 2B and Table S6). Interestingly, when regions
of these two genomes known to encode genes associated with
nitrogen metabolism were compared, a 16-kb locus, consisting of
eight genes was found to be absent in C. sakazakii SP291 com-
pared to C. sakazakii ATCC BAA-894 (Table 3). BLAST analysis
of the region facilitated the identification of the corresponding
genes located at this position. This locus, contained two nitrate
transport proteins NrtB and NrtC, two nitrite reductase pro-
teins NasB and NasA, a respiratory nitrate reductase NarL, a
nitrate/nitrite-sensing protein NarX, a nitrite extrusion protein 1
NarK, and a nitrate reductase 1, alpha subunit NarG. This region
was also present in C. sakazakii ES15 and C. turicensis z3032.
Furthermore, 24 nitrate genes were broadly shared between both
of the genomes, which was supported by data from the PM
analysis.

C. sakazakii SP291 was found to grow significantly
slower in minimal media supplemented with phosphorous
containing compounds (Figure 2A and Table S6), particularly in
O-phospho-D-tyrosine, phospho-L-arginine, D,L-!-glycerol
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Table 3 | Genes associated with nitrogen metabolism, comparing C. sakazakii SP291 and C. sakazakii ATCC BAA 894.

Function Gene Size (bp) C. sakazakii SP291 C. sakazakii ATCC BAA-894

Nitrite-sensitive transcriptional repressor NsrR nsrR 426 166,807. . .167,232 171,773. . .172,198
Nitrogen regulatory protein P-II glnB 339 729,723. . .730,061 676,465. . .676,803
Flavohemoprotein (Hemoglobin-like protein)
(Flavohemoglobin) (Nitric oxide dioxygenase)

hmp 1191 731,488. . .730,298 677,084. . .678,274

Nitrate/nitrite response regulator protein narP 645 809,507. . .810,151 756,306. . .756,950
Nitrogen assimilation regulatory protein Nac nac 918 1,231,697. . .1,232,614 1,195,036. . .1,195,953
Response regulator NasT nasT 1203 1,528,174. . .1,529,376 1,450,050. . .1,451,252
Nitrate ABC transporter, nitrate-binding protein nrtA 1251 1,530,111. . .1,531,361 1,451,992. . .1,453,242
Nitrate ABC transporter, permease protein nrtB 881 Absent 1,453,252. . .1,454,133
Nitrate ABC transporter, ATP-binding protein nrtC 788 Absent 1,454,143. . .1,454,931
Nitrite reductase [NAD(P)H] large subunit nasB 4067 Absent 1,454,941. . .1,459,008
Assimilatory nitrate reductase large subunit nasA 2702 Absent 1,459,005. . .1,461,707
Nitrate/nitrite response regulator protein narL 651 Absent 1,463,744. . .1,464,394
Nitrate/nitrite sensor protein narX 1809 Absent 1,464,387. . .1,466,195
Nitrite extrusion protein 1 narK 1407 Absent 1,466,493. . .1,467,899
Respiratory nitrate reductase alpha chain narG 3747 Absent 1,468,317. . .1,472,063
Respiratory nitrate reductase beta chain narH 1311 1,531,371. . .1,532,681 1,472,060. . .1,473,595
Respiratory nitrate reductase delta chain narJ 711 1,532,678. . .1,533,388 1,473,592. . .1,474,302
Respiratory nitrate reductase gamma chain narI 678 1,533,388. . .1,534,065 1,474,302. . .1,474,979
Oxygen-insensitive NAD(P)H
nitroreductase/Dihydropteridine reductase

nfnB 645 1,851,923. . .1,852,567 1,807,325. . .1,807,969

ABC-type nitrate/sulfonate/bicarbonate
transport systems, periplasmic components

1161 1,856,747. . .1,857,907 1,812,312. . .1,813,310

Fumarate and nitrate reduction regulatory
protein

fnr 753 1,932,047. . .1,932,799 1,887,404. . . 1,888,156

Hydroxylamine reductase hcp 1653 2,402,562. . .2,404,214 2,413,065. . .2,414,717
NADH oxidoreductase hcr hcr 969 2,404,225. . .2,405,193 2,414,728. . . 2,415,696
Oxygen-insensitive NADPH nitroreductase nfsA 723 2,428,664. . .2,429,386 2,434,920. . .2,434,198
Nitrilotriacetate monooxygenase component B 618 2,510,602. . .2,511,219 2,487,772. . .2,488,389
Nitrogen regulatory protein P-II glnK 339 2,833,540. . .2,833,878 2,792,459. . .2,792,797
PTS system nitrogen-specific IIA component,
PtsN

ptsN 534 3,536,000. . .3,536,533 3,531,047. . .3,531,580

Phosphocarrier protein, nitrogen regulation
associated

ptsO 273 3,537,449. . .3,537,721 3,532,496. . .3,532,768

Nitrogen regulation protein NR(I) glnG 1410 4,009,029. . .4,010,438 3,993,113. . .3,994,522
Nitrogen regulation protein NR(II) glnL 1050 4,010,447. . .4,011,496 3,994,531. . .3,995,580
Nitrite reductase [NAD(P)H] small subunit nirD 327 4,309,983. . .4,310,309 4,334,267. . .4,334,593
Nitrite reductase [NAD(P)H] large subunit nirB 2547 4,310,306. . .4,312,852 4,334,590. . .4,337,136

phosphate, "-glycerol phosphate, phosphoryl choline,
phosphoenol pyruvate, D-glucose-6-phosphate, adenosine
3#-monophosphate, guanosine 2#-monophosphate, guanosine
3#-monophosphate, guanosine 5#-monophosphate, guanosine
2#,3#-cyclic monophosphate, cytidine 2#-monophosphate, cyti-
dine 3#-monophosphate, thymidine 5#-monophosphate, and
uridine 5#-monophosphate. Genome annotation provided a
conflicting view as determined by the genes identified (Table S9).
Twenty-nine phosphorus metabolism genes were broadly shared
between C. sakazakii SP291 and C. sakazakii ATCC BAA-894,
including eight high affinity phosphate transporters and con-
trol of pho-related regulon genes, 18 phosphate metabolism
genes, and three polyphosphate genes. Cronobacter species
cultured from a PIF production site were compared for their

ability to grow in different food matrices (Cooney, 2012).
Some demonstrated a slower growth rate compared to others, a
feature that might contribute to their enhanced survival in this
environment.

No differences in the metabolism of sulfur containing com-
pounds were observed following a comparison of these strains
after PM analysis (Figure 2A and Table S6). Forty-nine sulfur
metabolism genes were shared by C. sakazakii ATCC BAA-894
and C. sakazakii SP291 (Table S10). These consisted of 17 inor-
ganic sulfur assimilation genes, eight alkanesulfonate assimila-
tion genes, five alkanesulfonates utilization genes, six L-cystine
uptake and metabolism genes, four taurine utilization genes,
three galactosylceramide and sulfatide metabolism genes, and six
thioredoxin-disulfide reductase genes.
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Iron is an essential nutrient for bacterial growth and the
process of iron acquisition is generally thought to be a prereq-
uisite for a pathogen to establish an infection when entering a
host, a feature previously reported in Cronobacter species (Crosa
and Walsh, 2002; Franco et al., 2011; Grim et al., 2012). High-
affinity iron binding molecules, such as siderophores, and specific
iron transport systems function to sequester iron from the envi-
ronment when bacteria are subjected to iron-limiting growth
conditions (Grim et al., 2012). Interestingly, analysis of the PM
data showed no major differences between C. sakazakii SP291
and C. sakazakii ATCC BAA-894, in terms of their metabolism
of iron or other nutrient supplements. Several transport sys-
tems were annotated in C. sakazakii SP291, and which are shared
with C. sakazakii ATCC BAA-894 (Kucerova et al., 2010; Joseph
et al., 2012), including a ferric hydroxamate ABC transporter
denoted as FhuCDBA, 16 ferric enterobactin transporter pro-
teins (including EntA, EntE, EntD, EntB, Fes, EntS, EntF, YbdZ,
FepC, FepD, FepG, FepE, FepB, EntC, FepA2, and EntH), a fer-
rous iron transporter EfeUOB, along with a hemin transporter
system, including a ferric reductase protein FhuF and a periplas-
mic binding protein TonB. A gene summary of iron acquisition
and metabolism markers in C. sakazakii SP291 chromosome is
shown in Table S11.

Additionally, iron acquisition and metabolism genes were also
identified on pSP291-1 (Table S5), which were indistinguishable
from that previously reported to be present on pESA3 of C.
sakazakii ATCC BAA-894 (Kucerova et al., 2010; Joseph et al.,
2012) and pCTU1 of C. turicensis z3032 (Franco et al., 2011;
Grim et al., 2012). Target genes from previous reports, such as
the RepFIB-like origin of replication gene repA, two plasmid-
borne iron acquisition systems (eitCBAD and iucABCD/iutA), as
well as the Cronobacter plasminogen activator cpa gene were all
present in pSP291-1, with no evidence of the 17-kb type VI secre-
tion system (T6SS) locus identified previously in pESA3 along
with a 27-kb region encoding a filamentous hemagglutinin gene
(fhaB), its specifc transporter gene (fhaC), and associated puta-
tive adhesins (FHA locus) identified in pCTU1 (Kucerova et al.,
2010; Franco et al., 2011; Grim et al., 2012, 2013; Joseph et al.,
2012). These features support the hypothesis that these plasmids
have evolved from a single archetypal backbone that included an
iron acquisition system. Our sequence analysis and those of other
groups (Joseph et al., 2012; Grim et al., 2013) did not find evi-
dence of plasmid mobilization genes associated with the several
plasmid group 1 genomes.

Osmolyte tolerance and survival in different pH environments
When present in different environments, bacteria must develop
strategies that promote their survival. Genetic adaptation is
derived from modifications of gene expression, via mutations, the
acquisition of new and beneficial gene traits, or when these new
traits are brought under control of a regulator that was already
present in the core genome of the organism’s ancestor (Maurelli,
2007). The outcome is that the organism is now better equipped
to survive within the new ecological niche. It is generally thought
that genes that are no longer compatible with the new lifestyle are
selectively inactivated either by point mutation, insertion, or dele-
tion and the contribution of gene loss to an organism’s evolution

is only now beginning to be appreciated (Maurelli, 2007). Based
on our understanding of Cronobacter species epidemiology, these
organisms are considered as environmental bacteria. Therefore
their ability to survive adverse conditions would be critical.
Phenotypes associated with growth in a range of osmolytes and in
different pH growth environments were measured by PM analysis
(Figure 2C and Table S6) as an indirect reflection of challenging
environmental niches. In response to the presence of osmolytes,
C. sakazakii SP291 could tolerate 100 mM sodium nitrate com-
pared with C. sakazakii ATCC BAA-894. In contrast, the former
grew slower in solutions containing 5% NaCl, 4% potassium
chloride, 4% urea, 4–11% sodium lactate, 200 mM sodium phos-
phate at pH 7 and 20 mM sodium benzoate at pH 5.2. These
observations are consistent with what has been suggested previ-
ously, in that when a selected adaptation event occurs, and the
bacterium enters a new environment such as the human host,
phenotypes change (Tall, unpublished observations). Comparing
the ability of the environmental isolate C. sakazakii SP291 to sur-
vive over a range of different pH growth conditions with that
of the PIF isolate C. sakazakii ATCC BAA-894, the former grew
faster in a growth condition of pH 9.5 with phenylethylamine,
whilst its growth was slower in pH 4.5 with L-proline. This exam-
ple demonstrates the gain of one phenotype consistent with the
inability to survive in the human host (ability to survive in high
pH growth conditions) compared to the loss of a sufficient acid
resistance response. In this case, the pathoadaptative event that
resulted in an increased persistence in the environment comes
at the expense of decreased commensal fitness of the microbe
(a patent acid response) to survive the acidity of the stomach.
However, a greater number of genomes and strains should be
evaluated to rule out strain to strain variation.

Annotation of the genome suggested that C. sakazakii SP291
contained a repertoire of genes that could function to aid sur-
vival under stressed conditions, such as osmolyte tolerance and
different pH environments (Table 4). One hundred and fifty-two
annotated genes were identified as being involved with various
stress responses. Their presence in the genome may provide early
insights into how C. sakazakii SP291 adapts to and survives under
different stressful growth conditions.

In recent studies involving Salmonella species, a picture of the
transcriptome in low-moisture growth conditions has begun to
emerge (Frossard et al., 2012; Finn et al., 2013). Allied to this, 25
genes involved in osmotic stress, and covering 16.4% of the stress
response genes were identified in C. sakazakii SP291. Interestingly,
the osmoprotectant ABC transporter denoted as YehZYXW in the
Cronobacter genome, together with the L-proline glycine betaine
MFS transporter ProP, and the ABC transporter ProU systems
(composed of ProV, ProW, ProX) designed in Escherichia coli
(Checroun and Gutierrez, 2004) and Salmonella Typhimurium
(Cairney et al., 1985) were identified in the C. sakazakii SP291
genome. Moreover, an osmoregulator transporter including genes
opuCA, opuCB, opuCC, and a fourth gene, which was also an
ABC transporter denoted as opuCD here, was 77% similar to that
of the osmU operon (osmVWXY) in Salmonella (Frossard et al.,
2012) at the gene level. Other osmotically functioning genes iden-
tified included the betaine/carnitine/choline transporter (BCCT)
family, which acts to transport betaine and choline. This operon
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Table 4 | A selection of the stress response-encoding genes, the defined sub-system, together with the gene name, length of the ORF and
correspondoing function, identified in C. sakazakii SP291.

Category Sub-system Gene Size (bp) Function

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

betB 1472 Betaine aldehyde dehydrogenase

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

betA 1679 Choline dehydrogenase

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

betI 608 HTH-type transcriptional regulator BetI

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

betT 2030 High-affinity choline uptake protein BetT

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

opuCA 1145 Glycine betaine/carnitine/choline transport ATP-binding
protein OpuCA

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

opuCB 647 Glycine betaine/carnitine/choline transport ATP-binding
protein OpuCB

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

opuCC 905 Glycine betaine/carnitine/choline transport ATP-binding
protein OpuCC

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

opuCD 713 Glycine betaine/carnitine/choline transport ATP-binding
protein OpuCD

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

proP 1506 L-Proline/Glycine betaine transporter ProP

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

proV 1202 L-Proline/Glycine betaine ABC transport system permease
protein ProV

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

proW 1070 L-proline glycine betaine ABC transport system permease
protein ProW

Osmotic stress Choline and betaine uptake and betaine
biosynthesis

proX 995 L-proline glycine betaine binding ABC transporter protein
ProX

Osmotic stress Osmoprotectant ABC transporter
YehZYXW of enterobacteriales

yehX 941 Osmoprotectant ABC transporter ATP-binding subunit YehX

Osmotic stress Osmoprotectant ABC transporter
YehZYXW of enterobacteriales

yehZ 908 Osmoprotectant ABC transporter binding protein YehZ

Osmotic stress Osmoprotectant ABC transporter
YehZYXW of enterobacteriales

yehW 731 Osmoprotectant ABC transporter inner membrane protein
YehW

Osmotic stress Osmoprotectant ABC transporter
YehZYXW of enterobacteriales

yehY 1133 Osmoprotectant ABC transporter permease protein YehY

Osmotic stress Osmoregulation aqpZ 695 Aquaporin Z
Osmotic stress Osmoregulation glpF 848 Glycerol uptake facilitator protein
Osmotic stress Osmoregulation osmY 614 Osmotically inducible protein OsmY
Osmotic stress Osmoregulation ompA 1076 Outer membrane protein A precursor
Osmotic stress Osmoregulation yiaD 662 Inner membrane lipoprotein yiaD
Osmotic stress Osmotic stress cluster yciM 1169 Heat shock (predicted periplasmic) protein YciM, precursor
Osmotic stress Osmotic stress cluster osmB 215 Osmotically inducible lipoprotein B precursor
Osmotic stress Osmotic stress cluster pgpB 764 Phosphatidylglycerophosphatase B
Osmotic stress Osmotic stress cluster yciT 800 Transcriptional regulatory protein YciT
Osmotic stress Synthesis of osmoregulated periplasmic

glucans
mdoH 2528 Glucans biosynthesis glucosyltransferase H

Osmotic stress Synthesis of osmoregulated periplasmic
glucans

mdoC 1157 Glucans biosynthesis protein C

Osmotic stress Synthesis of osmoregulated periplasmic
glucans

mdoD 1715 Glucans biosynthesis protein D precursor

Osmotic stress Synthesis of osmoregulated periplasmic
glucans

mdoG 1553 Glucans biosynthesis protein G precursor

Osmotic stress Synthesis of osmoregulated periplasmic
glucans

opgC 1220 OpgC protein

Osmotic stress Synthesis of osmoregulated periplasmic
glucans

mdoB 2294 Phosphoglycerol transferase I

(Continued)
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Table 4 | Continued

Category Sub-system Gene Size (bp) Function

Cold shock Cold shock, CspA family of proteins cspA 212 Cold shock protein CspA
Cold shock Cold shock, CspA family of proteins cspC 209 Cold shock protein CspC
Cold shock Cold shock, CspA family of proteins cspD 230 Cold shock protein CspD
Cold shock Cold shock, CspA family of proteins cspE 209 Cold shock protein CspE
Cold shock Cold shock, CspA family of proteins cspG 212 Cold shock protein CspG
Heat shock Heat shock dnaK gene cluster extended dnaJ 1139 Chaperone protein DnaJ
Heat shock Heat shock dnaK gene cluster extended dnaK 1700 Chaperone protein DnaK
Heat shock Heat shock dnaK gene cluster extended yggX 275 FIG001341:,Probable Fe(2+)-trafficking protein YggX
Heat shock Heat shock dnaK gene cluster extended gshB 947 Glutathione synthetase
Heat shock Heat shock dnaK gene cluster extended grpE 602 Heat shock protein GrpE
Heat shock Heat shock dnaK gene cluster extended rdgB 593 Nucleoside 5-triphosphatase RdgB (dHAPTP, dITP,

XTP-specific)
Heat shock Heat shock dnaK gene cluster extended rpoH 857 RNA polymerase sigma factor RpoH
Heat shock Heat shock dnaK gene cluster extended hemN2 1136 Radical SAM family enzyme, similar to coproporphyrinogen

III oxidase, oxygen-independent, clustered with
nucleoside-triphosphatase RdgB

Heat shock Heat shock dnaK gene cluster extended rph 635 Ribonuclease PH
Heat shock Heat shock dnaK gene cluster extended rsmE 731 16S rRNA methyltransferase RsmE
Heat shock Heat shock dnaK gene cluster extended prmA 881 Ribosomal protein L11 methyltransferase
Heat shock Heat shock dnaK gene cluster extended hslR 401 Ribosome-associated heat shock protein implicated in the

recycling of the 50S subunit (S4 paralog)
Heat shock Heat shock dnaK gene cluster extended lepA 1799 Translation elongation factor LepA
Heat shock Heat shock dnaK gene cluster extended yraL 860 rRNA small subunit methyltransferase I
Heat shock Heat shock dnaK gene cluster extended smpB 482 tmRNA-binding protein SmpB

Dessication stress O-antigen capsule important for
environmental persistence

yihT 875 Aldolase YihT

Dessication stress O-antigen capsule important for
environmental persistence

yihS 1241 Aldose-ketose isomerase YihS

Dessication stress O-antigen capsule important for
environmental persistence

yihQ 2030 Alpha-glucosyltransferase YihQ

Dessication stress O-antigen capsule important for
environmental persistence

yihW 806 DeoR-type transcriptional regulator YihW

Dessication stress O-antigen capsule important for
environmental persistence

yihO 1430 Glucuronide transport protein YihO

Dessication stress O-antigen capsule important for
environmental persistence

yihP 1406 Glucuronide transport protein YihP, homologous to YihO

Dessication stress O-antigen capsule important for
environmental persistence

yshA 686 Outer membrane sugar transport protein YshA

Dessication stress O-antigen capsule important for
environmental persistence

yihU 899 Oxidoreductase YihU

Dessication stress O-antigen capsule important for
environmental persistence

yihV 899 Sugar kinase YihV

Dessication stress O-antigen capsule important for
environmental persistence

yihR 866 Sugar-1-epimerase YihR

Detoxification D-tyrosyl-tRNA(Tyr) deacylase dtd 437 D-tyrosyl-tRNA(Tyr) deacylase
Detoxification Glutathione-dependent pathway of

formaldehyde detoxification
frmA 1118 S-(hydroxymethyl)glutathione dehydrogenase

Detoxification Glutathione-dependent pathway of
formaldehyde detoxification

yieG 830 S-formylglutathione hydrolase YeiG

Detoxification Tellurite resistance: chromosomal
determinants

ydsK 980 Uncharacterized acetyltransferase ydcK

Detoxification Tellurite resistance: chromosomal
determinants

tehB 593 Tellurite resistance protein TehB

(Continued)
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Table 4 | Continued

Category Sub-system Gene Size (bp) Function

Detoxification Tellurite resistance: chromosomal
determinants

ydcL 668 Uncharacterized lipoprotein ydcL

Detoxification Uptake of selenate and selenite dedA 659 DedA protein
Detoxification Uptake of selenate and selenite cysA 1094 Sulfate and thiosulfate import ATP-binding protein CysA
Detoxification Uptake of selenate and selenite tsgA 1187 TsgA protein homolog

Oxidative stress Glutaredoxins yebA 1331 Uncharacterized metalloprotease yebA
Oxidative stress Glutaredoxins yibP 1259 Uncharacterized protein yibP
Oxidative stress Glutaredoxins hmp 1190 Flavohemoprotein (Hemoglobin-like protein)

(Flavohemoglobin) (Nitric oxide dioxygenase)
Oxidative stress Glutaredoxins grxB 647 Glutaredoxin 2
Oxidative stress Glutaredoxins grxC 251 Glutaredoxin 3 (Grx3)
Oxidative stress Glutaredoxins nrdH 245 Glutaredoxin-like protein NrdH, required for reduction of

Ribonucleotide reductase class Ib
Oxidative stress Glutaredoxins grlA 347 Probable monothiol glutaredoxin GrlA
Oxidative stress Glutathione: biosynthesis and

gamma-glutamyl cycle
ggt 1766 Gamma-glutamyltranspeptidase

Oxidative stress Glutathione: biosynthesis and
gamma-glutamyl cycle

gshA 1556 Glutamate-cysteine ligase

Oxidative stress Glutathione: biosynthesis and
gamma-glutamyl cycle

gshB 947 Glutathione synthetase

Oxidative stress Glutathione: non-redox reactions rnhA 716 FIG005121: SAM-dependent methyltransferase
Oxidative stress Glutathione: non-redox reactions gst1 668 Glutathione S-transferase
Oxidative stress Glutathione: non-redox reactions yghU 866 Uncharacterized Glutathione S-transferase like protein yghU
Oxidative stress Glutathione: non-redox reactions gst 608 Glutathione S-transferase
Oxidative stress Glutathione: non-redox reactions yqjG 986 Uncharacterized protein yqjG
Oxidative stress Glutathione: non-redox reactions gloB 755 Hydroxyacylglutathione hydrolase
Oxidative stress Glutathione: non-redox reactions gloA 407 Lactoylglutathione lyase
Oxidative stress Glutathione: non-redox reactions yfcF 644 Probable glutathione S-transferase, YfcF homolog
Oxidative stress Glutathione: non-redox reactions yfcG 626 Probable glutathione S-transferase, YfcG homolog
Oxidative stress Glutathione: non-redox reactions yibF 608 Uncharacterized GST-like protein yibF
Oxidative stress Glutathione: non-redox reactions yliJ 626 Uncharacterized glutathione S-transferase-like protein
Oxidative stress Glutathione: redox cycle grxB 635 Glutaredoxin 2
Oxidative stress Glutathione: redox cycle grxC 251 Glutaredoxin 3 (Grx3)
Oxidative stress Glutathione: redox cycle nrdH 245 Glutaredoxin-like protein NrdH, required for reduction of

Ribonucleotide reductase class Ib
Oxidative stress Glutathione: redox cycle btuE 551 Glutathione peroxidase
Oxidative stress Glutathione: redox cycle lpd 1427 Glutathione reductase
Oxidative stress Glutathione: redox cycle gor 1352 Glutathione reductase
Oxidative stress Glutathionylspermidine and Trypanothione yjfC 1187 Uncharacterized protein yjfC
Oxidative stress Glutathionylspermidine and Trypanothione ygiC 1160 Uncharacterized protein ygiC
Oxidative stress NADPH:quinone oxidoreductase 2 ytfG 854 Uncharacterized oxidoreductase ytfG
Oxidative stress NADPH:quinone oxidoreductase 2 qorR 380 Redox-sensing transcriptional regulator QorR
Oxidative stress Oxidative stress katG 2180 Catalase/peroxidase HPI
Oxidative stress Oxidative stress katE 2255 Hydroperoxidase II
Oxidative stress Oxidative stress fur 452 Ferric uptake regulation protein FUR
Oxidative stress Oxidative stress dps 503 DNA protection during starvation protein
Oxidative stress Oxidative stress fnr 752 Fumarate and nitrate reduction regulatory protein
Oxidative stress Oxidative stress oxyR 917 DNA-binding transcriptional regulator OxyR
Oxidative stress Oxidative stress dps 503 DNA protection during starvation protein
Oxidative stress Oxidative stress sodA 626 Manganese superoxide dismutase
Oxidative stress Oxidative stress nsrR 353 Nitrite-sensitive transcriptional repressor NsrR
Oxidative stress Oxidative stress dpS 503 Non-specific DNA-binding protein Dps
Oxidative stress Oxidative stress osmC 428 Organic hydroperoxide resistance

(Continued)
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Table 4 | Continued

Category Sub-system Gene Size (bp) Function

Oxidative stress Oxidative stress ohrR 548 Organic hydroperoxide resistance transcriptional regulator
Oxidative stress Oxidative stress yebS 1283 Inner membrane protein yebS
Oxidative stress Oxidative stress pqiA 1284 Paraquat-inducible protein A
Oxidative stress Oxidative stress yebT 2633 Uncharacterized protein yebT
Oxidative stress Oxidative stress ymbA 563 Uncharacterized lipoprotein ymbA
Oxidative stress Oxidative stress pqiB 1640 Paraquat-inducible protein B
Oxidative stress Oxidative stress katG 2180 Catalase/peroxidase HPI
Oxidative stress Oxidative stress soxR 458 Redox-sensitive transcriptional activator SoxR
Oxidative stress Oxidative stress soxS 323 Regulatory protein SoxS
Oxidative stress Oxidative stress sodC 518 Superoxide dismutase [Cu-Zn] precursor
Oxidative stress Oxidative stress zur 515 Zinc uptake regulation protein Zur
Oxidative stress Protection from reactive oxygen species katG 2180 Catalase/peroxidase HPI
Oxidative stress Protection from reactive oxygen species katE 2255 Hydroperoxidase II
Oxidative stress Protection from reactive oxygen species sodA 626 Manganese superoxide dismutase
Oxidative stress Protection from reactive oxygen species sodC 518 Superoxide dismutase [Cu-Zn] precursor
Oxidative stress Redox-dependent regulation of nucleus

processes
gapA1 995 NAD-dependent glyceraldehyde-3-phosphate

dehydrogenase
Oxidative stress Redox-dependent regulation of nucleus

processes
gapA2 996 NAD-dependent glyceraldehyde-3-phosphate

dehydrogenase
Oxidative stress Redox-dependent regulation of nucleus

processes
npdA 824 NAD-dependent protein deacetylase of SIR2 family

Oxidative stress Redox-dependent regulation of nucleus
processes

pncA 641 Nicotinamidase

Oxidative stress Redox-dependent regulation of nucleus
processes

pncB 1202 Nicotinate phosphoribosyltransferase

Periplasmic stress Periplasmic stress response htrA 1427 HtrA protease/chaperone protein
Periplasmic Stress Periplasmic stress response skp 494 Outer membrane protein H precursor
Periplasmic Stress Periplasmic stress response degQ 1367 Outer membrane stress sensor protease DegQ, serine

protease
Periplasmic Stress Periplasmic stress response degS 1067 Outer membrane stress sensor protease DegS
Periplasmic Stress Periplasmic stress response rseA 650 Sigma factor RpoE negative regulatory protein RseA
Periplasmic Stress Periplasmic stress response rseB 854 Sigma factor RpoE negative regulatory protein RseB

precursor
Periplasmic Stress Periplasmic Stress response surA 1286 Survival protein SurA precursor (Peptidyl-prolyl cis-trans

isomerase SurA)

No subcategory Bacterial hemoglobins hmp 1190 Flavohemoprotein (Hemoglobin-like protein)
(Flavohemoglobin) (Nitric oxide dioxygenase)

No subcategory Carbon starvation 2105 Carbon starvation protein A
No subcategory Carbon starvation cstA 2153 Carbon starvation protein A paralog
No subcategory Carbon starvation csrA 185 Carbon storage regulator
No subcategory Carbon starvation 584 Starvation lipoprotein Slp paralog
No subcategory Carbon starvation rspA 1316 Starvation sensing protein RspA
No subcategory Carbon starvation sspA 641 Stringent starvation protein A
No subcategory Carbon starvation sspB 491 Stringent starvation protein B
No subcategory Commensurate regulon activation marA 374 Multiple antibiotic resistance protein MarA
No subcategory Commensurate regulon activation gpmB 869 Probable phosphoglycerate mutase gpmB
No subcategory Commensurate regulon activation soxS 324 Regulatory protein SoxS
No subcategory Commensurate regulon activation ramA 344 Transcriptional activator RamA
No subcategory Flavohaemoglobin hmp 1190 Flavohemoprotein (Hemoglobin-like protein)

(Flavohemoglobin) (Nitric oxide dioxygenase)
No subcategory Hfl operon hflX 1280 GTP-binding protein HflX
No subcategory Hfl operon hflC 1004 HflC protein
No subcategory Hfl operon hflK 1244 HflK protein

(Continued)
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Table 4 | Continued

Category Sub-system Gene Size (bp) Function

No subcategory Hfl operon yjeT 197 Putative inner membrane protein YjeT (clustered with HflC)
No subcategory Hfl operon hfq 308 RNA-binding protein Hfq
No subcategory Phage shock protein (psp) operon pspA 671 Phage shock protein A
No subcategory Phage shock protein (psp) operon pspB 224 Phage shock protein B
No subcategory Phage shock protein (psp) operon pspC 356 Phage shock protein C
No subcategory Phage shock protein (psp) operon pspD 242 Phage shock protein D
No subcategory Phage shock protein (psp) operon pspF 1001 Psp operon transcriptional activator
No subcategory Sugar-phosphate stress regulation sgrR 1664 SgrR, sugar-phosphate stress, transcriptional activator of

SgrS small RNA
No subcategory Universal stress protein family uspA 437 Universal stress protein A
No subcategory Universal stress protein family uspB 335 Universal stress protein B
No subcategory Universal stress protein family uspC 422 Universal stress protein C
No subcategory Universal stress protein family uspE 956 Universal stress protein E
No subcategory Universal stress protein family uspG 428 Universal stress protein G

consists of a high-affinity choline uptake gene betT, a helix-
turn-helix (HTH)-type transcriptional regulator betI, which was
previously identified in E. coli (Lamark et al., 1991), a betaine
aldehyde dehydrogenase betB gene and a choline dehydrogenase
gene betA. An in silico assessment of those loci involved in osomo-
tolerance comparing Cronobacter sakazakii ATCC BAA-894 and E.
coli K12 MG1655 identified these latter features also (Feeney and
Sleator, 2011). Interestingly, several other genes linked to osmotic
stress conditions were identified in the genome of C. sakazakii
SP291, which included five osmoregulation genes (aqpZ, glpF,
osmY, ompA, and yiaD), four osmotic stress cluster genes (yciM,
osmB, pgpB, and yciT) and six osmoregulated periplasmic glu-
can genes (mdoH, mdoC, mdoD, mdoG, opgC and mdoB). None
of these genes were identified previously by Feeney and Sleator
(2011). Finally, ompA which encodes an outer membrane porin,
was identified in C. sakazakii SP291 and is a recognized virulence
marker (Kim et al., 2010).

Experiments to investigate the nature of the C. sakazakii
responses to cold- and heat-shock conditions have been reported
(Shaker et al., 2008; Carranza et al., 2010; Chang et al., 2010; Al-
Nabulsia et al., 2011; Gajdosova et al., 2011). Following exposure
to extreme temperatures of cold-shock at "20!C, or heat-shock at
47!C, survival of Cronobacter sakazakii was significantly enhanced
(Chang et al., 2010). Carranza et al. (2010) reported that when
exposed to higher temperatures, several potential virulence fac-
tors were up-regulated. The fact that the pathogenic potential
of Cronobacter species may be related to its ability to survive
at higher temperatures, warrents further investigation. From the
genome sequence of C. sakazakii SP291, the cspA family of cold-
shock genes (including cspA, cspC, cspD, cspE and cspG) along
with 11 other genes annotated as heat-shock genes, part of the
dnaK gene cluster, including dnaJ, dnaK, yggX, gshB, grpE, rdgB,
rpoH, hemN2, rph, rsmE, prmA, hslR, yraL, and smpB genes were
conserved.

Using a top-down proteomics approach, Williams et al. (2005)
identified a candidate protein in C. sakazakii, known to be asso-
ciated with thermotolerance in Methylobacillus flagelatum, and
which was denoted as KT. In a recent study, the genomic region

FIGURE 3 | The putative thermotolerance-containing DNA region of C.
sakazakii ATCC 29544 compared with C. sakazakii SP291.

containing this presumptive marker of thermotolerance was com-
pared to similar regions in other bacteria (Gajdosova et al., 2011).
An in silico analysis showed that this thermotolerace KT-region
was present in 4 of 14 isolates consisting of seven Cronobacter
species studied by Joseph et al. (2012). Cronobacter sakazakii
SP291 can survive desiccation for long periods of time at an aver-
age temperature of 56.7!C, similar to that recorded when spray
drying is in operation during PIF production (Cooney, 2012).
Interestingly, C. sakazakii SP291 was negative for the KT marker,
as determined by PCR (data not shown). Apart from the locus
between orfA-orfE, when the corresponding region of the SP291
genome was compared to that of C. sakazakii ATCC 29,544, this
region was devoid of the KT-encoding homolog (Figure 3). In
light of the thermo-adapted phenotype possessed by C. sakazakii
SP291, this finding suggests that there may be other thermotoler-
ance survival mechanisms expressed by C. sakazakii SP291.

As mentioned above, Cronobacter species have the capacity to
survive in desiccated environments for long periods, a phenotype
that is linked to their epidemiology and routes of infection. As an
example of genes linked to this phenotype, the yih-encoding oper-
ons, consisted of 10 annotated genes present in the genome of C.
sakazakii SP291. Desiccation-related proteins YihU, YihT, YihR,
YihS, YihQ and YihV have conserved domains which function in
carbohydrate transport and metabolism. YihO is a glucuronide
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Table 5 | Comparison of the differential phenotypes expressed by C.
sakazakii SP291 and C. sakazakii ATCC BAA-894 related to
antimicrobial and toxic compounds as determined by phenotype
microarray.

Test compound Differencea Mode of action

PHENOTYPES GAINED BY C. sakazakii SP291 RELATIVE TO
C. sakazakii ATCC BAA-894-
Amoxicillin 20,446 Wall, lactam
Neomycin 47,681 Protein synthesis, 30S ribosomal

subunit, aminoglycoside
Sisomicin 40,297 Protein synthesis, 30S ribosomal

subunit, aminoglycoside
Tobramycin 33,297 Protein synthesis, 30S ribosomal

subunit, aminoglycoside
Sodium arsenate 22,155 Toxic anion, PO4 analog
Sodium metaborate 65,231 Toxic anion
EDTA 89,134 Chelator, hydrophilic
5,7-Dichloro-8-
hydroxyquinoline

21,638 Chelator, lipophilic

5-Nitro-2-furaldehyde
semicarbazone

40,348 DNA damage, multiple sites,
nitrofuran analog

Protamine sulfate 27,720 Membrane, non-specific binding
Streptomycin 40,297 Protein synthesis, 30S ribosomal

subunit, aminoglycoside
Potassium tellurite 27,025 Toxic anion
Sodium tungstate 50,849 Toxic anion, molybdate analog
Poly-L-lysine 43,324 Membrane, detergent, cationic
Sodium m-arsenite 28,927 Toxic anion
Sodium periodate 47,820 Toxic anion, oxidizing agent
Antimony (III)
chloride

35,457 Toxic cation

Iodonitro tetrazolium
violet

22,427 Respiration

Hexamminecobalt
(III) Chloride

30,202 DNA synthesis

Apramycin 43,717 Protein synthesis, 30S ribosomal
subunit, aminoglycoside

Ornidazole 22,594 Protein glycosolation
PHENOTYPES LOST BY C. sakazakii SP291 RELATIVE TO
C. sakazakii ATCC BAA-894-
Cloxacillin "20,939 Wall, lactam
Colistin "35,638 Membrane, transport
Guanidine
hydrochloride

"47,347 Membrane, chaotropic agent

Cefmetazole "21,713 Wall, cephalosporin second
generation

Phleomycin "45,183 DNA damage, oxidative, ionizing
ratiation

Methyl viologen "81,565 Oxidizing agent
Sodium azide "22,375 Respiration, uncoupler
Dichlofluanid "42,205 Fungicide, phenylsulphamide
Cinoxacin "18,744 DNA unwinding, gyrase (GN),

topoisomerase (GP), quinolone
Rifamycin SV "22,130 RNA polymerase
Glycine hydroxamate "64,946 tRNA synthetase
D,L"Methionine
hydroxamate

"38,317 tRNA synthetase

(Continued)

Table 5 | Continued

Test compound Differencea Mode of action

Sodium bromate "27,123 Toxic anion
Guanazole "33,164 Ribonucleotide DP reductase
Ciprofloxacin "22,172 DNA unwinding, gyrase (GN),

topoisomerase (GP),
fluoroquinolone

Tolylfluanid "18,317 Fungicide, phenylsulphamide

aDenotes the following: a positive number indicates faster growth in C. sakazakii
SP291 compared to C. sakazakii ATCC BAA-894; a negative number indicates
faster growth in C. sakazakii ATCC BAA-894 compared to C. sakazakii SP291.

transport protein whilst YihP is homologous to it. YshA is an
outer membrane sugar transport protein and YihW is a deoR-
type transcriptional regulator, reported to negatively regulate the
expression of yihU-oyshA in Salmonella (Gibson et al., 2006). This
operon was reported to be up-regulated following desscication
stress in Salmonella. Interstingly, the yih operon are conserved
in 17 annotated Cronobacter genomes (strain information of the
genomes are listed in Table 1) and noted previously (Grim et al.,
2013).

The ability of a bacterium to eliminate toxic compounds
from the cell is an important survival mechanism. Nine genes
involved in detoxification were identified in the C. sakazakii
SP291 genome. These included a tellurite resistance-encoding
gene tehB, which matches a 593 bp hypothetical protein in C.
sakazakii ATCC BAA-894. However, a tellurite resistance region
(terACDYZ) was reported only in C. sakazakii ATCC BAA-894
(Table 4), and with the exception of the terC-encoding marker
in C. turicensis z3032, was not identified in any of the other
Cronobacter species genomes sequenced (Kucerova et al., 2010;
Joseph et al., 2012; Grim et al., 2013). Genes involved in the
detoxification of organic pollutants, including a D-tyrosyl-tRNA
(Tyr) deacylase-encoding dtd, two glutathione-dependent path-
way formaldehyde detoxification genes (frmA and yieG), three
genes involved in the uptake of selenate and selenite (dedA, cysA,
and its homolog tsgA), and two uncharacterized genes (ydsK and
ydcL), were also identified in C. sakazakii SP291. This feature sup-
ports an earlier report describing the ability of Cronobacter species
to detoxify and survive in tannery wastewater effluents (Chandra
et al., 2011).

Oxidative stress is an example of an important bacterial stress
response, with 62 annotated genes covering 40.8% genome linked
to this sub-system. These genes included the zinc uptake reg-
ulation zur, which was reported as involved in the oxidative
stress response of Streptomyces coelicolor (Shin et al., 2007). Other
stress-related genes included seven periplasmic stress related
genes, a bacterial hemoglobin gene, seven genes involved in car-
bon starvation, four commensurate regulon activation genes, a
flavohaemoglobin gene, five hfl operon genes, five phage shock
protein (psp) operon genes, a sugar-phosphate stress regulation
gene, and five universal stress protein family genes.

Resistance to antibiotics and toxic compounds
C. sakazakii was originally reported to be susceptible to a
panel of 69 antimicrobial agents (Stock and Wiedemann, 2002).
Subsequently, a tetracycline-resistant C. sakazakii cultured from
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Table 6 | Genes related to resistance to antibiotics and toxic compounds annotated in C. sakazakii SP291 and C. sakazakii ATCC BAA-894.

Subsystem Start Stop Size (bp) Gene Role

RESISTANCE TO ANTIBIOTIC AND TOXIC COMPUNDS GENES SHARED BY C. sakazakii SP291 AND C. sakazakii ATCC BAA-894-
Adaptation to D-cystine 1,345,012 1,345,764 752 yecC Cystine ABC transporter, ATP-binding protein
Adaptation to d-cystine 1,344,347 1,345,015 668 yecS Cystine ABC transporter, permease protein
Adaptation to d-cystine 1,343,343 1,344,323 980 dcyD D-cystine desulfhydrase
Beta-lactamase 1,853,746 1,852,619 1127 ampC Beta-lactamase
Cobalt-zinc-cadmium resistance 4,087,380 4,088,282 902 fieF Cobalt-zinc-cadmium resistance protein
Cobalt-zinc-cadmium resistance 733,136 733,498 362 Transcriptional regulator, MerR family
Cobalt-zinc-cadmium resistance 2,570,193 2,571,155 962 zitB Zinc transporter ZitB
Copper homeostasis 2,643,555 2,645,219 1664 cueO Blue copper oxidase CueO precursor
Copper homeostasis 1,433,730 1,434,104 374 yobA Copper resistance protein C precursor
Copper homeostasis 1,434,109 1,434,978 869 Copper resistance protein D
Copper homeostasis 2,766,031 2,768,538 2507 copA Copper-translocating P-type ATPase
Copper homeostasis 4,209,899 4,207,683 2216 zntA Zinc/cadmium/mercury/lead-transporting ATPase
Copper homeostasis 924,321 926,270 1949 ccmF Cytochrome c heme lyase subunit CcmF
Copper homeostasis 926,821 927,282 461 ccmH Cytochrome c heme lyase subunit CcmH
Copper homeostasis: copper
tolerance

2,651,936 2,653,477 1541 cutE Copper homeostasis protein CutE

Copper homeostasis: copper
tolerance

3,053,870 3,053,172 698 cutF Copper homeostasis protein CutF precursor

Copper homeostasis: copper
tolerance

2,651,056 2,651,931 875 corC Magnesium and cobalt efflux protein CorC

Copper homeostasis: copper
tolerance

130,149 129,802 347 cutA Periplasmic divalent cation tolerance protein CutA

Fosfomycin resistance 1,712,546 1,712,959 413 fosA Fosfomycin resistance protein FosA
Lysozyme inhibitors 1,973,845 1,973,522 323 mliC Membrane-bound lysozyme inhibitor of c-type lysozyme
Multidrug resistance, tripartite
systems found in gram negative
bacteria

2,468,114 2,466,543 1517 emrB2 Inner membrane component of tripartite multidrug
resistance system

Multidrug resistance, tripartite
systems found in gram negative
bacteria

2,469,268 2,468,111 1157 Membrane fusion component of tripartite multidrug
resistance system

Multidrug resistance, tripartite
systems found in gram negative
bacteria

2,466,541 2,465,000 1541 nodT Outer membrane component of tripartite multidrug
resistance system

Multidrug resistance efflux pumps 2,397,113 2,395,170 1943 macB Macrolide export ATP-binding/permease protein MacB
Multidrug resistance efflux pumps 2,398,222 2,397,110 1112 macA Macrolide-specific efflux protein MacA
Multidrug resistance efflux pumps 2,799,127 2,800,332 1205 acrA Membrane fusion protein of RND family multidrug efflux

pump
Multidrug resistance efflux pumps 3,599,205 3,600,347 1142 acrE Membrane fusion protein of RND family multidrug efflux

pump
Multidrug resistance efflux pumps 1,999,315 2,000,688 1373 norM Multi antimicrobial extrusion protein (Na(+)/drug antiporter),

MATE family of MDR efflux pumps
Multidrug resistance efflux pumps 809,372 806,256 3116 acrD Probable aminoglycoside efflux pump
Multidrug resistance efflux pumps 2,800,354 2,803,503 3149 acrB Acriflavine resistance protein B
Multidrug resistance efflux pumps 3,600,357 3,603,476 3119 acrF Acriflavine resistance protein F
Multidrug resistance efflux pumps 2,798,982 2,798,317 665 acrR HTH-type transcriptional regulator acrR
Multidrug resistance efflux pumps 3,598,827 3,598,180 647 envR Transcription repressor of multidrug efflux pump acrAB

operon, TetR (AcrR) family
Multidrug resistance efflux pumps 374,805 373,318 1487 tolC Type I secretion outer membrane protein, TolC precursor
Resistance to fluoroquinolones 1,021,753 1,024,389 2636 gyrA DNA gyrase subunit A
Resistance to fluoroquinolones 3,931,538 3,929,124 2414 gyrB DNA gyrase subunit B
Resistance to fluoroquinolones 383,132 385,402 2270 parC Topoisomerase IV subunit A
Resistance to fluoroquinolones 377,546 379,438 1892 parE Topoisomerase IV subunit B

(Continued)
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Table 6 | Continued

Subsystem Start Stop Size (bp) Gene Role

The mdtABCD multidrug
resistance cluster

1,153,120 1,149,998 3122 mdtB Multidrug transporter MdtB

The mdtABCD multidrug
resistance cluster

1,149,997 1,146,908 3089 mdtC Multidrug transporter MdtC

The mdtABCD multidrug
resistance cluster

1,146,904 1,145,489 1415 mdtD Multidrug transporter MdtD

The mdtABCD multidrug
resistance cluster

1,154,367 1,153,120 1247 mdtA Probable RND efflux membrane fusion protein

The mdtABCD multidrug
resistance cluster

1,144,071 1,143,349 722 baeR Response regulator BaeR

The mdtABCD multidrug
resistance cluster

1,145,492 1,144,068 1424 baeS Sensory histidine kinase BaeS

RESISTANCE TO ANTIBIOTIC AND TOXIC COMPUNDS GENES SPECIFIC TO C. sakazakii ATCC BAA-894-
Cobalt-zinc-cadmium resistance 4,206,746 4,209,892 3146 cusA Cation efflux system protein CusA
Cobalt-zinc-cadmium resistance 4,203,563 4,204,948 1385 cusC Cation efflux system protein CusC precursor
Cobalt-zinc-cadmium resistance 4,204,976 4,205,329 353 cusF Cation efflux system protein CusF precursor
Cobalt-zinc-cadmium resistance 4,206,746 4,209,892 3146 czcA Cobalt-zinc-cadmium resistance protein CzcA
Cobalt-zinc-cadmium resistance 4,205,443 4,206,735 1292 czcB Cobalt/zinc/cadmium efflux RND transporter, membrane

fusion protein, CzcB family
Cobalt-zinc-cadmium resistance 4,202,505 4,201,219 1286 cusS Copper sensory histidine kinase CusS
Cobalt-zinc-cadmium resistance 4,203,373 4,202,693 680 cusR Copper-sensing two-component system response regulator

CusR
Cobalt-zinc-cadmium resistance 4,219,774 4,221,174 1400 pcoS Heavy metal sensor histidine kinase
Copper homeostasis 4,209,979 4,210,419 440 CopG CopG protein
Copper homeostasis 4,217,266 4,217,688 422 pcoB Copper resistance protein B
Copper homeostasis 4,214,975 4,216,792 1817 pcoA Multicopper oxidase

a Chilean freshwater salmon farm (Miranda et al., 2003) was
isolated, followed by a report of a trimethoprim and neomycin
resistance isolate cultured from fresh domiati cheese (El-Sharoud
et al., 2009). More recently, isolates resistant to cephalothin were
recovered from dried food (Chon et al., 2012). The emergence of
strains that have become resistant to antimicrobial compounds is
of great concern to public health (Dumen, 2010; Yan et al., 2012).

Figure 2D shows a heat map comparing C. sakazakii SP291
and C. sakazakii ATCC BAA-894 and Table 5 provides a sum-
mary of the significant changes in PM redox measurements,
after bacterial growth in microtitre wells containing a number
of antimicrobial compounds as part of the phenotypic microar-
ray. Compared to C. sakazakii ATCC BAA-894, C. sakazakii
SP291 exhibited more activity in the presence of 5,7-dichloro-
8-hydroxyquinoline, 5-nitro-2-furaldehyde semicarbazone, hex-
amminecobalt (III) chloride, poly-L-lysine, protamine sulfate,
ornidazole, tobramycin, streptomycin, apramycin, iodonitro
tetrazolium violet, amoxicilin, neomycin, and sisomicin; while
exhibiting a reduced activity in the presence of phleomycin,
ciprofloxacin, cinoxacin, dichlofluanid, tolylfluanid, guani-
dine hydrochloride, colistin, methyl viologen, sodium azide,
guanazole, rifamycin SV, glycine hydroxamate, D,L-methionine
hydroxamate, cefmetazole, and cloxacillin.

Careful analysis of the PM data showed an interesting phe-
notype, related to bioactive and toxic anions. C. sakazakii SP291
survived significantly better in sodium metaborate, potassium tel-
lurite, sodium m-arsenite, sodium tungstate, sodium periodate,

sodium arsenate, and antimony (III) chloride compared with C.
sakazakii ATCC BAA-894. In contrast the latter bacterium, exhib-
ited a distinct phenotype in sodium bromate. These observations
suggested that C. sakazakii SP291 elaborates a greater ability to
counter the effects of a broader range of heavy metals, a character-
istic that could be facilitate adaptation in powered infant formula
manufacturing environments where metallic compositions such
as quaternary containing disinfectants are used for decontami-
nation. This resistance phenotype may be globally regulated as
well. Together, this information may explain how this organism
adapted to the manufacturing environment.

Based in part on these phenotypes, a total of 44 genes
were shared between C. sakazakii ATCC BAA-894 and C.
sakazakii SP291. These consisted of adaptation to D-cysteine
related genes (include yecC, yecS, and dcyD), a "-lactamase-
encoding ampC gene, three cobalt-zinc-cadmium resistance genes
(including feiF, zitB and a MerR family transcriptional regula-
tor), 11 copper homeostasis genes (include cueO, yobA, copA,
zntA, ccmF, ccmH, cutE, cutF, corC, cutA, and a copper resis-
tance protein D gene), a fosfomycin resistance gene fosA, a
lysozyme inhibitor mliC, a tripartite multidrug resistance sys-
tem found in Gram-negative bacteria, 11 multidrug resistance
efflux pumps (including macB, macA, acrA, acrE, norM, acrD,
acrB, acrF, acrR, envR, and tolC), four genes encoding resis-
tance to fluoroquinolones (including gyrA, gyrB, parC, and parE),
and a multidrug resistance cluster (consisting of mdtB, mdtC,
mdtD, mdtA, baeR, and baeS). All of these genes mapped to
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the bacterial chromosome. In addition three arsenic resistance
genes were identified on pSP291-1 (Table S5). This latter fea-
ture confirmed the previous report on the copper/silver resis-
tance determinants in Cronobacter species (Kucerova et al., 2010;
Sivamaruthi et al., 2011; Joseph and Forsythe, 2012; Joseph et al.,
2012; Grim et al., 2013). In contrast, eight cobalt-zinc-cadmium
resistance genes (include cusA, cusC, cusF, czcA, czcB, cusS, cusR,
and pcoS) and three copper homeostasis genes (including copG,
pcoB and pcoA) were unique to C. sakazakii ATCC BAA-894,
of which cusRCFBA/silRECBA and pcoABCDR were indicated as
two copper and silver resistance regions. The previous region was
shared among C. sakazakii, C. malonaticus, and C. turicensis; while
the latter region was shared among C. sakazakii, C. malonaticus, C.
turicensis and C. universalis (Joseph et al., 2012) (Table 6).

CONCLUSIONS
Stress responses and resistance to antibiotic and toxic com-
pounds are interesting phenotypes identified in C. sakazakii
SP291, when compared to C. sakazakii ATCC BAA-894, based on
the comparative phenotypic microarray analysis in parallel with
the annotation of its genome. Given this the fact that the PIF
production environment is a stressful ecological niche, the osmo-
protectant ABC transporters including YehZYXW, ProP, ProU,
and OpuCABCD can be expected to play a role to support bac-
terial survival, as reported in other microorganisms previously
(Cairney et al., 1985; Checroun and Gutierrez, 2004; Frossard
et al., 2012; Finn et al., 2013). Notably, C. sakazakii SP291 pos-
sesses a greater ability to survive in a broader range of heavy met-
als, as quaternary containing disinfectants which include metallic
compositions are often used for PIF manufacturing environment
disinfection. In conclusion, genome analysis of C. sakazakii SP291
along with its metabolome highlighted a number of potential
features, which might be considered as candidates for future stud-
ies to extend our understanding of the persistence and virulence
mechanisms deployed by this bacterium in the production envi-
ronment. These data provide an early insight into how a factory
isolate may survive in a desiccation condition and adapt to the
PIF production environment and associated food matrices.
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Table S1 | Genomic regions missing in C. sakazakii SP291 when compared
to the other three completed genomes of C. sakazakii ATCC BAA-894 (as
the reference sequence), C. sakazakii E15 and C. turicensis z3032.

Table S2 | Genomic regions present only in C. sakazakii SP291 (as the
reference sequence) when compared to the other three completed
genomes of C. sakazakii ATCC BAA-894, C. sakazakii ES15 and C.
turicensis z3032.

Table S3 | Genome comparison of C. sakazakii SP291 with other available
C. sakazakii genomes, which include C. sakazakii SP291, ATCC BAA-894,
ES15, E899, 680, 696, 701, ES35, 2151, ES713, and E764.

Table S4 | Genome comparison of C. sakazakii SP291 with Cronobacter
isolate of other six species, which consist of C. dublinensis LMG 23823, C.
malonaticus LMG 23826, C. muytjensii ATCC 51329, C. turicensis z3032, C.
universalis NCTC 9529, and C. condimenti 1330.

Table S5 | Annotated plasmid clusters of three complete genome, which
include pSP291-1, pSP291-2, and pSP291-3 of C. sakazakii SP291, pESA2
and pESA3 of C. sakazakii ATCC BAA-894, as well as pCTU1, pCTU2, and
pCTU3 of C. turicensis z3032. Plasmid group 1: pSP291-1, pESA3, and
pCTU1; plasmid group 2: pSP291-2 and pCTU3.

Table S6 | Numerical data for all 20 PM plates of C. sakazakii SP291 and C.
sakazakii ATCC BAA-894, along with the phenotype differences (greater
than 20,000±1,800 unit) generated by Omnilog® software.

Table S7 | Genes assigned to defined bacterial sub-systems and their
distribution among these functional categories for C. sakazakii SP291
along with other three completed genome, C. sakazakii ATCC BAA-894, C.
sakazakii ES15, and C. turicensis z3032.

Table S8 | Genome annotation: Carbohydrate metabolism of C. sakazakii
SP291 and C. sakazakii ATCC BAA-894.

Table S9 | Genome annotation: Phosphorus metabolism of C. sakazakii
SP291 and C. sakazakii ATCC BAA-894.

Table S10 | Genome annotation: Sulfur metabolism of C. sakazakii SP291
and C. sakazakii ATCC BAA-894.

Table S11 | Iron acquisition systems identified in the chromosome of C.
sakazakii SP291.
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APPENDIX

FIGURE A1 | Circular representation of the C. sakazakii SP291 genome.
The first circle represents the scale in kilobases starting with the origin of
replication at position 0. The second circle shows the distribution of CDS
(Goldman and Green, 2009) in forward strand. The third circle indicates the
distribution of CDS (blue) in reverse strand. rRNA operons are colored in
red on the fourth circle. tRNA operons are colored in purple on the fifth
circle. The sixth circle indicates the deviation of the GC content average,
with values greater than zero in green and those less than zero in purple.
The innermost circle displays the GC skew ([G + C]/[G " C]), with values
greater than zero in light blue and those less than zero in orange. The figure
was generated using DNAPlotter (Carver et al., 2009).

FIGURE A2 | Comparision of plasmid group 1 (pESA3, pSP291-1, and
pCTU1) using Artemis comparison tool (ACT).

FIGURE A3 | Comparision of plasmid group 2 (pSP291-2 and pCTU3)
using Artemis comparison tool (ACT).
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Genome Sequence of Cronobacter sakazakii SP291, a Persistent
Thermotolerant Isolate Derived from a Factory Producing Powdered
Infant Formula

Karen A. Power, Qiongqiong Yan, Edward M. Fox, Shane Cooney, Séamus Fanning

UCD Centre for Food Safety, WHO-Collaborating Centre on Cronobacter, School of Public Health, Physiotherapy and Population Science, Molecular Innovation & Drug
Discovery, University College Dublin, Belfield, Dublin, Ireland

Cronobacter is an opportunistic pathogen associated with meningitis in neonates. Based on long-term surveillance of a pow-
dered infant formula production facility, a persistent and thermotolerant isolate, denoted Cronobacter sakazakii SP291, was
detected. Here we report the complete genome along with the sequences of three plasmids identified in this organism.
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Cronobacter is a genus of Gram-negative, facultatively anaero-
bic, oxidase-negative, catalase-positive, rod-shaped bacteria

of the family Enterobacteriaceae. This bacterium has been epide-
miologically linked with cases of neonatal illness for which fatality
rates ranging between 40 and 80% have been reported. In those
cases in which the infected neonates recover, long-term sequelae
include delayed neurological development, hydrocephalus, and
permanent neurological damage.

Currently, seven species of Cronobacter are recognized: Crono-
bacter sakazakii, C. malonaticus, C. turicensis, C. muytjensii,
C. dublinensis, C. condimenti, and C. universalis (formerly C. geno-
mospecies 1). Currently, three completely closed sequenced ge-
nomes are available, two for C. sakazakii strain ATCC BAA-894
(NC_009778) (1) and strain ES15 (NC_017933) and one for C. tu-
ricensis strain LMG 23827 (NC_013282) (2). Molecular subtyping
in a powdered infant formula (PIF) production site identified a
persistent strain, denoted C. sakazakii SP291 (S. Cooney et al.,
submitted for publication). When this strain was studied in detail,
the isolates enabled us to elaborate an interesting thermotolerant
phenotype. To improve our understanding of this unique feature,
we sequenced C. sakazakii SP291, and these data revealed a
4.3-Mb chromosome (57% GC) along with three resident plas-
mids of 118 (57% GC), 52 (49% GC), and 4.4 (54% GC) kb.

The sequence of the bacterial chromosome was generated us-
ing a combined approach, including both 8-kb paired-end Roche
454 FLX titanium pyrosequencing (carried out at the Centre for
Genomic Research, University of Liverpool, Liverpool, United
Kingdom) and 36-bp, 3-kb paired-end sequencing using the Illu-
mina Genome Analyzer II platform (GATC Biotech, Konstanz,
Germany). De novo sequence assembly of Illumina data was com-
pleted using Velvet v1.0.15 and VelvetOptimiser v2.1.7. Resulting

contigs were split into 400-bp regions in order to combine these
data from both platforms and make a final assembly using New-
bler version 2.6 (Roche).

Plasmid sequencing was carried out using a Roche 454 genome
sequencer (GS) FLX titanium series (Eurofins MWG, Ebersberg,
Germany) and also assembled with Newbler v2.6.

Gap closure was accomplished using molecular cloning and
traditional Sanger-based sequencing (Source Biosciences, Not-
tingham, United Kingdom).

All DNA sequences were subsequently annotated using the
NCBI Prokaryotic Genomes Automatic Annotation Pipeline, and
a detailed analysis will be included in a future publication.

Nucleotide sequence accession numbers. The complete ge-
nome sequences of strain SP291 and the associated plasmids are
available in GenBank under accession numbers CP004091-
CP004094.
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Pan-genome analysis of the emerging foodborne
pathogen Cronobacter spp. suggests a species-
level bidirectional divergence driven by niche
adaptation
Christopher J Grim1,2, Michael L Kotewicz1, Karen A Power3, Gopal Gopinath1, Augusto A Franco1, Karen G Jarvis1,
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Abstract

Background: Members of the genus Cronobacter are causes of rare but severe illness in neonates and preterm
infants following the ingestion of contaminated infant formula. Seven species have been described and two of the
species genomes were subsequently published. In this study, we performed comparative genomics on eight strains
of Cronobacter, including six that we sequenced (representing six of the seven species) and two previously
published, closed genomes.

Results: We identified and characterized the features associated with the core and pan genome of the genus
Cronobacter in an attempt to understand the evolution of these bacteria and the genetic content of each species.
We identified 84 genomic regions that are present in two or more Cronobacter genomes, along with 45 unique
genomic regions. Many potentially horizontally transferred genes, such as lysogenic prophages, were also identified.
Most notable among these were several type six secretion system gene clusters, transposons that carried tellurium,
copper and/or silver resistance genes, and a novel integrative conjugative element.

Conclusions: Cronobacter have diverged into two clusters, one consisting of C. dublinensis and C. muytjensii (Cdub-
Cmuy) and the other comprised of C. sakazakii, C. malonaticus, C. universalis, and C. turicensis, (Csak-Cmal-Cuni-Ctur)
from the most recent common ancestral species. While several genetic determinants for plant-association and
human virulence could be found in the core genome of Cronobacter, the four Cdub-Cmuy clade genomes
contained several accessory genomic regions important for survival in a plant-associated environmental niche,
while the Csak-Cmal-Cuni-Ctur clade genomes harbored numerous virulence-related genetic traits.

Background
Cronobacter is a newly described genus that includes op-
portunistic pathogens formerly classified as Enterobacter
sakazakii [1]. E. sakazakii was first described by Farmer
et al. [2], using DNA-DNA hybridization studies and
phenotyping to reclassify a group of yellow-pigmented
Enterobacter cloacae isolates attributed to cases of neo-
natal meningitis [3] into 15 phenotypically distinct
biogroups. A 16th biogroup was later described [4].

Although E. sakazakii was synonymous with the original
single species epithet, Iversen et al. [1], using a poly-
phasic approach based on extensive genotypic and
phenotypic criteria, reclassified strains of this diverse
species within the novel genus, Cronobacter. Originally,
the genus contained six recognized species, C. sakazakii
(Csak, biogroups 1–4, 7, 8, 11, and 13), C. malonaticus
(Cmal, biogroups 5, 9, and 14), C. muytjensii (Cmuy,
biogroup 15), C. turicensis (Ctur, biogroup 16), C.
dublinensis, subsp. dublinensis, lausannensis, and
lactaridi (biogroups 12, Cdubdub, 10, Cdublau and 6,
Cdublact, respectively) and C. genomospecies 1. Joseph
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et al. [5] have updated this taxonomy by designating
members assigned to the genomospecies group 1 as C.
universalis (Cuni, biotype 16c) and identifying a new
species, C. condimenti, based on a single known strain
using a seven gene multi-locus sequence typing (MLST)
scheme.
Cronobacter have been primarily associated with infec-

tions in infants, but recent reports have highlighted the
risk posed to immune compromised adults, particularly
the elderly [6,7]. Cronobacter have been recovered from a
wide variety of foods, including powdered infant formula
(PIF), follow-on formulas, weaning foods, milk and sodium
caseinate powders, rice seed, dried herbs, teas, and spices,
spiced meats, dried flour or meal (corn, soy, potato, wheat,
and rice), dried infant and adult cereals, dried vegetables,
grains, tofu, powdered ice tea, mixed salad vegetables,
tomato harvesting bins, chocolate, candied cough drops,
and pastas [8-12]. Nevertheless, PIF remains epidemio-
logically linked to outbreaks of neonatal and infantile
meningitis, and Cronobacter are routinely isolated from
household PIF preparation equipment, including blenders
and spoons. Although PIF is regarded as an important
source of this pathogen, the main reservoir for Cronobacter
seems to be the environment [13].
Cronobacter are capable of surviving and persisting in

low-water environments [8], owing to their distribution
in dry food goods. Although the exact genetic determin-
ant remains to be identified, Breeuwer et al. reported
that intracellular accumulation of trehalose, among other
features, prevents protein denaturation and membrane fu-
sion and these may contribute to the desiccation-resistant
properties of the bacterium [14,15]. The expression of an
exopolysaccharide composed of cellulose may also be re-
quired [16]. Thermoresistance of Cronobacter has also
been reported [14,17]. Proteins unique to thermotolerant
Cronobacter strains have been identified by liquid chroma-
tography and mass spectrometry; for example, a protein,
Mfla_1165, which is a homologue of a hypothetical protein
from the ther-motolerant bacterium Methylobacillus
flagellatus KT [18]. Recently, an 18-kb region containing
22 open reading frames that are up-regulated under heat
adaptation growth conditions has also been reported [19].
The major feature of the region is a cluster of conserved
genes, which have significant homology to proteins in-
volved in bacterial stress responses, including heat, oxida-
tion, and acid.
Previously, Kucerova et al. [20] reported on the ge-

nome sequence of C. sakazakii ATCC BAA-894, which
was isolated from a PIF product that was used in a neo-
natal intensive care unit and which gave rise to an out-
break in 2001 in Tennessee, USA. In an attempt to
further determine virulence factors and mechanisms of
pathogenicity in this bacterium, the genome of C.
turicensis z3032, cultured from the blood of one child

with meningitis [21] was sequenced [22]. In this paper, we
describe the genomes of the type strains of Cronobacter
dublinensis subsp. dublinensis, Cronobacter dublinensis
subsp. lactaridi, Cronobacter dublinensis subsp. lausan-
nensis, Cronobacter malonaticus, Cronobacter muytjensii,
and Cronobacter universalis. Comparative genomics was
performed on these six genomes, as well as two previously
published, closed genomes of Cronobacter. We identified
and characterized the features associated with the core and
pan genome of this bacterial genus in an attempt to under-
stand the evolution of these organisms and the genetic
content of each species.

Results
General features of sequenced Cronobacter genomes
Whole genome sequencing of six species type strains of
Cronobacter was performed (Table 1). Each genome ana-
lyzed in this study contained a single chromosome and a
large repFIB plasmid, similar to Csak BAA-894 (pESA3)
and Ctur z30232 (pCTU1), except the genome of C.
muytjensii ATCC 51329. Previously, Franco and Hu
et al. [23] reported that only 75% of strains of C.
muytjensii harbored this plasmid, while the incidence of
this plasmid in other Cronobacter spp. is 99%. The G +
C% content of each genome ranged from 55 to 57%
(Table 1). Each of the six draft genomes contained seven
ribosomal RNA operons, as inferred from comparative
genomics with Csak BAA-894 and Ctur z3032 (Table 1).

Whole genome phylogeny and Cronobacter taxonomy
To confirm the taxonomic standing of Cronobacter
genus novum and species [1], genome scale analyses
based on nucleotide sequence were performed. Average
nucleotide identity (ANI) has emerged as one of the pre-
dominant genomics alternatives to DNA-DNA hybridi-
zation. The pairwise ANI values between all Cronobacter
genomes used in this study support the current pro-
posed species and subspecies classification of Crono-
bacter (Table 2). Although pairwise ANI values provide
a benchmark of divergence (or similarity) between two
genomes, evolutionary relationships between more than
two genomes cannot be inferred from this analysis.
Therefore, a genome scale phylogenetic analysis was
performed on all eight Cronobacter genomes (Figure 1).
This analysis reveals that extant Cronobacter species
have diverged into two clusters, Cdub-Cmuy and Csak-
Cmal-Cuni-Ctur, from the most recent shared ancestral
species. The Cdub-Cmuy clade evolved as a monophy-
letic clade for much of its evolutionary history before di-
verging into two species. However, we expect the
reconstruction of this evolutionary history to change sig-
nificantly as new species that fall within this clade are
identified; for example, C. condimenti [5]. In contrast,
the other four species evolved as four distinct
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monophyletic lineages. The phylogenetic tree is, again,
in good agreement with the current proposed taxonomy
of Cronobacter [1], as well as recent proposed
Cronobacter phylogenies derived from MLST [24] and
sequence of the rpoB gene [25,26], although more re-
solving than rpoB sequence for Csak-Cmal [27], and
rpoA [28].

Cronobacter core genome
A Cronobacter core genome of orthologous, shared
genes was determined for the eight strains analyzed in
this study. The chromosome of each of the six type
strains of Cronobacter consists of approximately 4,000
CDS (Table 1). Of this number, we determined that
3,160 CDS comprise the core genome of Cronobacter
(Additional file 1: Table S1). Previously, Kucerova et al.
[20] reported a core genome of 1,899 gene sequences,
among five species using microarray hybridization based
on the genome of Csak BAA-894; C. universalis was not
included.

Among the genes comprising the core genome of
Cronobacter, we found several genetic determinants that
are experimentally-linked to phenotypic traits, such as
reduction of nitrate, utilization of D-mannose, D-
mannitol, sucrose, L-arabinose, cellobiose, and D-xylose
(Additional file 1: Table S1), which have been previously
reported by Iversen et al. [1] as biochemical traits of the
genus as determined by phenotypic microarray. Additionally,
we found genes, gene clusters or operons responsible for the
following characteristics in the Cronobacter core genome:
utilization of fructoselysine, psicoselysine, isomaltulose
(palatinose), N-acetylglucosamine (nag), N-acetylmannosa-
mine, and 2-ketogluconate; a carotenoid pigmentation
cluster homologous to Pantoea spp., type IV pili
(TFP), ! chaperone/usher (CU) fimbriae, three "1 CU fim-
briae, enterobactin siderophore gene clusters, ferric
hydroxymate transporter, several ferric iron receptors, and
two ferrous iron transporters [29], histidine transporter,
yeh osmoprotectant transporter, zinc transporter, albicidin
resistance protein coding gene, macrolide-specific ABC-
type efflux pump and several putative multidrug resistance

Table 2 Average nucleotide identity (ANI) values for eight Cronobacter genomes
ANI BAA-894 LMG 23825 LMG 23823 NCTC 9529 51329 LMG 23826 LMG 23824 z3032

Csak ATCC BAA-894 — 88.59 88.43 93.28 88.57 94.61 88.57 91.85

Cdublac LMG 23825 88.57 — 97.24 89.21 91.94 88.77 98.36 88.81

Cdubdub LMG 23823 88.44 97.22a — 88.97 91.65 88.54 97.29 88.55

Cuni NCTC 9529 93.36 89.33 89.04 — 89.16 93.87 89.33 93.71

Cmuy ATCC 51329 88.5 92 91.67 89.21 — 88.6 92.03 88.77

Cmal LMG 23826 94.59 88.76 88.46 93.77 88.57 — 88.72 92.13

Cdublau LMG 23824 88.6 98.27 97.29 89.26 91.96 88.77 — 88.79

Ctur z3032 91.88 88.82 88.54 93.64 88.77 92.1 88.82 —
aNumbers in bold represent pairwise comparisons that are higher than the current species level threshold, 95.00 for ANI, indicating same species.

Table 1 General features of genomes used in this study
Strain C. malonaticus

LMG 23826
C. dub.
dublinensis
LMG 23823

C. dub.
lausannensis
LMG 23824

C. dub.
lactaridi
LMG 23825

C. muytjensii
ATCC 51329

C. universalis
NCTC 9529

C. sakazakii
ATCC
BAA-894a

C. turicensis
z3032a

Contigs/
chromosomes

69 41 105 96 32 16 1 + 2
plasmids

1 + 3
plasmids

Mean contig
length

64,056 113,291 43,937 46,393 136,123 274,265 N/A N/A

Scaffolds 4 14 15 10 4 8 N/A N/A

Mean sequence
gap length

297 246 692 98 285 166 N/A N/A

Genome size (bp) 4,419,871 4,644,913 4,613,339 4,453,746 4,355,922 4,388,239 4,530,777 4,599,092

CDS 4,041 4,172 4,123 4,077 3,973 3,977 4,211 4,296

G + C% 54.99 56.16 56.84 56.87 56.17 55.79 56.7 57.2

Coverage of
contigs

15.33 20.28 13.8 14.63 17.36 25.38 N/A N/A

tRNAs 79 85 92 86 81 89 82 86

rRNA operons 7 7 7 7 7 7 7 7
a C. sakazakii strain BAA-894 and C. turicensis strain z3032 were previously sequenced and are considered to be closed reference genomes [20,22].
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genes, opp oligopeptide transporter system, dpp dipeptide
transporter, sap peptide transporter, cellulose biosynthesis
genes (bcs, yhj), kps capsule polysaccharide biosynthesis
cluster, glucans biosynthesis cluster, dimethyl sulfoxide re-
ductase, alkanesulfonate monoxygenase and transporter,
ytf putative sugar transporter operon, and hexuronate op-
eron (Additional file 1: Table S1).

Cronobacter spp. pan-genome
For the approximately 900 non-core CDS in each of the
six Cronobacter genomes; i.e., not included in the
Cronobacter core genome, we determined which
chromosomal genes comprised dispensable and unique
genomic regions (GR) and which were putative mobile
genomic islands and elements. Plasmid genes (approxi-
mately 130 CDS per genome, see Additional file 2: Table
S2) were not investigated in this study. In total, we iden-
tified 84 dispensable genomic regions that were present
in two or more Cronobacter genomes, and 45 unique
genomic regions (Table 3). We overlaid these combined
129 genomic regions onto the genome-scale phylogeny,
determined by alignment of orthologous sequence of the
core genome (Figure 2).
In addition to the extant Cronobacter spp. core gen-

ome described earlier (Additional file 1: Table 1), a num-
ber of dispensable or accessory genomic regions, 39 in
all, were identified as being a likely component of the
last common ancestor core genome (Figure 2). These in-
cluded metabolic operons for the utilization of taurine,
inositol, malonate, and dulcitol (galactitol); two
chaperone-usher fimbriae operons and curli biosynthetic
genes; a CRISPR element; an alpha- and beta-
glucosidase; genes encoding the yih environmental per-
sistence capsule described in Salmonella species; two
large repetitive protein/hemolysin clusters; spermidine
uptake system; nitric oxide reductase system; a 58.4-kb
genomic region missing in Cuni NCTC9529 containing
gene clusters for the reduction of dimethyl sulfoxide,

uptake of biotin and urea (urt), and a multiple antibiotic
resistance cluster; as well as several genomic regions
containing largely hypothetical protein encoding genes
(Figure 2, Table 3).
We also identified 45 non-core dispensable genomic

regions, which were acquired by two or more species of
Cronobacter after diverging from their most recent com-
mon ancestor. This subset of genomic regions included
12 that were present in the Cdub-Cmuy cluster and in-
cluded two ferrichrome iron receptors, fcT and fcuA
orthologues [29]; methionine and ethanolamine utilization
gene clusters; and tryptophanase (indole). Additional non-
core genomic regions included a # class (GR76, Csak and
Cdublac), a "1 class (GR82, Cmal and Csak) and a "4 class
chaperone-usher fimbriae (GR52, Cdub and Ctur); an
oligopeptide transport system (GR59, Cdub); pyridoxine
metabolism cluster (GR70, Cdublac and Cdublau); mal-
tose uptake system (GR72, Cdublac and Cmuy); cellulose
degradation operon (GR73, Cdublac and Cmuy); and an
$-mannosidase (GR78, Csak and Ctur).
Each Cronobacter genome contained a number of

unique genomic regions; however, the vast majority of
these contained genes encoded hypothetical proteins. Not-
able exceptions to this trend were genomic regions encod-
ing for mannan degradation (GR92, Cdublau); L-rhamnose
ABC transporter (GR102, Cmuy); urea decomposition
(GR103, Cmuy); dnd (degradation during electrophoresis),
DNA sulfur modification system, (GR110 Ctur); hetero-
polysaccharide degradation (GR104, Ctur); putative epoxide
hydrolase gene cluster (GR113, Cuni); % class chaperone-
usher fimbriae (GR112, Cuni); invasin locus (GR123, Csak);
"1 class chaperone-usher fimbriae (GR126, Csak); and sialic
acid utilization (GR127 and 129, Csak) (Table 3).
A number of chromosomal loci were found to harbor

multiple genomic islands (Table 3, shared locus); for ex-
ample, GR 33 and 99 in Cmuy ATCC 51329 (Table 3).
Additionally, there were two insertion sites; namely, tRNA-
Pro-GGG and the TCA cycle isocitrate dehydrogenase

Figure 1 Evolutionary relationships of eight Cronobacter genomes. Neighbor-Joining phylogenetic tree based on 574,352 bp alignment of
homologous sequences was computed using the Maximum Composite Likelihood method for nucleotide substitution. The bootstrap supports,
as percentage, are shown next to the branches. The scale bar represents 0.01 base substitutions per site.
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Table 3 Non-core and unique genomic regions (GRs) identified in eight Cronobacter genomes
GR# Feature(s) or putative feature(s)a Cdubdub Cdublac Cdublau Cmuy Ctur Cuni Cmal Csak Shared

locus

1 Acyl reductase-transketolase - + + + + + + +

2 Taurine metabolism - + + + + + + +

3 Environmental persistence capsule, yih - + + + + + + +

4 Filamentous hemagglutinin outer membrane protein + + + - + + + +

5 ybh transporter, putative antibiotic resistance efflux pump + + + - + + + +

6 !4 fimbriae + + + - + + + +

7 Phospho-alpha-glucosidase (!-methyl D-glucoside) + + + - + + + +

8 DMSO, urea (urt), biotin utilization, MAR (4-aminobutyrate) + + + + + - + +

9 " fimbriae + + + + + + + -

10 Hydrolase + + + + + + + -

11 Transporter and Rhodanese-related sulfurtransferases + + + + + + + - l

12 Lysozyme, virulence regulator + + + + + + + -

13 LPS/core OS 2 gene pair + + + + + + + -

14 MFS transporter, regulator and dehydrogenase + - - + + + + + f

15 Membrane hydrolase + + - + - + + +

16 Large repetitive hemolysin + + - + + + + -

17 Putative ABC transporter and DMT permease + + + - + + + - d

18 Beta-glucosidase + + + + - - + +

19 Hypothetical proteins + + + + - + + -

20 Fatty acid desaturase + + + + + - - +

21 OM autotransporter barrel + + + + + + - - a

22 NO reductase + + + + + + - -

23 Oxidoreductase + + + + + + - -

24 Spermidine-preferential uptake system + + + + + + - -

25 Glucuronyl hydrolase, sucrose permease + + + + + + - -

26 Hypothetical proteins + + + - + + - -

27 Hypothetical proteins + - + - + + + -

28 CRISPR + + - - + - + +

29 Inositol + + - + + + - -

30 Non-heme chloroperoxidase, MxcK - - - + + + + + g

31 Acetyltransferase - - - + + + + +

32 Hypothetical proteins - + + + - + + -

33 Putative membrane protein and regulator + + + + - + - - h

34 Malonate + - - + + + + -

35 Formate dehydrogenase + - - - + + + +

36 Phenolic sulfur ester + + + + - - - -

37 Deoxyguanosinetriphosphate triphosphohydrolase + + + + - - - -

38 Ferrichrome iron receptor + + + + - - - -

39 Putative membrane and hypothetical proteins + + + + - - - - i

40 Arylsulfatase + + + + - - - - j

41 Redundant methionine transporter + + + + - - - -

42 Ethanolamine permease and deaminase + + + + - - - -
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Table 3 Non-core and unique genomic regions (GRs) identified in eight Cronobacter genomes (Continued)

43 Ferrichrome-iron receptor + + + + - - - -

44 Hypothetical proteins + + + + - - - -

45 Ornithine monooxygenase, BtrH + + + + - - - -

46 Transmembrane tRNA/peptide synthetase + + + + - - - -

47 Indole + + + + - - - -

48 Putative LPS modification operon - - - - + + + + i

49 Toxin-antitoxin pair - - - - + + + +

50 Exported protein - - - - + + + +

51 CynX + + + - - - + -

52 !4 fimbriae + + + - + - - - l

53 Acyl enzymes + + + - + - - -

54 Membrane protein - + + - + - - +

55 Curli + - - - + + + -

56 Methyl-accepting chemotaxis and/or hypothetical protein + + - - + + - - n

57 Macrophage infectivity potentiator-related protein and regulator - - - + + - + +

58 Putative monooxygenase and transcriptional regulators + + + - - - - - d

59 Oligopeptide transport system + + + - - - - -

60 Hypothetical proteins + + + - - - - -

61 Methyl-accepting chemotaxis and/or hypothetical proteins + + + - - - - -

62 Beta-lactamase - - - - - + + + j

63 Peptide chain release factor - - - - + + + -

64 Chemotaxis - - - + - + + - e

65 Helicase - + + + - - - -

66 Hypothetical proteins - - + - - + - +

67 Dulcitol - - - + + + - -

68 Short-chain dehydrogenase and regulator + - + - - - - - d

69 Type I RMS - + + - - - - - c

70 Pyroxidine/pyroxidal metabolism - + + - - - - - e

71 qseBC, ompV - + + - - - - - f

72 Maltose phosphate PTS and glucosidase - + - + - - - -

73 Cellulose degradation - + - + - - - -

74 Transporter and secreted pair - - - + - - - +

75 Hypothetical proteins - - - + - - - +

76 # fimbriae - + - - - - - +

77 Periplasmic or lipo-protein - - - - + - - +

78 $-mannosidase - - - - + - - +

79 Regulator and hypothetical protein - - - - + + - -

80 Short chain dehydrogenase - - - - + + - -

81 Membrane protein - - - - - - + +

82 !1 fimbriae - - - - - - + +

83 (+/!) putative membrane and (+/!) hypothetical proteins; variable + + + + - + + -

84 Arsenic resistance; MFS transporter, regulator and hypothetical
proteins

+ - - - - - - - i

85 Putative monoamine oxidase, carboxymuconolactone
decarboxylase and hypothetical proteins

+ - - - - - - - l
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Table 3 Non-core and unique genomic regions (GRs) identified in eight Cronobacter genomes (Continued)

86 Hypothetical proteins - + - - - - - -

87 Putative monoamine oxidase, carboxymuconolactone
decarboxylase and hypotheticals; homologous to GR85

- + - - - - - - i

88 Putative sulfatase and hypothetical proteins - - + - - - - - a

89 LysE Superfamily exporter - - + - - - - - d

90 Hypothetical proteins - - + - - - - -

91 Radical SAM and ABC ATPase proteins - - + - - - - -

92 Mannanase - - + - - - - - g

93 Putative reductases and hypothetical proteins - - + - - - - - i

94 Membrane protein - - + - - - - - k

95 D-glucarate permease, transketolase, homologous to GR117 - - - + - - - - c

96 Type I RMS - - - + - - - - d

97 Modulator of drug activity B (mdaB), MFS transporter and
regulator

- - - + - - - - n

98 Hypothetical proteins - - - + - - - -

99 Hypothetical proteins - - - + - - - - h

100 Hypothetical proteins - - - + - - - -

101 FHA - - - + - - - -

102 L-rhamnose ABC transporter - - - + - - - -

103 Urea carboxylase - - - + - - - -

104 Heteropolysaccharide degradation - - - - + - - - b

105 qseBC, ompV - - - - + - - - d

106 Sigma factor, catalase - - - - + - - - k

107 Beta-glucosidase, cellobiose - - - - + - - -

108 Short chain dehydrogenase - - - - + - - -

109 Paralogous enzyme island - - - - + - - -

110 DND operon - - - - + - - -

111 Xanthosine utilization - - - - + - - -

112 % fimbriae - - - - - + - -

113 Putative epoxide hydrolase - - - - - + - - b

114 Cupin superfamily homologues - - - - - + - - d

115 Hypothetical proteins - - - - - + - -

116 Hypothetical proteins - - - - - + - - i

117 D-glucarate permease, transketolase - - - - - + - -

118 Large exoproteins involved in heme utilization or adhesion - - - - + - + +

119 MipA homologue and signal transduction pair - - - - - - + - i

120 Hemolysin, activator and secretion + - + - - - - -

121 Membrane spanning and hypothetical proteins - - - - - - - + a

122 Hypothetical proteins - - - - - - - +

123 Csak invasin locus - - - - - - - +

124 Unique transporter - - - - - - - + e
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gene, icdA, where several small genomic regions were
inserted in a multiple cassette fashion for several genomes,
indicating insertion loci of genomic plasticity (Table 3,
Table 4).

Cronobacter spp. mobilome
Not surprisingly, each Cronobacter genome contained
multiple prophage or prophage-like elements (Table 4,
Figure 3). In several cases, prophages of different
Cronobacter genomes were inserted at the same chromo-
somal locus (Table 4, Figure 3). Indeed, phylogenetic ana-
lysis of the integrase gene of all prophages revealed a
trend of several clusters in which the chromosomal inser-
tion site was shared among all members of a phylogenetic
cluster (Additional file 3: Figure S1). Interestingly, the ge-
nomes of C. universalis NCTC 9529 and C. muytjensii

ATCC 51329 harbor a 57 kb integrative conjugative elem-
ent (ICE), which is 99% identical between strains (Table 4).
This mobile genetic element is most closely related to the
ICE-KKS family of integrating and conjugative elements,
found in #- and "- proteobacteria and represented by
ICEKKS1024677, which carries polychlorinated biphenyl
degradation genes [30]. For the Cronobacter ICE, in
addition to the conjugal transfer, integrase, and replica-
tion/partition genes, there is a 21 kb internal segment
which carries unique genes among this class of ICEs. Most
of the genes were annotated as encoding hypothetical pro-
teins, so it is unclear what phenotypic trait or characteris-
tic(s) are encoded in this region.
Additionally, each genome contained a number of trans-

posons (Table 4). Phylogenetic analysis of the transposases
clustered the genes together based on multiple copies of

Table 3 Non-core and unique genomic regions (GRs) identified in eight Cronobacter genomes (Continued)

125 Nucleoside-sugar efflux - - - - - - - +

126 !1 fimbriae - - - - - - - +

127 nanC, sugar isomerase, hydrolase - - - - - - - +

128 Paralogous enzyme island - - - - - - - +

129 Sialic acid - - - - - - - +
aFeature(s), or putative feature(s), were assigned based on BLASTp homology of encoded ORFs to known proteins. Shared chromosomal loci of genomic regions
are indicated by matching letters. Features in bold are biochemical traits, used previously to biotype Cronobacter isolates.

Figure 2 Gain and loss of putative genomic regions among eight Cronobacter genomes. Genomic regions (see Table 3 and Additional file
4: Table S2 for more details) are shown as present (+, shaded boxes) or absent (!, dashed borders), representing most likely point of gain or loss
for each genome or group of genomes. The ancestral core comprises the current eight Cronobacter core genome (Additional file 3: Table S1) and
GIs 1–34, 55–57, 67, 83. Underlined genomic regions are those whose current species distribution occurred through both insertions and deletions
in the evolutionary history of Cronobacter.
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Table 4 Putative mobilome of Cronobacter genomes
Putative mobile element Insertion site Other elements at this

chromosomal locus

T6SS1 (Csak) tRNA-Phe-GAA

T6SS2 (Csak, Cmal, Cuni, Cdublau, Ctur) tRNA-Phe-GAA GR 21, 88, 121

Transposon-Phage (Cuni) tRNA-Met-CAT GR 122 (Csak)

Prophage (Cdublac, Ctur); small integron (Cmal) tRNA-gly-CCC GR 112 (Cuni)

Prophage (Cdublac, Cmal, Ctur); tandem prophages (Cdubdub);
Prophage-transposon (Cdublau); transposon (Cuni)

putative serine chemoreceptor
protein gene

GR 16

Prophage (Csak) large repetitive protein gene

IS (Cmuy) yfgG GR 104, 113

Prophage (Cdubdub, Cmal); transposon (Ctur) tRNA-Arg-CCT GR 69, 95

Prophage (Cdubdub, Csak) tRNA-Pro-GGG GR 17, 58, 68, 89, 96, 105, 114, 123

TE (Cmal) hydroxyethylthiazole kinase gene

O-antigen region galF-gnd

IS (Cmuy) tRNA-Asn-GTT GR 27

T6SS3 (missing in Cmuy) tRNA-Asn-GTT

Prophage (Cdublau); T6SS4 with transposon interruption (Cdublau),
or at end (Cdublac)

tRNA-Asn-GTT

Prophage (Cmal) fliE

ICE (Cmuy) msdB-pykA intergenic

Prophage (Cdubdub) SraC/RyeA RNA GR81

Prophage (Cmal); TE (Ctur) ycgN

Transposon (Cdublau) interruption GR 59

Prophage (Cdublau, Cmuy, Csak) ycjR-ycjS

Tellurium resistance transposon (Csak) interruption GR 8

Transposon (Cuni) GR 30 GR 92

Transposon (Cdubdub) uvdE

IS600 (Cdub); Prophage (Cdublau) ydcW intergenic GR 31 (variable)

Prophage (Cuni) phnO intergenic

T6SS5 (highly variable, missing in Cdublac, Cmuy) tRNA-Val-GAC GR 33, 99

Copper-resistance transposon (Cuni (+ABC transporter), Cmuy);
Prophage (Cmuy, Ctur)

icdA GR 39, 48, 84, 87, 93, 116, 119

Prophage (Csak) ycdX

Prophage (Cdublau) mntR-ybiP intergenic

Prophages (Cuni, Csak, Ctur); T6SS6 (Cdub, Ctur, Csak - truncated) tRNA-Arg-TCT GR 11, 52, 85

Prophage (Csak); Transposon (Cmal), TE (Cdublau) tRNA-Thr-CGT

TE (Cmal) pilB

Prophage (Cdublac, Cmal); TE (Cdublau, Cdubdub, Cuni); Transposon
(Cdublau)

tRNA-Leu-CAA GR 110

ICE (Cuni) large repetitive protein gene

T6SS7-repeat region (all, variable and conserved genes) tpiA intergenic

Small integron (Csak) yicC-yicG

Core OS variable region kdtB-kbl

Prophage (Cmuy); TE (Cdubdub, Cuni) tRNA-SeC(p)-TCA

Copper and silver-resistance transposon (Csak) yhiN-puuA
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the same transposon found in each genome, but not with
regard to insertion site (Additional file 4: Figure S2). Most
of the transposons carried very few additional genes or
hypothetical protein encoding genes. There were three no-
ticeable exceptions, a transposon carrying the tellurium re-
sistance island found in the genome of Csak BAA-894, a
transposon carrying a copper resistance island found in the
genomes of Cuni NCTC 9529 and Cmuy ATCC 51329,
inserted near the isocitrate dehydrogenase gene, icdA, and
a transposon inserted in the yhiN - puuA intergenic region
of Csak BAA-894, carrying copper and silver resistance
genes (Table 4, Additional file 2: Table S2).
We also observed a number of type six secretion system

(T6SS) gene clusters in the eight Cronobacter genomes
(Table 4, Figure 3, Additional file 2: Table S2). All genomes
contained a very large T6SS cluster as a component of the
Cronobacter core genome, which is flanked by a highly vari-
able region of different sizes in each genome containing
several hypothetical protein CDS as well as those encoding
numerous homologues of vgrG, Rhs-family and YD-repeat

proteins (Table 4, T6SS7; Additional file 2: Table S2). Add-
itionally, seven of the eight genomes contain four to six
accessory T6SS clusters; Cmuy ATCC 51329 does not con-
tain any additional T6SS clusters. The gene content of each
cluster is variable between clusters present at different
chromosomal loci, but largely conserved among clusters lo-
cated at the same chromosomal locus. Previously, we
reported the presence of a T6SS cluster on a repFIB plas-
mid in strains of C. sakazakii [23].
Not surprisingly, many of the mobile genetic elements,

such as lysogenic prophages, in Cronobacter genomes
are inserted at tRNA loci (Table 4). We also found T6SS
gene clusters and some genomic regions inserted at
tRNA sites. And as with genomic regions, we observed
cassette-like insertion of multiple types of genetic ele-
ments at single sites (Table 4).

Discussion
Like many bacterial genera, the taxonomy of Cronobacter
has evolved and expanded as more sensitive molecular- and

Figure 3 Mobilome of Cronobacter spp. Putative mobilome elements from eight Cronobacter genomes were mapped on C. sakazakii ATCC
BAA-894 chromosome, using the Microbial Genome Viewer [31]. Symbols on outside ring represent insertion sites of putative mobile genetic
elements (Table 4, with mobile elements plotted clock-wise, from the top) – prophages, transposons and insertion sequences, and integrative-
conjugative element-like elements (green circles), variable type six secretion system clusters (orange circles), genomic regions at insertion sites
(red circles), and LPS (O-antigen and core OS) regions (yellow circles). Blue ring represents genes on the + strand and purple ring represents
genes on the – strand. Middle rings represent COGs on + (outer) and – (inner) strands (COG functional category legend provided in lower right of
figure). Innermost circle represent % G + C.
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sequence-based tools have developed. In this study, we
performed two genome-scale sequence analyses to discern
the taxonomic relationships of extant Cronobacter species,
namely ANI and genome-scale alignment and phylogenetic
reconstruction using syntenic, orthologous chromosomal
sequence. The taxonomic reclassification by Iversen et al.
[1], which relied on both DNA studies and on results from
biochemical tests, was confirmed by both analyses. We
found that the ANI results from this study were more
meaningful in discerning relationships between pairs of
Cronobacter species that are more distantly related as com-
pared to DNA-DNA hybridization [1]. This is most likely a
reflection of the differences in the range of meaningful
values for each analysis.
We were able to confirm the presence or absence of

eight of the genetic determinants of the biochemical
characteristics used previously for Cronobacter biotyping
(Table 3); namely, indole (tryptophanase), dulcitol
(galactitol), malonate, myo-inositol, and two genomic re-
gions that are likely responsible for utilization of 4-
aminobutyrate and production of $-methyl glucoside
(Farmer biotype 15 [2]), as well as those biotyping traits
contained in the core genome of these eight strains,
utilization of palatinose and putrescine (Additional file 1:
Table S1). The distribution of these operons and genes
were in complete agreement with the biochemical results
and species description reported by Iversen et al. [1].
Inositol fermentation has recently been proposed as a
marker of pathogenicity for Cronobacter, based on the
presence of the inositol monophosphatase gene (suhB)
in pathogenic strains [32]. In this study, we found that
this gene, which is seemingly ubiquitous and highly con-
served among the Enterobacteriaceae, is a component of
the Cronobacter core genome (Additional file 1: Table
S1). Additionally, we found that the inositol utilization
operon (GR29, Table 3, Additional file 2: Table S2) was
present, and functional [1], in the genomes of strains iso-
lated from the environment (water sources), Cuni NCTC
9529T, Cdubdub LMG 23823T, Cdublac LMG 23825T,
and absent in the genomes of pathogenic strains, Cmal
LMG 23826T and Csak BAA-894.
Using comparative genomics, we were able to define

the syntenic Cronobacter core genome for the eight spe-
cies genomes analyzed in this study, which is approxi-
mately 77% of the total protein coding sequences, on
average, per genome. This value is considerably higher
as compared to the core genome content of other gen-
era. In fact, the core genus genome size of Cronobacter
is comparable to the core genome size of certain bacter-
ial species [33,34], and considerably larger than that of
the related E. coli [35]. This is a reflection of the phylo-
genetic closeness of this genus, as shown in the ANI re-
sults (Table 2), and indicative of a more “closed”
Cronobacter genome.

The core genome size is considerably higher than that
reported by Kucerova et al. [20], 1,899 genes, which in-
corporated four of the six strains used in this study. This
discrepancy is best explained by the divergent evolution
of the genus to form two distinct clades (Figure 1). This
divergent evolution would undoubtedly have a signifi-
cant impact on the efficiency of hybridization of probes
designed from the sequence of Csak BAA-894 to DNA
from strains of Cdub and Cmuy, resulting in the smaller
reported core genome size [20]. With regard to the gen-
omic regions revealed by the comparative genomic
hybridization analysis of Csak BAA-894, reported by
Kucerova et al. [20], we classified 12 of the 15 reported
genomic regions as part of the Cronobacter mobilome.
They included T6SS clusters, GR1, 2 (ESA_0292-00302),
9, and 15 (repFIB plasmid-associated T6SS); putative
prophages, GR3, 4, 6, 10, 11, 12; transposons, GR7, 14;
and O-antigen gene clusters, GR5 (Additional file 2:
Table S2, from [20]).
The comparably large core genome size and overall

high sequence identity within the genus support the hy-
pothesis that these two clades have evolved as a result of
sympatric speciation; however, the divergence of the two
clades indicates that they are under different evolution-
ary pressures, to some degree. In addition to the diver-
gent evolution of shared genome content, several non-
core genomic regions were found to be either present
(or absent) in one of the two species-complex clades.
For example, the Cdub-Cmuy clade has acquired 13 gen-
omic regions that are not present in the Csak-Cmal-Cuni-
Ctur clade (Figure 2).
An examination of the dispensable gene content of

each species provides clues as to differences in environ-
mental niches and pathogenicity, such as virulence po-
tential. Among putative virulence-related properties, the
presence and diversity of appendages within the
Cronobacter genus is intriguing. Many causative agents
of meningitis, such as Neisseria meningitidis, Haemophi-
lus influenzae, and Pseudomonas aeruginosa encode for
type IV pili (TFP), necessary to colonize in the face of
shear forces of blood flow, associated with the capillary
beds of the blood–brain barrier. The Cronobacter core
genome also contains the genes that encode a TFP.
Bioinformatically, the presence of a TFP, as opposed to a
T2SS, was hypothesized due to the presence of the TFP-
unique gene, pilT, and the genetic organization of the
pilQ loci, similar to the TFP of P. aeruginosa. Several
chaperone-usher fimbriae were also present in the core
genome. Additionally, seven other chaperone-usher fim-
briae were differentially distributed among the eight ge-
nomes analyzed in this study (Table 3), including a P
pilus homologue (GR9, missing in Csak BAA-894),
which is a prominent virulence factor of uropathogenic
E. coli, also a causative agent of neonatal meningitis.
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Csak BAA-894 and Cmal LMG 23826T harbor a unique
type I fimbriae (GR82), which is absent in the other ge-
nomes, and Csak BAA-894 also harbors a # class CU
fimbriae (GR76), shared with Cdublac LMG 23825T, and
a second, unique type I fimbriae (GR126, which corre-
sponds to GR8 of Kucerova et al. [20]). Of interest is the
finding that Cmuy ATCC 51329T possesses only one
additional fimbriae operon, in addition to those encoded
in the genus core genome. Some genomes also harbored
curli biosynthesis genes, homologous to curli of E. coli
and tafi fimbriae of Salmonella. Although implicated dir-
ectly in cell-cell contact and biofilm formation, these or-
ganelles likely contribute to the colonization of
Cronobacter, after initial cell attachment has taken place.
We hypothesize that this operon was a component of
the ancestral core, and has been lost in all strains of C.
sakazakii and C. muytjensii (data not shown).
In addition to appendages potentially involved in adhe-

sion, several type V(a), or autotransporter, secretion loci
are present in the genomes of the Cronobacter analyzed in
this study, which are annotated as hemolysin, adhesin,
outer membrane autotransporter barrel, filamentous
hemagglutinin, large exoproteins, etc. They are found as
accessory genomic regions (GRs 4, 16, 21, 50, 101, 123),
and present as single genes or pairs of genes in the core
genome (Additional file 2: Table S2). Of particular interest
is GR123, found exclusively in Csak BAA-894, and
GR118, found in the three routinely isolated pathogenic
species, Ctur, Cmal, and Csak. GR123 contains two puta-
tive invasins and an eae homologue and may constitute a
pathogenicity island. This region was found to be present
in the genomes of three neonatal intensive care unit
(NICU) outbreak strains (including Csak BAA-894) and
absent in the C. sakazakii type strain, ATCC 29544, which
was isolated from a child’s throat (defined as a component
of cluster 3, Additional file 1: Table S1, from [20]).
Also interesting is the presence of two genomic re-

gions (GRs 127 and 129) involved in the utilization of si-
alic acid in the genome of Csak BAA-894. Sialic acid is a
generic term for a family of derivatives of the nine car-
bon sugar acid, neuraminic acid, which are found at
surface-exposed end positions of eukaryotic, primarily
animal, tissues. Many pathogens have evolved to either
coat their surfaces with sialic acid derivatives, in order to
evade the innate immune response, or to use this bio-
polymer as a nutrient source [36]. In addition to Csak
BAA-894, we found that 55 out of 57 strains of C.
sakazakii are able to utilize N-acetyl-neuraminic acid, a
derivative of sialic acid (by Biolog PM Microarray, data
not shown). Conversely, no other Cronobacter strains
were able to utilize this substrate, except four of six C.
turicensis strains (data not shown).
It has been hypothesized that the environmental niche of

Cronobacter is as a plant commensal [37]. Accordingly, we

found several genomic features, both in the Cronobacter
core- and pan-genome, which would be beneficial for an
organism to possess in this habitat. For example, the
Cronobacter core genome contains the maltose transporter
operon, malGFE- malKlamBmalM, repressor, malT, and $-
glucosidases that can hydrolzye maltose to two glucose
molecules. Maltose is primarily restricted to plants, particu-
larly seed tissues. An operon for the transport and hy-
drolysis of isomaltulose is also present in the core
genome of Cronobacter, in agreement with the taxo-
nomic description of Iversen et al. [1], and previously
reported by Lehner et al. [38]. Isomaltulose (palatinose),
also used in the original Cronobacter biotyping scheme,
is a disaccharide of glucose and fructose and a compo-
nent of honey and sugar cane. Additionally, we found
the following characteristics in the core Cronobacter
core genome: utilization of arabinogalactan, a major
component of plant gums; transport and utilization of
xylose, a precursor to hemicellulose; galacturonate, the
principal component of pectin; albicidin, a phytotoxin of
Xanthomonas spp., resistance; #-carotene pigmentation,
and several $ and # glucosidases.
It is of interest to find that an albicidin resistance pro-

tein coding gene was found as a core genome compo-
nent. Albicidin is a bacteriocin-like molecule that
degrades DNA gyrase, both of bacterial and chloroplast
origins [39]. Speculatively, Cronobacter possessing a gene
promoting resistance to the action of albicidin adds fur-
ther evidence for a plant-associated evolutionary history,
as well as, the impartation of a competitive edge to
Cronobacter survival in a mixed organism environment
where competition is controlled through the action of
bacteriocin expression. In addition to these conserved
features, several other genomic regions and operons
were found that have putative functions for plant associ-
ation, or homologies to proteins from plant commensals.
These include GR95/117 of Cmuy ATCC 51329 and
Cuni NCTC 9529; GR70, metabolism of pyroxidine/
pyroxidal (vitamin B6), of which green plants and grains
and nuts contain high amounts; GR72, maltose deriva-
tive metabolism; GR73, galactose (glycoside-pentoside-
hexuronide) homologue permease (possible role in cellu-
lose degradation); GR92, mannanase; GR102, L-
rhamnose ABC transporter; and GR107 of Ctur z3032.
Several inherent properties of Cronobacter have been

proposed as mechanisms that aid the bacteria in survival
and persistence in dried foods, such as PIF, food pow-
ders, and spices. Chief among these have been enhanced
heat resistance, as compared to other enterics and con-
taminating microorganisms. However, most studies have
reported variable results in terms of heat resistance at
the strain level, and cross-tolerance to other environ-
mental stressors, such as pH and water activity. One
consistent finding is an unusually high resistance to dry
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stress [17]. Accordingly, we found several genomic de-
terminants, which would be beneficial in a dry or low
water activity environment, including cellulose biosyn-
thesis (bcs and yhj) operons, colanic acid EPS, capsular
biosynthesis operon (kps), an environmental persistence
capsule (yih, GR3), and curli (GR55). Recently, it has
been reported that the synergistic expression of the yih
operon encoded capsule, cellulose and curli or tafi pro-
vides resistance to desiccation stress in Salmonella
[40,41]. We hypothesize that the same genetic determi-
nants, combined with other capsular and EPS operons,
likely play a similar role in the environmental persist-
ence and desiccation resistance in Cronobacter. Al-
though not all Cronobacter produce curli, those species
possess several other fimbriae which could substitute in
this adhesin and/or scaffolding role. In addition to this
extracellular matrix, we also found two operons, present
in all Cronobacter genomes, that encode transporters in-
volved in osmoprotection, yeh and bet operons, with
homology to plant commensals and pathogens, such as
Burkholderia and Erwinia species.

Conclusions
In conclusion, we found a large core genome among rep-
resentative type species strains of the genus Cronobacter,
which encodes factors for enhanced environmental persist-
ence and plant commensalism, as well as numerous ap-
pendages that may aid in attachment and colonization,
advantageous both in the environment and in the host.
Conversely, we found that the genus has diverged in a bi-
directional manner. The Cdub-Cmuy clade has evolved to
be more adapted for primarily an environmental and plant
association niche, while the other clade, particularly Csak
and Cmal, has evolved and acquired accessory genes that
have enhanced its virulence capacity, and host species
adaption, and promoted pathogenicity. Clearly, in silico
analysis of strain level differences, coupled with experi-
mental studies, will reveal which of these factors are most
important for environmental, plant, and human patho-
genic lifestyles of this group of organisms. This study es-
tablishes a powerful platform for further functional
genomics research of this diverse group; an important pre-
requisite towards future development of countermeasures
against this foodborne pathogen.

Methods
Bacterial strains
Cronobacter dublinensis subsp. dublinensis LMG 23823,
C. dublinensis subsp. lausannensis LMG 23824, C.
dublinensis subsp. lactaridi LMG 23825, C. malonaticus
LMG 23826, and C. universalis NCTC 9529 were acquired
from Dr. Carol Iversen; C. muytjensii ATCC 51329 was
acquired from the American Type Culture Collection
(ATCC; Manassas, VA).

DNA sequencing and assembly
Genomic DNA was fragmented to an average size of
3 kb using a Covaris (Woburn, MA) E210 focused-
ultrasonicator. Then, Multiplex Identifier (MID)-tagged,
paired-end libraries were prepared using a modified ver-
sion of the 454 Life Sciences (Roche, Branford, CT)
protocol. The procedure has been adapted to 96-well
plate format using automated pipetting robots, and in-
cludes QC steps and AMPure (Beckman-Coulter
(Agencourt), Indianapolis, IN) bead-based DNA purifica-
tions between enzymatic reactions as described by Fisher
et al. [42]. Libraries were pooled and sequenced using the
Roche 454 FLX pyrosequencer to an average depth of 15!
coverage. Raw sequence data were processed using manu-
facturer’s software and quality filtering algorithms.
Resulting demultiplexed data sets were assembled using
Celera Assembler v6.1 (http://sourceforge.net/projects/
wgs-assembler/).

Annotation and comparative genomics
Genomic contigs were submitted as multiple-sequence
FASTA files and annotated using the RAST annotation
server [43], to identify RNAs and protein-coding genes.
The RAST server is a free web portal (rast.nmpdr.org),
provided by the SEED [44], which automatically and rap-
idly curates both closed and draft genomes using a sub-
systems approach, as opposed to a tedious gene by gene
method. Comparative genomics was performed as previ-
ously reported [29,44-47], with some exceptions. In this
study, genome to genome comparisons were performed
primarily with the SEED viewer [48], which utilizes bi-
directional protein-protein BLAST (blastp) sequence
comparison of translated ORFs. Because sequencing
resulted in draft genomes (Table 1), we used the closed
genomes of C. sakazakii ATCC BAA-894 (BioProject
Accession PRJNA12720) and C. turicensis z3032
(BioProject Accession PRJEA39965) as references to
align draft contigs using MUMmer [49]. The syntenic
core genome of Cronobacter was determined using the
SEED viewer sequence based comparative genomics tool.
To ensure the most complete and robust syntenic core
gene set among the genomes analyzed, the genomes of
C. sakazakii ATCC BAA-894 and C. turicensis z3032
were uploaded and annotated via the RAST server, and
used as reference genomes for comparative genomics.
For the draft genomes, genes at the end of a contig or
interrupted by contig gaps were reconciled using bi-
directional BLASTN analysis, against all other genomes.
Genomic regions (GR), defined as regions which are

present in one or more Cronobacter genomes and miss-
ing in at least one other genome (dispensable), were
identified as previously reported [44,45,47]. Most prob-
able insertion and deletions of genomic regions were es-
timated as done previously [44], using a maximum
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parsimony approach. Clade-specific, as well as ancestral
genome genomic regions were identified by collapsing
shared genome genomic regions to the farthest branch
point that maintained the most parsimonious outcome.
For clarity, only the last common ancestor to all eight
Cronobacter spp. genomes analyzed in this study is
shown in Figure 2. It is assumed that each branch point
would produce a hypothetical ancestral genome com-
mon to those genomes beyond that branch point. Gen-
omic region identification numbers were assigned such
that genomic regions that are unique or shared by an in-
dividual Cronobacter genome were successively num-
bered. Mobile genetic elements were identified in a
similar fashion as genomic regions. In addition, mobility
was determined based on significant identity alignments,
using BLASTP, of its member ORFs to phage integrases
and structural genes, transposases, and conjugative pili
transfer genes, contained in the GenBank NR database.
Average nucleotide identity, by BLAST, (ANI) [50] was

computed using the JSpecies package [51]. A genome-
scale phylogeny was computed as previously described
[44,47,52], with some exceptions. As opposed to using
sets of orthologues of individual genes, 16 conserved
chromosomal syntenic regions, were first aligned indi-
vidually using MEGA version 5 [53], and then
concatenated. These regions spanned the following gene
loci from C. sakazakii ATCC BAA-894 (GenBank
CP000783.1), ESA_00107-00117, 00146–00223, 00399–
00443, 00671–00737, 01048–01094, 03220–03278,
03280–03289, 03331–03353, 03358–03402, 03447–
03511, 03536–03550, 03554–03599, 03614–03648,
03871–03886, 03982–04015, 04016–04029, and included
591 coding sequences (CDS) and intergenic regions.
Phylogenetic reconstruction was performed in MEGA,
using the neighbor-joining method. The bootstrap con-
sensus tree shown in Figure 1 was inferred from 1000
replicates. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test
(1000 replicates) are shown next to the branches. The
tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer
the phylogenetic tree, i.e., the number of base substitu-
tions per site, as determined using the Maximum Com-
posite Likelihood method. The original dataset included
600,341 bps. All positions containing gaps and missing
data were eliminated. There were a total of 574,352 posi-
tions in the final dataset.

Accession numbers
The Whole Genome Shotgun projects described in this
study have been deposited at DDBJ/EMBL/GenBank under
the accessions, C. dublinensis subsp. dublinensis LMG
23823, [GenBank: AJKZ00000000]; C. dublinensis subsp.
lausanensis LMG 23824, [GenBank: AJKY00000000]; C.

dublinensis subsp. lactaridii LMG 23825, [GenBank:
AJKX00000000]; C. malonaticus LMG 23826, [GenBank:
AJKV00000000]; C. muytjensii ATCC 51329, [GenBank:
AJKU00000000]; and C. universalis NCTC 9529,
[GenBank: AJKW00000000]. The versions described in
this paper are the first, XXXX01000000.

Additional files

Additional file 1: Table S1. Core genome of eight Cronobacter spp.
Core genome components are shown, using Csak ATCC BAA-894 as a
reference genome, to include contig, start, stop, length in bp, and %
identity (BLASTn). Genomes were annotated using the RAST server; gene
identification numbers (ID) were assigned by RAST.

Additional file 2: Table S2. Feature tables of eight Cronobacter
genomes. Annotated feature tables, generated by RAST, of the eight
Cronobacter genomes used in this study. Each feature (column E) was
assigned as a component of: a genomic region (GR, column A), the
mobilome (column B), a plasmid (column C), or the core Cronobacter
genome (column D); however, not all features could be assigned to one
of these classifications. Several feature characteristics are presented. The
feature table for each genome is given as a separate worksheet, named
according to the particular strain.

Additional file 3: Figure S1. Phylogenetic relationship of integrases of
eight genomes of Cronobacter spp. See Additional file 2: Table S2 for
further details of each putative integrase. Notation to the right of each
integrase indicates insertion locus.

Additional file 4: Figure S2. Phylogenetic relationship of transposases
of eight genomes of Cronobacter spp. See Additional file 2: Table S2 for
further details of each putative transposase. Notation to the right of each
transposase indicates insertion locus.
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ABSTRACT

The recognition of Cronobacter as a public health concern was raised when powdered infant 
formula (PIF) was linked to several neonatal meningitis outbreaks. It is an opportunistic pathogen 
that causes necrotising enterocolitis, infantile septicaemia, and meningitis which carries a high 
mortality rate among neonates. It has been also linked with cases of infection in adults and 
HOGHUO\��2YHU� WKH�SDVW�GHFDGH��PXFK� IRFXV�KDV�EHHQ�PDGH�RQ�GHYHORSLQJ� VHQVLWLYH�DQG� VSHFL¿F�
characterisation, detection, and isolation methods to ascertain the quality of foods, notably 
contamination of PIF with Cronobacter and to understand its ability to cause disease. Whole 
genome sequencing has unveiled several putative virulence factors, yet the full capacity of the 
pathogenesis of Cronobacter has not yet been elucidated.

1. Discovery, taxonomy, and general features of Cronobacter

Farmer et al.1, using results from DNA–DNA hybridisation studies combined with 

SKHQRW\SLF�REVHUYDWLRQV��UHGH¿QHG�D�JURXS�RI�\HOORZ�SLJPHQWHG�Enterobacter cloacae 

strains previously isolated from neonates and named them Enterobacter sakazakii in 

KRQRXU�RI�WKH�-DSDQHVH�PLFURELRORJLVW��5LLFKL�6DND]DNL�������±��������7KHVH�IRUPDWLYH�
VWXGLHV� DOVR� GH¿QHG� ��� SKHQRW\SLFDOO\� GLVWLQFW� ELRJURXSV�� 6XEVHTXHQWO\�� WKH� JHQXV�
Cronobacter� ZDV� GH¿QHG� LQ� ����� E\� ,YHUVHQ� et al.2,3 using a polyphasic taxonomic 

approach that encompassed results from full-length 16S rRNA gene sequencing, 

ULERW\SLQJ�� ÀXRUHVFHQW�DPSOL¿HG� IUDJPHQW� OHQJWK� SRO\PRUSKLVP�� DQG� '1$±'1$�
hybridisation studies, in addition to phenotypic data. At that time, the genus was comprised 

of six species C. sakazakii, C. malonaticus, C. turicensis, C. muytjensii, C. dublinensis, 

and C. genomospecies 1. Currently, there are seven species with the addition of 
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C. condimenti and the renaming of C. genomospecies 1 as C. universalis 4. Recently Brady 

et al.5 suggested three non-pathogenic Enterobacter species (E. pulveris, E. helveticus 

and E. turicensis���RULJLQDOO\�H[FOXGHG�E\�,YHUVHQ�et al.3 to be included as members of 

Cronobacter, but the current biological basis for this suggestion does not support further 

revision of the taxon. Furthermore, a study reported by Stephan et al.6 supports the 

exclusion of these three Enterobacter species from the genus Cronobacter. Nonetheless, 

all of these studies demonstrate the considerable diversity with respect to both genotypic 

and phenotypic characteristics among Cronobacter and its close taxonomic neighbours, 

as well as the complexity and challenges now confronting bacterial taxonomists.

Phenotypically, Cronobacter comprise a diverse group of Gram-negative bacilli that 

DUH�DSSUR[LPDWHO\����P�ORQJ�DQG����P�LQ�GLDPHWHU��R[LGDVH�QHJDWLYH��FDWDODVH�SRVLWLYH��
IDFXOWDWLYHO\� DQDHURELF�� DQG� PRWLOH� E\� SHULWULFKRXV� ÀDJHOOD�� 7KHVH� RUJDQLVPV� UHGXFH�
nitrate, utilise citrate, hydrolyse esculin, and arginine, and decarboxylate L-ornithine. 

Acid is produced from utilising a number of mono-, di-, and trisaccharides, sugar 

DOFRKROV��DQG�GHR[\�VXJDUV�VXFK�DV�'�JOXFRVH��VXFURVH��UDI¿QRVH��PHOLELRVH��FHOORELRVH��
D-mannitol, D-mannose, L-rhamnose, L-arabinose, D-xylose, trehalose, galacturonate 

DQG�PDOWRVH��7KH\�DUH�JHQHUDOO\�9RJHV�3URVNDXHU�SRVLWLYH��DFHWRLQ�SURGXFLQJ��DQG�WHVW�
negative for methyl red, showing 2,3-butanediol production, rather than a mixed acid 

fermentation. Growth occurs at 6 – 45 °C in brain heart infusion broth. However, current 

isolation schemes recommend using a growth temperature between 37 and 44 °C. Table 1 

describes key phenotypic reactions which separate the seven Cronobacter species from 

one another and from the previously mentioned Enterobacter species.

Table 1 Phenotypic characteristics that differentiate E. turicensis, E. pulveris and E. helveticus from 
Cronobacter spp.a

Phenotype reaction
Cronobacter spp. 

C. sak C. mal C. dub C. muy C. tur C. con C. univ. E. tur E. pul E. hel 
9RJHV±3URVNDXHU��93�c 9b +b + + + + + – – –

Methyl Redd 9 –b – – – – – + + +

Ornithine decarboxylation 9 9 + + + + 9 – – –

Arginine dihydrolation + + + + + + + – – –

Acide from: 

D-cellobiose + + + + + + + – + –

D-arabitol – – – – – – – – + –

Sucrose + + + + + + + – + –

L-rhamnose + + + + + + + + + –

Malonate utilisationf – + 9 + + + 9 + – +

Palatinose + + + + + + + – – –

a'DWD�GHULYHG�IURP�UHSRUWV�E\�,YHUVHQ�et al.3, Joseph et al.4, and Stephan et al.6 Note negative tests should 

be incubated for seven days prior to discarding unless otherwise indicated. Also results of some of the 

SKHQRW\SLF�UHDFWLRQV�VXFK�DV�WKDW�IRU�93��RUQLWKLQH�GHFDUER[\ODWLRQ��DFLG�IURP�LQRVLWRO�FDQ�EH�REWDLQHG�
GLUHFWO\�E\�XVLQJ�WKH�$3,��(�VWULS��ELR0pULHX[��,QF���DQG�WKH�XVH�RI�UHDJHQWV�DFFRUGLQJ�WKH�PDQXIDFWXUHU¶V�
instructions.
b������±������SRVLWLYH��9�����±�����RI�PHPEHUV�RI�WKH�JURXS�DUH�SRVLWLYH��±�����±�����SRVLWLYH�
c7KH�9RJHV±3URVNDXHU� WHVW�ZDV�SHUIRUPHG�E\�DGGLQJ�����.2+�LQ�ZDWHU�DQG������QDSKWKRO� LQ�����
HWKDQRO�WR�FXOWXUHV�LQFXEDWHG�IRU����K�DW�����&�LQ�05�93�EURWK�
d7KH�PHWK\O�UHG�WHVW�ZDV�SHUIRUPHG�E\�DGGLQJ�WKH�PHWK\O�UHG�UHDJHQW������J�PHWK\O�UHG�SHU�����P/�����
HWKDQRO�WR�FXOWXUHV�JURZQ�IRU����K�DW�����&�LQ���P/�RI�05�93�EURWK�
e$FLG�SURGXFWLRQ�IURP�FDUERK\GUDWHV�ZDV�WHVWHG�LQ�SKHQRO�UHG�EURWK�EDVH�ZLWK�WKH�DGGLWLRQ�RI�¿OWHUHG�
VWHULOLVHG�FDUERK\GUDWH�VROXWLRQ��¿QDO�FRQFHQWUDWLRQ� ������LQ�FXOWXUHV�LQFXEDWHG�IRU����K�DW�����&��
fMalonate utilisation was determined using sodium malonate broth in cultures incubated for 24 h at 37 °C.
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+LVWRULFDOO\��WKH�¿UVW�UHSRUWHG�FDVHV�RI�Cronobacter infection occurred in England in 

�����7��6LQFH�WKHQ�DQG�WLOO�������WKHUH�ZHUH�QHDUO\�����FDVHV�RI�LOOQHVV�ZRUOGZLGH�ZLWK�
27 deaths noted8��PRVWO\�DIIHFWLQJ� LQIDQWV�DQG�FKLOGUHQ� OHVV� WKDQ� IRXU�\HDUV�RI�DJH�� ,Q�
�����DQG�������WKHUH�ZHUH�WZR�RXWEUHDNV�WKDW�OLQNHG�LQWULQVLF�FRQWDPLQDWLRQ�RI�SRZGHUHG�
LQIDQW�IRUPXOD��3,)��DV�WKH�VRXUFH�RI�Cronobacter, one of which occurred in Belgium� 

and the other in the United States10,11��,Q�ERWK�LQVWDQFHV��Cronobacter was isolated from 

XQRSHQHG�DQG�RSHQHG�FDQV�RI�3,)�RI�WKH�VDPH�ORW�XVHG�WR�IHHG�WKH�QHRQDWHV�LQ�HDFK�RI�WKH�
KRVSLWDO¶V�LQWHQVLYH�FDUH�XQLWV�

Cronobacter were once considered as opportunistic pathogens that affected neonates 

����GD\V�RU�\RXQJHU���SDUWLFXODUO\�ZLWK� ORZ�ELUWK�ZHLJKWV��DQG�WKDW�FDXVHG�VHYHUH� OLIH�
threatening infections12 – 16. Recently, the spectrum as a pathogen has changed where 

it is now being seen in older infants as well17,18. These pathogens are known to cause 

QHFURWLVLQJ�HQWHURFROLWLV��1(&���VHSVLV��DQG�PHQLQJLWLV��VHH�WKH�UHYLHZ�LQ�UHI�������DQG�
KDYH�D�IDWDOLW\�UDWH�RI����±�������±���. Unfortunately, the survivors often develop chronic 

neurological sequelae resulting in life-long developmental challenges.

Although Cronobacter have been primarily associated with infections in infants, 

recent reports have also highlighted the risk posed to immune compromised adults, 

particularly the elderly 21 – 23. Cronobacter infections in adults include wound infection, 

abscesses, septicaemia, urinary tract infections, and pneumonia21 – 23. Additionally, the 

prevalence of Cronobacter infections reported among adults is increased in the elderly 

ZKR�KDYH�H[SHULHQFHG�VWURNHV�ZKLFK�KDYH�DIIHFWHG�WKHLU�DELOLWLHV�WR�VZDOORZ��G\VSKDJLD���
and these individuals may require the use of protein supplements as part of their diet8,21. 

7KLV�LV�D�SRWHQWLDO�SXEOLF�KHDOWK�FRQFHUQ�DV�WKH�ZRUOG¶V�SRSXODWLRQ�DJHV��DQG�DV�WKH�QHHG�
increases for the consumption of synthetic, dehydrated nutritionals or adult supplements 

by elderly individuals who may require additional dietary nutritional supplementation.

The expression of the yellow pigment was found by Lehner et al.24 to be due to 

the presence of a Pantoea-related carotenoid biosynthetic operon, crtE-idi-XYIBZ. 

'HVSLWH� )DUPHU¶V� RULJLQDO� ZDUQLQJ� QRW� WR� XVH� WKH� \HOORZ� FRORQ\� SLJPHQWDWLRQ� DV� D�
GLIIHUHQWLDO�FULWHULRQ�LQ�LGHQWL¿FDWLRQ�VFKHPHV��D�FRPPRQ�WKHPH�LQ�PDQ\�HDUO\�VWXGLHV�
was the emphasis on colonies with yellow pigmentation1. Historically, Cronobacter were 

FODVVL¿HG�E\�XVLQJ�WKH�RULJLQDO�ELRW\SLQJ��%LRJURXSLQJ��VFKHPH�GHVFULEHG�E\�)DUPHU�et 
al.1��,YHUVHQ¶V�WD[RQRPLF�SRO\SKDVLF�DSSURDFK�WKHQ�OHG�WR�WKH�FXUUHQW�WD[RQRP\�DQG�WKH�
phylogeny of Cronobacter��7R�RYHUFRPH�WKH�VXEMHFWLYLW\�RI�SKHQRW\SLQJ�DQG�YDULDELOLWLHV�
in 16S rDNA sequence analysis, the current scheme has now been further supported by 

Joseph et al.25 who reported that the biotyping scheme may not be a reliable means to use 

for Cronobacter�VSHFLHV�LGHQWL¿FDWLRQ�FRPSDUHG�WR�PROHFXODU�VHTXHQFLQJ�PHWKRGV�VXFK�
DV�0/67�DQDO\VLV�RU�3&5�DVVD\V�WDUJHWLQJ�VSHFLHV�VSHFL¿F�613V�DVVRFLDWHG�ZLWK�JHQHV�
such as rpoB26,27 and cgcA28��$�VHYHQ�ORFL�PXOWLORFXV�VHTXHQFH�W\SLQJ��0/67��VFKHPH�
for Cronobacter was established by Baldwin et al.����� providing further support of the 

WD[RQRP\�VFKHPH�GHVFULEHG�E\�,YHUVHQ�et al.3. Finally, whole genome sequencing has 

LGHQWL¿HG�IHDWXUHV�DVVRFLDWHG�ZLWK�WKH�SDQ�JHQRPH�RI�WKH�JHQXV�Cronobacter31 – 35.

2. Cronobacter in foods

The presence of Cronobacter LQ�3,)�ZDV�FOHDUO\�HVWDEOLVKHG�LQ�D�VXUYH\�FRQGXFWHG�LQ����
FRXQWULHV��LQ�ZKLFK�����RI�WKH�FDQV�WHVWHG�ZHUH�SRVLWLYH36��$�VXEVHTXHQW�VXUYH\�RI�3,)V�
UHSRUWHG�LQ������LQGLFDWHG�D�GHFUHDVH�LQ�WKH�QXPEHU�RI�SRVLWLYH�VDPSOHV�WR���37 and most 
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OLNHO\�ZDV�GXH�WR�WKH�DWWHQWLRQ�SDLG�E\�WKH�LQGXVWU\�WR�WKH�LQLWLDO�VWXG\��$OWKRXJK�3,)�LV�
regarded as an important source of this pathogen, environmental or extrinsic sources 

of contamination primarily of opened cans cannot be excluded38�� ,Q� ������ WKH�8QLWHG�
1DWLRQV¶�)RRG�DQG�$JULFXOWXUH�2UJDQLVDWLRQ��)$2��DQG�WKH�:RUOG�+HDOWK�2UJDQLVDWLRQ�
�:+2�� FRQYHQHG� D� MRLQW� PHHWLQJ� WR� DGGUHVV� WKH� UHFRJQLWLRQ� WKDW�Cronobacter is an 

HPHUJLQJ�SDWKRJHQ�DQG�KDV�EHHQ�HSLGHPLRORJLFDOO\�OLQNHG�WR�3,)��±���. Again in a similar 

meeting held in 2008, a concern at that time was on the manufacturing of follow-up 

IRUPXOD��)8)��WR�EH�JLYHQ�WR�ROGHU�LQIDQWV����PRQWKV�RI�DJH�RU�ROGHU��8. A survey reported 

by Chap et al. �� showed that Cronobacter�ZDV� IRXQG� LQ� �� RI� ��� ����� )8)� VDPSOHV�
FRPSDUHG�WR����RI�����������3,)�VDPSOHV��7KHVH�UHVXOWV�VKRZHG�WKDW�Cronobacter was 

less prevalent in FUF than other infant foods. However, it also showed that Cronobacter 

ZDV�VWLOO�D�FRPPRQ�FRQWDPLQDQW�RI�3,)�
Surveillance studies have detected Cronobacter in a variety of different environments 

LQFOXGLQJ�ÀLHV�� KRXVHKROGV�� OLYHVWRFN� IDFLOLWLHV�� IRRG�PDQXIDFWXULQJ�RSHUDWLRQV�� DQG� LQ�
3,)�SURGXFWLRQ� IDFLOLWLHV40 – 47. The presence of Cronobacter in dry ingredients and dry 

environments is most likely the source of contamination. For example, in manufacturing 

sites, several studies have described the isolation of multiple PFGE types of Cronobacter 

IURP� VSUD\� GU\HU� DQG�PLOO� DLU� ¿OWHUV�� DQG� RWKHU� SODQW� HQYLURQPHQWDO� VLWHV� LQYROYHG� LQ�
WKH�SURGXFWLRQ�RI�PLON�SRZGHUV��RQH�RI�WKH�EDVLF�FRPSRQHQWV�RI�3,)�����. The consensus 

LV� WKDW�JHQHUDO�KDQGOLQJ�RI� WKH�YDULRXV� LQJUHGLHQWV�DQG�3,)�FRPSRQHQWV�� VSUD\�GU\LQJ��
and milling operations can create aerosols. Therefore, constant vigilance of “Good 

manufacturing practices” and instituting proper control steps could ensure the absence of 

this pathogen in the ingredients used to manufacture these formulae.

The ubiquity of Cronobacter has been well established, though the natural reservoir 

KDV�QRW� \HW� EHHQ�GH¿QLWHO\� LGHQWL¿HG��Cronobacter have been found in other types of 

foods such as dairy products, dried foods e.g���KHUEDO�WHDV��ÀRXUV��QXWV��DGXOW�DQG�LQIDQW�
cereals, herbs and spices, rice and dried meats37,40 – 44. All of these foods are examples 

of matrices with reduced moisture content. Cronobacter are osmo- and thermo-tolerant 

and can survive in foods with low water content for extended periods of time���±���. 

Thermoresistance of Cronobacter spp. has been examined by several groups of 

investigators50 – 55. Edelson-Mammel and Buchanan50 observed 20-fold differences in the 

ability of Cronobacter strains to survive heating in rehydrated infant formula at 58 °C, 

ZLWK�'�YDOXHV� UDQJLQJ� IURP����� WR� ����PLQ�� 6WUDLQV�ZHUH� VHJUHJDWHG� LQWR� WZR� GLVWLQFW�
SKHQRW\SLF�JURXSV��WKHUPRVHQVLWLYH�DQG�WKHUPRWROHUDQW�VWUDLQV�

Growth of Cronobacter occurs in pH 5 – 10 3,55, with no growth generally occurring 

below pH 4.5. Several reports now document that an adaptive response in bacteria to 

one stress can lead to a global stress response that confers cross-resistance to a wide 

variety of other stresses56 – 61. Results from heat-tolerance response studies revealed that 

sub-lethal heat treatment can also enhance the acid tolerance of Cronobacter towards 

organic acids61. Such adaptive responses can also enhance virulence and pathogenesis, 

EXW�PD\�EH�VWUDLQ�VSHFL¿F61.

3. Isolation, detection and characterisation of Cronobacter

Due to an improved understanding of the geno- and phenotypic characteristics of 

Cronobacter over the past decade, several isolation and detection methods that use 

GLIIHUHQW�HQULFKPHQW�EURWKV�DQG�VROLG�DJDU�PHGLD�KDYH�EHHQ�GHYHORSHG��,QWHJUDWHG�LQWR�
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many of these protocols are molecular based methods including conventional and real-

time PCR assays.

Several enrichment broths have been developed to support growth of Cronobacter 

VSHFLHV�� DQG�� LQ� VRPH� FDVHV�� WKHLU� DSSOLFDWLRQ� LV� LQÀXHQFHG�E\� WKH� IRRG�PDWUL[��:DWHU�
can serve as pre-enrichment broth for the detection of Cronobacter�LQ�3,)��,Q�DGGLWLRQ��
EXIIHUHG�SHSWRQH�ZDWHU��%3:��LV�DQRWKHU�RSWLRQ�DQG�GXH�WR� LWV�EXIIHULQJ�FDSDFLW\�DQG�
nutrient composition, can be used with infant and dairy products. Enterobacteriaceae 

HQULFKPHQW��((��EURWK�LV�D�VHOHFWLYH�HQULFKPHQW�EURWK�WKDW�LQKLELWV�*UDP�SRVLWLYH�EDFWHULD�
and supports Enterobacteriaceae�JURZWK�� ,W� FDQ�DOVR� VHUYH�DV�DQ�HQULFKPHQW�EURWK� IRU�
Cronobacter��KRZHYHU��LI�3,)�FRQWDLQV�ODUJH�QXPEHUV�RI�FRPSHWLQJ�Enterobacteriaceae 

populations, EE broth may fail to support the growth of Cronobacter. Lauryl sulfate 

WU\SWRQH��/67��LV�DQRWKHU�VHOHFWLYH�EURWK�WKDW�KDV�EHHQ�XVHG�IRU�WKH�LVRODWLRQ�RI�Cronobacter 

IURP� IRRGV�� ,W� LV� XVHIXO� EHFDXVH� LW� LQKLELWV� *UDP�SRVLWLYH� EDFWHULD� DQG� DW� HOHYDWHG�
LQFXEDWLRQ�WHPSHUDWXUHV������&��KDV�EHHQ�VKRZQ�WR�EH�PRUH�VHOHFWLYH�IRU�Cronobacter. 

0RGL¿HG�/67��P/67��LQFRUSRUDWHV�LQJUHGLHQWV�����0�1D&O�����PJ�P/ – 1�9DQFRP\FLQ��
that inhibit many non-Cronobacter members of Enterobacteriaceae and therefore greatly 

LPSURYHG�WKH�VSHFL¿FLW\�RYHU�/67��$QRWKHU�HQULFKPHQW�EURWK��E. sakazakii selective broth 

�(66%���ZDV�GHYHORSHG�DV�D�PRGL¿FDWLRQ�RI�P/67��EXW�WKH�VHOHFWLYH�LQJUHGLHQWV�DQG�KLJK�
incubation temperature of this broth reduce its sensitivity62.

,YHUVHQ� DQG� )RUV\WKH62 compared the growth of 177 strains in four Cronobacter 

selective enrichment broths: Enterobacteriaceae� HQULFKPHQW� EURWK� �((���E. sakazakii 
VHOHFWLYH�EURWK��(66%���P/67�EURWK��DQG�Enterobacter sakazakii�HQULFKPHQW�EURWK��(6(���
$OO�WKH�WHVWHG�VWUDLQV�JUHZ�LQ�(6(��ZKHUHDV�EHWZHHQ���DQG����RI�VWUDLQV�GLG�QRW�JURZ�
LQ�((��P/67�� RU�(66%��7ZR� RWKHU� VHOHFWLYH� HQULFKPHQW� EURWKV��$O�+RO\�5DVFR� �$5��
broth and Cronobacter�VFUHHQLQJ�EURWK��&6%���ZKLFK�XVH�VRGLXP�FKORULGH�����PJ�P/ – 1 

vancomycin, and high concentrations of sucrose as selective/differential ingredients 

against other enterics have also been developed 63. AR broth uses sodium deoxycholate 

to suppress Gram-positive organisms. Unlike ESE and AR broths, CSB contains the pH 

LQGLFDWRU�EURPRFUHVRO�SXUSOH��7KH�FRPELQDWLRQ�RI�VXFURVH�IHUPHQWDWLRQ��DFLG�SURGXFWLRQ��
and pH indicator produce a yellow/orange colouration in CSB after incubation. A negative 

VDPSOH�ZRXOG�QRW�FKDQJH�WKH�SXUSOH�FRORXU�RI�WKH�EURWK�DIWHU�LQFXEDWLRQ��.LP�5KHH��.5��
medium was recently developed and utilises bromocresol purple, salicin, 5 g – 1 NaCl, 

and 2 g – 1�ELOH�VDOW�1R�����'LIFR��DV�WKH�GLIIHUHQWLDO�VHOHFWLYH�DJHQWV��7KLV�PHGLXP�VHOHFWV�
for salicin fermenting microorganisms, including Cronobacter, and was reported to be 

KLJKO\�VSHFL¿F�DQG�VHQVLWLYH�IRU�Cronobacter 64.

2QH� RI� WKH� PRVW� VLJQL¿FDQW� LPSURYHPHQWV� WR� WKH� LVRODWLRQ� RI�Cronobacter from 

foods was the development and introduction of chromogenic agars to replace traditional 

LGHQWL¿FDWLRQ�DJDUV��&KURPRJHQLF�DJDUV�SURYLGH�HQKDQFHG�GLIIHUHQWLDWLRQ�RI�Cronobacter 

from other similar bacterial colonies. As noted above, yellow pigmentation production 

on TSA agar was initially used to identify and isolate Cronobacter, but later studies 

reported that not all Cronobacter strains produce yellow pigment and that there were 

other Enterobacter spp. which could also produce yellow pigmented colonies on TSA. 

9LROHW�UHG�ELOH�JOXFRVH��95%*��DJDU�ZDV�WUDGLWLRQDOO\�XVHG�WR�LVRODWH�Cronobacter though 

it cannot effectively differentiate Cronobacter from other Enterobacteriaceae��$V�3,)��LV�
D�QRQ�VWHULOH�SURGXFW��LW�FRQWDLQV�D�QDWXUDO�EDFWHULDO�ÀRUD�WKDW�LQFOXGHV�Enterobacteriaceae 

DQG�WKH�XVH�RI�QRQ�VHOHFWLYH�DJDUV��VXFK�DV�95%*�DJDU��KDV�QRZ�EHHQ�UHSODFHG�ZLWK�WKH�
chromogenic agars, to improve the isolation of pathogens of importance to human health, 

when present.
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5HVHDUFK�KDV�VKRZQ� WKDW�Į�JOXFRVLGDVH�DFWLYLW\� LV�D�PXFK�PRUH�VSHFL¿F� WDUJHW� IRU�
WKH�LGHQWL¿FDWLRQ�RI�Cronobacter, and many recently developed agars are based on this 

HQ]\PDWLF�DFWLYLW\��)RU�H[DPSOH��WKH�¿UVW�FKURPRJHQLF�DJDU��'UXJJDQ�)RUV\WKH�,YHUVHQ�
$JDU� �'),��� GHYHORSHG� E\� ,YHUVHQ� DQG� KHU� FROOHDJXHV37 and renamed BrillianceTM E. 
sakazakii�$JDU��'),�IRUPXODWLRQ���XVHV���EURPR���FKORUR���LQGRO\O�Į��'�JOXFRS\UDQRVLGH�
�;Į*OF�� DV� WKH� FKURPRJHQLF� VXEVWUDWH� IRU� Į�JOXFRVLGDVH�� DQG� LPSDUWV� D� EOXH±JUHHQ�
pigment to a Cronobacter colony62��'),�DJDU�XVHV�76$�DV�D�QXWULHQW�EDVH��DQG�D�K\GURJHQ�
VXO¿GH�GHWHFWLRQ�V\VWHP��7KLV�DJDU�ZDV�VKRZQ�WR�EH�PXFK�PRUH�VSHFL¿F�WKDQ�WUDGLWLRQDO�
76$�DQG�95%*�DJDUV��KRZHYHU��VRPH�OLPLWDWLRQV�RI�'),�DJDU�KDYH�EHHQ�QRWHG��$V�DQ�
example, the concentration of the chromogen used in the original formulation was found 

WR�EH�VXERSWLPDO�WR�DOORZ�WKH�LGHQWL¿FDWLRQ�RI�WKRVH�Cronobacter strains with relatively 

ZHDN�Į�JOXFRVLGDVH�DFWLYLW\�43. Furthermore, the concentration of sodium deoxycholate 

included in the agar was not optimal for Cronobacter strains that were found to be 

sensitive to this detergent.

Subsequently, chromogenic Cronobacter� LVRODWLRQ��&&,��ZDV�GHYHORSHG�WR�DGGUHVV�
VRPH�RI�WKH�OLPLWDWLRQV�LGHQWL¿HG�LQ�WKH�RULJLQDO�'),�PHGLXP�FRPSRVLWLRQ��7KH�LQFXEDWLRQ�
WHPSHUDWXUH� RI� ����&� XVHG�ZLWK�&&,� DJDU� LV� DOVR� GLIIHUHQW� WKDQ� WKDW� XVHG�ZLWK�P'),�
agars which may support better growth of Cronobacter and inhibit other thermosensitive 

Enterobacteriaceae�� $QRWKHU� FKURPRJHQLF� DJDU� FRQWDLQLQJ� ;Į*OF� LV� Enterobacter 
sakazakii� ,VRODWLRQ� DJDU� �(6,$��� (6,$� KDV� ;Į*OF�� VRGLXP� GHR[\FKRODWH� DQG� FU\VWDO�
violet as selective agents and by using an incubation temperature of 45 °C is useful to use 

for the isolation of Cronobacter. The combination of these compounds vastly increased 

WKH� VSHFL¿FLW\� RI� WKLV� DJDU� IRU� VRPH� Cronobacter, however, for other Cronobacter 

strains, selectivity was reduced. The commercially available Enterobacter sakazakii 
SODWLQJ�PHGLXP��(630�� LV�D�FKURPRJHQLF�DJDU�FRQWDLQLQJ� WZR�VXEVWUDWHV��;Į*OF�DQG�
X-cellobiose. The purpose of inclusion of X-cellobiose is to increase the sensitivity of the 

agar by detecting Cronobacter�VWUDLQV�WKDW�KDYH�ZHDN�Į�JOXFRVLGDVH�DFWLYLW\�
The use of molecular based methods, particularly conventional and real-time PCR, 

has become a standard practice to detect and identify Cronobacter species from food 

commodities. Yan et al.17 have provided a description of commonly known PCR-based 

PHWKRGV�XVHG�WR�DPSOLI\�VSHFL¿F�JHQHWLF�ORFL�LQ�Cronobacter. These targets include rRNA 

JHQHV�� ��� �� Į�JOXFRVLGDVH� �gluA��� dnaG�� VSHFLHV�VSHFL¿F� 2�DQWLJHQV�� ]LQF�FRQWDLQLQJ�
metalloprotease (zpx���rpoB, cgcA, and ompA �VHH� UHYLHZ� LQ� UHI�������2WKHU�GHWHFWLRQ�
LGHQWL¿FDWLRQ� VWUDWHJLHV� LQFOXGH� DQ� LPPXQRORJLFDO�PDJQHWLF� EHDG� GHWHFWLRQ� DVVD\� IRU�
Cronobacter,� SXOVHG�¿HOG� JHO� HOHFWURSKRUHVLV� �3)*(���PXOWLSOH�ORFXV� YDULDEOH�QXPEHU�
WDQGHP�UHSHDW� DQDO\VLV� �0/9$���PXOWLORFXV� VHTXHQFH� W\SLQJ� �0/67���PLFURDUUD\�DQG�
ZKROH� JHQRPH� VHTXHQFLQJ� �VHH� UHYLHZ� LQ� UHI�� �����$QRWKHU� W\SLQJ�PHWKRG� FRPPRQO\�
XVHG� LQ� EDFWHULRORJ\� LV� VHURORJLFDO� LGHQWL¿FDWLRQ� RI� FHOO� ZDOO� DQWLJHQV�� 7UDGLWLRQDOO\��
serology has been used to detect and identify antigens associated with the outermost layer 

of the Gram-negative cell wall65 – 78. Because it is labour intensive, costly and can lack 

VSHFL¿FLW\��VHURORJ\�LV�LQFUHDVLQJO\�EHLQJ�UHSODFHG�E\�PROHFXODU�EDVHG�DVVD\V�LQFOXGLQJ�
VHURW\SH��RU�VHURJURXS�VSHFL¿F�3&5�VSHFL¿F�WR�JHQHV�ZLWK�LQ�WKH�2�DQWLJHQ�UHJLRQ��7KHVH�
PCR methods are widely used to serotype Escherichia coli, Salmonella, Shigella, and 

now Cronobacter71 – 78. Molecular serotyping of Cronobacter was initially described by 

Mullane et al.78�ZKR�LGHQWL¿HG�WKH�¿UVW�WZR�C. sakazakii serotypes O1 and O2. Additional 

VHURW\SHV�ZHUH�LGHQWL¿HG�IRU�DOO�RI�WKH�Cronobacter species using a similar approach by 

Jarvis et al.72,73. These molecular approaches revealed that as with most Enterobacteriaceae 
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the O-antigen regions of Cronobacter DUH�ÀDQNHG�E\�WKH�galF and gnd�JHQHV��)LJXUH�����
FRQWDLQ� IURP�VL[� WR����JHQHV��DUH�XVXDOO\���±����NE� LQ� OHQJWK��DQG�ZLWKLQ�D�VSHFLHV�DUH�
generally conserved��. The serological scheme proposed by Sun et al.66 correlates well 

with the molecular schemes proposed by Mullane et al.��, Sun et al.70 and Jarvis et al.72,73. 

Currently there have been 15 Cronobacter serogroups described. Both serological and 

molecular assays will be useful for monitoring Cronobacter serogroups found among 

clinical, environmental and food isolates.

4. Pathogenesis: outer membrane proteins, NEC, and meningitis

Although the genetics and physiology of Cronobacter pathogenesis has not been fully 

elucidated, much more information has been gained over the past few years that have 

LGHQWL¿HG� VHYHUDO� YLUXOHQFH� PDUNHUV� DQG� SXWDWLYH� JHQHWLF� ORFL� WKDW� PD\� FRQWULEXWH� WR�
its pathogenesis. One well characterised virulence gene is ompA (encoding for outer 

PHPEUDQH� SURWHLQ�$��ZKLFK� LV� LQYROYHG� LQ� ELQGLQJ� DQG� LQYDVLRQ� RI� EUDLQ� HQGRWKHOLDO�
cells���� 6HYHUDO� YLUXOHQFH� JHQHV� DQG� SODVPLGV� ZHUH� LGHQWL¿HG� DQG� IRXQG� VSHFL¿F� WR�

Figure 1 Examples of O-antigen gene clusters of Cronobacter serogroups for C. turicensis, C. 

dublinensis, &��PX\WMHQVLL and C. universalis. NCBI GenBank accession numbers for each LPS gene cluster 
region is shown within the parentheses by each of the respective species strain’s names. A – E, Predicted 
genes for the C. turicensis O3; C. dublinensis O1; C. dublinensis O2, &��PX\WMHQVLL O2 and C. universalis 
O1 serogroups were derived from sequences of E609 (JX475926), LMG 23825T, LMG 23823T and LMG 
23824T (JQ390549, JQ390550, JQ390551), ATCC 51329T(JQ390552) and NCTC 9529T (JQ390553), 
respectively. Dotted lines in weoB and weoC indicated the 984-bp deletion in LMG 23823T. Figure was 
adapted from Jarvis et al.73. The size (in base pair) of each gene cluster is shown in parentheses.
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Cronobacter80. Kothary et al.81� LGHQWL¿HG� D� ]LQF�FRQWDLQLQJ� PHWDOORSURWHDVH� �zpx��� D�
FDVHLQRO\WLF�SURWHLQ�WKDW�FDXVHG�URXQGLQJ�RI�&KLQHVH�KDPVWHU�RYDU\��&+2��FHOOV�LQ�FXOWXUH��
,Q�DGGLWLRQ��WKH�SUHVHQFH�RI�SXWDWLYH�sodA genes might provide resistance for Cronobacter 

against intracellular macrophage oxidase, acidic conditions, and may contribute to its 

intracellular persistence82�� ,W�KDV�EHHQ� UHSRUWHG� WKDW� WKH�H[SUHVVLRQ�RI�ERWK�2PS$�DQG�
OmpX is essential for basolateral invasion and critical for the virulence of C. sakazakii 
83,84��DV�ZHOO�DV�IRU�LWV�PRYHPHQW�LQWR�GHHSHU�RUJDQV��VXFK�DV�WKH�VSOHHQ�DQG�OLYHU��,QYDVLRQ�
studies proved that, OmpA and OmpX are crucial for C. sakazakii�LQYDVLRQ�RI�,17�����
and Caco-2 cells. Cronobacter are known to produce enterotoxin-like proteins85, one of 

WKH�¿UVW�YLUXOHQFH�IDFWRUV�LGHQWL¿HG�LQ�Cronobacter. However, the gene for the enterotoxin 

has not been found. Additional virulence factors include a siderophore-interacting protein 

(sip��DQG�D�W\SH�,,,�KDHPRO\VLQ��hly��JHQHV86.

Currently, it is thought that Cronobacter gain entrance to the human body through the 

JDVWURLQWHVWLQDO�WUDFW�ZKHUH�LW�PD\�FDXVH�1(&�RU��E\�XQNQRZQ�PHFKDQLVP�V���PD\�HQWHU�
the systemic circulation without the manifestation of NEC�. As Grishin et al.87 suggested, 

the development of NEC requires a susceptible host, typically a premature infant with 

physiological impairment (i.e���K\SR[LD��K\SRWKHUPLD�� LQWHVWLQDO� LVFKHPLD��� WKH�IHHGLQJ�
RI� HQWHUDO� QXWULWLRQ� IRUPXODH� �ZKLFK� ODFN� WKH� EHQH¿FLDO�� SURWHFWLYH� LPPXQRORJLFDO�
FRPSRQHQWV�QRUPDOO\�SUHVHQW�LQ�EUHDVW�PLON���DQG�XQUHVWULFWHG�EDFWHULDO�FRORQLVDWLRQ�DQG�
PXOWLSOLFDWLRQ�� 7KHVH� FRQGLWLRQV� OHDG� WR� DQ� LQFUHDVHG� OHYHO� RI�PXFRVDO� LQÀDPPDWLRQ��
ZKLFK�VXEVHTXHQWO\�UHVXOWV�LQ�WKH�SURGXFWLRQ�RI�KLJK�OHYHOV�RI�KRVW�LQÀDPPDWRU\�IDFWRUV��
including cytokines, nitric oxide, platelet-activating factor, and prostanoids, which 

further damage the apical intestinal epithelium. The virulence of Cronobacter spp. is 

dose-dependent, but not due to properties inherent to a particular bacterial species, but 

UDWKHU� D� FKDUDFWHULVWLF�V�� RI� FHUWDLQ� VWUDLQV��ZKLFK�PD\�EH�KDUPOHVV� LQ� D� IXOO�WHUP�� \HW�
pathogenic in a more immature pre-term infant88. In vitro models of infection also suggest 

that the organism may gain entrance into the systemic circulation through transcytosis of 

the intestinal epithelium88.

,Q� VWXGLHV� XVLQJ� UDW� EUDLQ� FDSLOODU\� HQGRWKHOLDO� FHOO� OLQH� �U%&(&��� DQG� D� 8����
human macrophage cell line, Cronobacter, was shown to invade the former cell line and 

demonstrated different degrees of persistence in macrophages82. They also noted that 

LQYDVLRQ�RI�WKH�UDW�EUDLQ�FDSLOODU\�HQGRWKHOLDO�FHOO�PD\�UHÀHFW�WKH�SDWKRJHQ¶V�DELOLW\�WR�FURVV�
the blood–brain barrier and cause infections of the central nervous system. Persistence 

in macrophages is a hallmark for several enteric pathogens such as Salmonella and the 

ability of Cronobacter�WR�SHUVLVW�LQ�PDFURSKDJHV�XS�WR����KRXUV�PD\�DOVR�EH�D�VLJQL¿FDQW�
virulence attribute for the members of this genus. The role of other surface structures such 

as LPS and capsules which enable the pathogen to resist serum killing effect and avoid 

the immune system is currently unknown 17.

Speculatively, in comparison to epigenetic-related virulence mechanisms reported 

recently for Bacillus anthracis, Escherichia coli, and Helicobacter pylori infections���±���, 

any epigenetic effects on host target cells following Cronobacter infection such as covalent 

PRGL¿FDWLRQ�RI�KLVWRQHV� WKURXJK�SDWKRJHQ�GLUHFWHG�GHPHWK\ODWLRQ��GHSKRVSKRU\ODWLRQ��
and acetylation reactions have not been fully explored for Cronobacter. ,W�LV�DQWLFLSDWHG�
that the cataloguing of epigenetic effects with Cronobacter on host target cells will 

contribute to an improved understanding of Cronobacter pathogenesis and may guide 

future clinical treatment regimens including possibly vaccine development for this 

important foodborne human pathogen.
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5. Comparative genomics: composition of the core, dispensable and 
VSHFLHV�VSHFL¿F�JHQRPH�FRPSRQHQWV�RI�WKH�SDQ�JHQRPH�RI�Cronobacter

To date, 28 genomes of Cronobacter�KDYH�EHHQ�VHTXHQFHG�DQG�UHSRUWHG��7DEOH�����2XW�
of these genomes, only four C. sakazakii and single C. turicensis genomes have been 

completed. C. sakazakii�%$$�����ZDV�WKH�¿UVW�Cronobacter strain to be sequenced by 

Kucerova et al.31��,Q�HDFK�VSHFLHV��D�VLQJOH�FKURPRVRPH�ZDV�LGHQWL¿HG�DQG�WKH�SUHVHQFH�
RI�SODVPLGV�ZDV�QRWHG��,Q�D�Cronobacter comparative genomics report by Grim et al.35, 

WKH�DXWKRUV�IRXQG�WKDW�DSSUR[LPDWHO\�����RI�JHQHV�IRXQG�LQ�WKH�JHQRPH�RI�HDFK�VSHFLHV�
are conserved as core genes. According to Medini et al.��, the pan-genome of a bacterial 

VSHFLHV� LQFOXGHV� WKH� ³FRUH� JHQRPH´�� WKRVH� JHQHV� WKDW� DUH� SUHVHQW� LQ� DOO� VWUDLQV�� WKH�
³GLVSHQVDEOH�JHQRPH´�DUH�JHQHV�SUHVHQW�LQ�WZR�RU�PRUH�VWUDLQV��DQG�¿QDOO\�³XQLTXH�JHQHV´�
DUH�JHQHV�VSHFL¿F� WR�VLQJOH�VWUDLQV�RU�VSHFLHV��$V�ZLWK�PDQ\�RWKHU�EDFWHULD��KRUL]RQWDO�
transfer of lysogenic phage along with the transfer of secretion systems and transposable 

HOHPHQWV�WKDW�PD\�EH�SUHVHQW��JHQHV�DVVRFLDWHG�ZLWK�WKH�PRELORPH��KDV�EHHQ�REVHUYHG�LQ�
Cronobacter��DQG�WKHVH�PDNH�XS�D�VLJQL¿FDQW�SDUW�RI�WKH�GLVSHQVDEOH�EDFWHULDO�JHQRPH34. 

Figure 2 shows the phylogenetic relationship between all seven Cronobacter species, as 

determined by SNPs contained within their core genome. One conclusion from these data 

is that the genus Cronobacter�FDQ�EH�GLYLGHG�LQWR�WZR�PDMRU�FODGHV�WKDW�DSSHDUHG�WR�KDYH�
diverged from a common ancestor. Each of the species may have subsequently evolved 

under different selection pressures that resulted in the presence or absence of selected 

regions of the respective genomes.

6. Common virulence plasmids and other related plasmids possessed by 
Cronobacter

:KROH�JHQRPH�VHTXHQFLQJ�KDV�VKRZQ�WKDW�PRVW�VWUDLQV�FRQWDLQ�PXOWLSOH�SODVPLGV��7KUHH�
KLJKO\� KRPRORJRXV� SODVPLGV�� S(6$�� �����NE�� LQ� C. sakazakii %$$������ S63����
�� �����.%�� LQ�C. sakazakii�63�����DQG�S&78�������NE�� LQ�C. turicensis z3032, carry 

Table 2 Summary of 28 Cronobacter genome characteristics, size (Mb), GC%, presence of plasmidsa

Species

condimenti dublinensis malonaticus muytjensii sakazakii turicensis universalis

Genomes (n� 1 5 3 1 14 2 2

0HDQV�VL]H��0E� 4.48 4.60 4.5 4.32 4.5 4.58 4.355

6L]H�UDQJH��0E� 4.48 4.45 – 4.76 4.43 – 4.55 4.32 �����±����� 4.57 – 4.60 4.33 – 4.38

0HDQ�*&� 55.80 57.82 56.63 56.71 56.75 57.21 �����
*&��UDQJH 55.80 57.30 – 58.30 56.5 – 56.8 56.17 55.80 57.20 – 57.23 ������±������
Mean CDS 4350 4262 4204 ���� 4310c ���� ����d

CDS range 4350 4077 – 4516 4041 – 4325 ���� 3718 – 4724 4316 – 4562 ����
Mean no. protein 4272 ����b 4223b ND 4216c 4348 4285d

Protein no. range 4272 4343 – 4444 �����±����� ND �����±����� 4244 – 4452 4285

Plasmids
pCTU1

related

pCTU1

related

pCTU1

related

Lacks 

pESA3/

pCTU1

related

pESA3

pESA2

pCS2151

S63�����

pCTU1

pCTU2

pCTU3

pESA3

related

a9DOXHV�ZHUH�REWDLQHG�IURP�GDWD�RQ�VWUDLQV�GHVFULEHG�LQ�1&%,�DQG�*ULP�et al.34.
b9DOXHV�ZHUH�RQO\�REWDLQHG�IURP�WZR�C. dublinensis�VWUDLQV�GHVFULEHG�LQ�1&%,�
c9DOXHV�ZHUH�RQO\�REWDLQHG�IURP�HLJKW�C. sakazakii�VWUDLQV�GHVFULEHG�LQ�1&%,�
d9DOXHV�ZHUH�RQO\�REWDLQHG�IURP�RQH�C. universalis VWUDLQ�GHVFULEHG�LQ�1&%,�
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several putative virulence genes including two genetic loci encoding iron acquisition 

systems, namely an ABC transporter gene cluster and an aerobactin or cronobactin 

VLGHURSKRUH�UHFHSWRU�JHQH�FOXVWHU�LGHQWL¿HG�DV�eitCBAD and LXF$%&'�»�LXW$, respectively. 

Yan et al.35�FODVVL¿HG�WKHVH�SODVPLGV�LQWR�D�VLQJOH�SODVPLG�JURXS�DQG�GHVLJQDWHG�WKHP�DV�
“Plasmid group 1”. Figure 3 shows the sequence homology among several Plasmid group 

1-related plasmids carried by C. sakazakii and other Cronobacter species. The features 

which separate “Plasmid group 1” from other plasmids include the presence of the same 

RULJLQ�RI�UHSOLFDWLRQ��GH¿QLQJ�WKH�LQFRPSDWLELOLW\�W\SH��,QF),%��repA��DQG�WKH�SUHVHQFH�
of the two iron acquisition gene clusters which together comprise a common plasmid 

backbone. Franco and Hu80 and Grim et al.�� showed that the iucABCD/iutA is the only 

active siderophore present in Cronobacter.

,QWHUHVWLQJO\��*ULP� et al.�� also showed that Cronobacter possess additional non-

plasmid iron acquisition gene clusters which serve as receptors for heterologous 

Figure 2 Neighbour-joining phylogenic evolutionary relationships of 34 Cronobacter spp., compared 
to a single Citrobacter freundii strain is based on the alignment of SNPs from 400 randomly chosen 
homologous genes. The database of homolog genes was derived by BLASTing annotated genes of C. 

sakazakii strain BAA-894 against a local database of 33 Cronobacter and a C. freundii genomes using 
in-house perl scripts. The concatenated allele sequences were aligned for phylogenetic tree building 
using MEGA6 with software default parameters104. The tree is drawn to scale, with branch lengths in 
the same units as those of the evolutionary distances used to infer the phylogenetic tree. The bootstrap 
values obtained from 1000 bootstrap replicates are reported as percentages at the nodes. The scale bar 
represents 0.1 base substitutions per site. The accession numbers used to develop the phylogenetic tree 
are listed in Table 3.
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VLGHURSKRUHV�ZKLFK�DOORZ�IRU�WKH�FDSWXUH�RI�LURQ�IURP�RWKHU�EDFWHULDO�VSHFLHV¶�VLGHURSKRUHV��
7KH� IHUULF� GLFLWUDWH� WUDQVSRUW� V\VWHP� ZDV� IRXQG� VSHFL¿FDOO\� LQ� D� VPDOO� VXEVHW� RI� C. 

sakazakii and C. malonaticus strains, most of which were isolated from clinical samples, 

suggesting that this iron acquisition system plays a role in the virulence of Cronobacter��. 
7KLV�ZRUN�DOVR�LGHQWL¿HG�SXWDWLYH�)XU�ER[�JHQHV�DQG�RSHURQV�WKDW�DUH�FRPSRQHQWV�RI�D�
Fur regulon which are associated with the expression of iron-regulated genes under iron-

depleted conditions.

Grim et al.�� further provided evidence that the C. dublinensis and C. muytjensii 
�&GXE±&PX\�FODGH��JHQRPHV�HQFRGH�IRU�WZR�UHFHSWRUV��fcuA and fct, for heterologous 

VLGHURSKRUHV� SURGXFHG� VSHFL¿FDOO\� E\� SODQW� SDWKRJHQV�� 7KHVH� UHVXOWV� VXSSRUW� WKH�
hypothesis proposed by Schmid et al.�� and Joseph et al.�� that Cronobacter arose during 

WKH�3DODHRJHQH�JHRORJLF�SHULRG��EHWZHHQ����DQG����PLOOLRQ�\HDUV�DJR��RI�WKH�&HQR]RLF�
era when early modern plants appeared and the grassland plants continue to evolve. The 

Table 3 Strain names, NCBI strain nomenclature, and NCBI genome accession numbers used in 
Figure 2

Abbreviation Strain name 1&%,�DFFHVVLRQ�QXPEHU
csak2151 Cronobacter sakazakii 2151 AJKT00000000

csak713 Cronobacter sakazakii ES713 AJLB00000000

csaksk81 Cronobacter sakazakii SK81 Tall, personal communication

FVDNVN��� Cronobacter sakazakii�63��� *&$B�����������
FVDN��� Cronobacter sakazakii�(��� AFMO00000000

csak701 Cronobacter sakazakii���� CALE00000000

FVDN��� Cronobacter sakazakii�%$$���� GCA_000017665.1

csak602 Cronobacter sakazakii E602 Tall, personal communication

csak15 Cronobacter sakazakii ES15 GCA_000263215.1

csak680 Cronobacter sakazakii 680 CALG00000000

FVDN����� Cronobacter sakazakii������ Tall, personal communication

csak35 Cronobacter sakazakii ES35 AJCL00000000

FVDN��� Cronobacter sakazakii���� CALF00000000

csak764 Cronobacter sakazakii 764 AJLA00000000

csakfda822 Cronobacter sakazakii 822 Tall, personal communication

csakfda823 Cronobacter sakazakii 823 Tall, personal communication

csakfda824 Cronobacter sakazakii 824 Tall, personal communication

csakfda825 Cronobacter sakazakii 825 Tall, personal communication

csakfda826 Cronobacter sakazakii 826 Tall, personal communication

csakfda828 Cronobacter sakazakii 828 Tall, personal communication

cmalfda827 Cronobacter malonaticus Tall, personal communication

cmal507 Cronobacter malonaticus 507 CALD00000000

cmal681 Cronobacter malonaticus 681 CALC00000000

cmal825 Cronobacter malonaticus LMG23826 $-.9��������
FXQL���� Cronobacter universalis 1&7&���� $-.:��������
ctur564 Cronobacter turicensis 564 CALB00000000

ctur3032 Cronobacter turicensis z3032 GCF_000027065.2

ccon1330 Cronobacter condimenti 1330 &$.:��������
FPX\���� Cronobacter muytjensii $77&����� AJKU00000000

cdub Cronobacter dublinensis LMG23825 AJKX00000000

cdub Cronobacter dublinensis LMG23823 AJKZ00000000

cdub Cronobacter dublinensis LMG23824 AJKY00000000

cdubd582 Cronobacter dublinensis 582 CALA00000000

&IUH���� Citrobacter freundii�$7&&����� $1$9��������
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grasslands began to replace many forests because grasses could survive better in the 

GULHU�FOLPDWHV��W\SLFDO�RI�6RXWK�$PHULFD�DQG�$IULFD�GXULQJ�WKLV�SHULRG��,W�LV�LQWHUHVWLQJ�
to speculate that the ability of Cronobacter to resist desiccation began during this time 

period.

:KLOH�VHYHUDO�JHQHWLF�GHWHUPLQDQWV�IRU�SODQW�DVVRFLDWLRQ�DQG�KXPDQ�YLUXOHQFH�ZHUH�
found in the core genome of Cronobacter as reported by Grim et al.34, comparative genomic 

analysis of the genomes from C. dublinensis and C. muytjensii also contained several 

accessory genomic regions important for survival in a plant-associated environmental 

niche, while the Csak–Cmal–Cuni–Ctur clade genomes harboured numerous virulence-

related, host-relevant genetic traits. Taken together with the results of Schmid et al.�� and 

Joseph et al.����WKHVH�¿QGLQJV�VWURQJO\�VXJJHVW�WKDW�WKH�JHQRPHV�RI�Cronobacter encode 

factors required for enhanced environmental persistence and plant commensalism, 

as well as numerous surface appendages that may aid in attachment and colonisation, 

IHDWXUHV�WKDW�DUH�DGYDQWDJHRXV�ERWK�LQ�WKH�FRORQLVDWLRQ�RI�VSHFL¿F�HQYLURQPHQWV�LQFOXGLQJ�
the human host. Furthermore, Grim et al.34 reported that the genus had diverged in a 

bidirectional manner from its ancestor wherein the Cdub–Cmuy clade evolved to be more 

Figure 3 Sequence alignment of various Cronobacter plasmids produced with the Artemis 
Comparison Tool (ACT)105. A schematic of each plasmid is shown above or below its corresponding 
UXOHU��7KH�VHTXHQFH�RI�S(6$��ZDV�PRGL¿HG�E\�UHMRLQLQJ�WKH�UHS$�JHQH�DW�WKH��¶�HQG��ZKLFK�LV�VSOLW�LQ�
the GenBank sequence. Note: as a reference point for the comparison, the G + C content of pESA3 
and pCTU1 are 56.85% and 56.05%, respectively. The sequences used to make the comparisons were 
obtained from NCBI as reported by Kucerova et al.31, Stephan et al.32, Joseph et al.33 and Grim et al.34,91, 
respectively; and are pCGS1 from C. universalis strain NCTC 9529 (AJKW00000000), pCTU1 from C. 

turicensis strain LMG (FN543093), pCDD, from C. dublinensis strain LMG23823 (AJKZ01000000), C. 

malonaticus strain LMG 23836 (AJKV01000000), C. sakazakii strain BAA-894 (CP000783-5) and C. 

sakazakii strain 2151 (AJKT01000000).
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adapted to an environmental and plant associated niche, while the other clade, including 

Csak–Cmal–Ctur, acquired accessory genes that enhanced their virulence capacity. These 

IHDWXUHV�DUH�QRZ�UHÀHFWHG�DPRQJ�DOO�VHYHQ�VSHFLHV��ZLWK�C. sakazakii, C malonaticus, 

and C. turicensis comprising those most often reported to be linked to cases of human 

illnesses.

,Q� DGGLWLRQ� WR� eitCBAD and LXF$%&'� »LXW$� JHQH� FOXVWHUV�� S(6$�� DQG� S63������
possess the gene for an outer membrane protease (Cronobacter plasminogen activator, 

&SD�� WKDW� ZDV� UHSRUWHG� E\� )UDQFR� DQG� FROOHDJXHV�� to express a serum resistance 

phenotype to C. sakazakii and may enhance its invasion of a host, perhaps facilitating 

WKH�SDWKRJHQ¶V�DELOLW\�WR�FURVV�WKH�EORRG±EUDLQ�EDUULHU��7KHVH�SODVPLGV�DOVR�FDUU\�D����NE�
UHJLRQ� WKDW� HQFRGHV� IRU� D� W\SH� 9,� VHFUHWLRQ� V\VWHP� �7�66�80�� ,Q� FRQWUDVW� WR� S(6$��
S63�������S&78�DQG�S&78��OLNH�SODVPLGV��RULJLQDOO\�LGHQWL¿HG�LQ�C. turicensis z3032 

and C. malonaticus, carries a 27-kb region that encodes for a Bordetella pertussis-like 

¿ODPHQWRXV�KHPDJJOXWLQLQ�JHQH�FOXVWHU�SRVVHVVLQJ��fhaB��DV�ZHOO�DV�WKH�WUDQVSRUWHU�JHQH�
(fhaC��DQG�WKH�)+$�ORFXV��WKH�ODWWHU�HQFRGLQJ�IRU�¿YH�SXWDWLYH�DGKHVLQV��,QWHUHVWLQJO\��WKH�
latter plasmid does not possess cpa or the T6SS.

³3ODVPLG�JURXS��´�SODVPLGV� DUH�S&78���S(6$��� DQG�S63������DQG�FDUU\� D�JHQH�
FOXVWHU�UHVSRQVLEOH�IRU�SODVPLG�PRELOLVDWLRQ�DQG�FRQMXJDWLRQ�DQG�LV�FRQVLGHUHG�WR�EH�D�
7\SH�,9�VHFUHWLRQ�V\VWHP31 – 34,80��3ODVPLGV�ZLWKLQ�³3ODVPLG�*URXS��´�SRVVHVV�DQ�,QF)��
origin of replication site (repA���/DVWO\��SODVPLGV�ZLWKLQ�³3ODVPLG�JURXS��´�DUH�UHSUHVHQWHG�
E\�S&78��DQG�S63�������,QF+��OLNH�RULJLQ�RI�UHSOLFDWLRQ�JHQH���/LWWOH�LV�NQRZQ�DERXW�
these plasmids except that they possess genes encoding for heavy metal resistance.

,Q�D�UHFHQW�SDSHU��*ULP�et al.34 expanded the list of putative virulence factors based on 

whole genome sequence data and comparisons. These authors and others31 – 35 suggested 

WKDW�¿PEULDH�OLNH�VWUXFWXUHV��VXFK�DV�D�W\SH�,9�SLOL��7)3��DQG�D�W\SH�,�¿PEULDH��PD\�SOD\�
D�UROH�LQ�WKH�SDWKRJHQ¶V�DWWDFKPHQW��DGKHVLRQ��WR�KRVW�FHOOV��,QWHUHVWLQJO\��WKLV�JURXS�DOVR�
found an eae homologue as well as two additional putative invasins in one genomic region 

�*5�����RI�C. sakazakii and postulated that this may be indicative of a pathogenicity 

island.

:KROH�JHQRPH�VHTXHQFLQJ�RI�C. sakazakii�VWUDLQ�63�����D�VWUDLQ�WKDW�ZDV�RULJLQDOO\�
LVRODWHG�IURP�WKH�HQYLURQPHQW�RI�D�3,)�SURGXFWLRQ�SODQW�ZKLFK�KDG�SHUVLVWHG�IRU�\HDUV�DW�
the plant provided insights into the genotypes associated with features that contribute to 

the persistence of Cronobacter� LQ�3,)35��&RPSDUDWLYH�JHQRPLF�DQDO\VLV�RI�63����ZLWK�
other closed Cronobacter�JHQRPHV�VKRZHG�WKDW�63����ODFNHG�VHYHUDO�JHQRPLF�UHJLRQV�
�*5��D�WRWDO�RI�¿YH�*5V��SUHVHQW�LQ�VWUDLQV�ZKLFK�FDXVH�GLVHDVH��6SHFL¿F�JHQHV�QRW�IRXQG�
LQ�63����LQFOXGHG�D�SXWDWLYH�EDFWRSUHQRO�JOXFRV\O�WUDQVIHUDVH��D�&,,�UHJXODWRU\�JHQH��D�
Kil protein-encoding gene, unique transposon genes, Nitrate ABC transport and related 

PHWDERORPH� JHQHV�� D� WHOOXULXP��PXOWLSOH� KHDY\�PHWDO� HIÀX[�� DQG� UHVLVWDQFH�HQFRGLQJ�
genes were also noted. However, there was no evidence of the thermoresistant gene 

cluster encoding the 0HWK\OREDFLOOXV�ÀDJHOODWXV KT or orf1��GHVFULEHG�E\�:LOOLDPV�et 
al.53�DQG�*DMGRVRYD�et al.54��ZHUH�IRXQG�LQ�63�����7KLV�VXJJHVWV�WKDW�RWKHU�WKHUPRUHVLVWDQW�
biomarkers and mechanisms may still yet to be described.

6L[� 63����XQLTXH� *5V� ZHUH� DOVR� IRXQG� ZKLFK� LQFOXGH� JHQHV� VXFK� DV� D�
PHWDOORHQGRSHSWLGDVH��<NI,±<SIM=� WR[LQ±DQWLWR[LQ� HQFRGLQJ� SURWHLQ� JHQHV�� DQG� JHQHV�
encoding for: an uncharacterised YeeT protein, a NgrB protein, a ATP-dependent Clp 

protein, a HspC2 heat shock protein, a galactoside-O-acetyltransferase, and a KlcA 

SURWHLQ��$QQRWDWLRQ�RI�WKH�JHQRPH�RI�63����KDV�VKRZQ�WKDW�LW�FRQWDLQV�D�UHSHUWRLUH�RI�
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JHQHV� ����� JHQHV� LQ� WRWDO��ZKRVH� IXQFWLRQV� DUH� OLQNHG� WR� DGDSWDWLRQ�� SHUVLVWHQFH�� DQG�
survival under stressful growth conditions such as osmolyte tolerance and different pH 

environments.

2WKHU�IHDWXUHV�XQLTXH�WR�63����LQFOXGH�WKH�SUHVHQFH�RI�VHYHUDO�SURSKDJHV�RU�SKDJH�
OLNH�HOHPHQWV��,QWHUHVWLQJO\�WKH�ORFDWLRQV�RI�WKHVH�SKDJH�JHQHV�ZHUH�FRQFHQWUDWHG�LQ�*5���
GR3, and GR4a. The possibility of these chromosomal regions being phage recombination 

areas or “hot spots” still needs to be determined. The presence of prophages or phage-like 

elements has been described by other authors31 – 35 and sequences of several Cronobacter 

VSHFL¿F�SKDJHV�KDYH�EHHQ�UHSRUWHG���±������:KDW�LV�LQWHUHVWLQJ�DERXW�WKH�JHQRPHV�RI�WKHVH�
phages are that they are related to other phages associated with other enteric pathogens 

such as Salmonella, Shigella, E. coli, Yersinia spp. and Klebsiella pneumoniae. Some 

biological features of the phages have been deduced from these comparative genomic 

studies. For example, Phage CR3, as reported by Shin et al.106�� SRVVHVVHV� WDLO� ¿EUH�
SURWHLQV�ZKLFK�KDG�VSHFL¿FLW\�IRU�WKH�C. sakazakii�ÀDJHOOXP��)XUWKHUPRUH��FRPSDUDWLYH�
genomic analysis of the respective phage genomes have only found genes with putative 

gene functions which are associated with phage assembly, regulation of phage gene 

WUDQVFULSWLRQ� DQG� VWUXFWXUDO� SKDJH� SURWHLQV�� QR� WR[LQ�� RU� YLUXOHQFH� IDFWRUV�DVVRFLDWHG�
JHQHV�KDYH�\HW�WR�EH�LGHQWL¿HG�

The MLST scheme described by Baldwin et al.�� and used by Joseph et al.���WR�GH¿QH�
over 136 sequence types showed that C. sakazakii sequence type 4 predominates in CSF 

LVRODWHV�IURP�FDVHV�RI�QHRQDWDO�PHQLQJLWLV��,Q�IDFW��WKH�0/67�W\SLQJ�PHWKRG�KDV�DORQH�
GH¿QHG����67V�RI�C. sakazakii 30.

Clearly, further in silico analysis of strain level differences, coupled with experimental 

studies will reveal the factors that play important roles in environmental, plant, and 

human pathogenic lifestyles for this group of bacteria. Nevertheless, these studies 

have established a powerful platform for further functional genomics research of this 

GLYHUVH� JURXS� RI� SDWKRJHQV�� DQ� LPSRUWDQW� SUHUHTXLVLWH� WRZDUGV� IXWXUH� GHYHORSPHQW� RI�
countermeasures against this foodborne pathogen which will lead to faster surveillance 

assays used by the global food safety community to monitor its promiscuity.

7. Conclusions and future prospects

Our perspective on Cronobacter has undergone a remarkable transformation in less than 

¿YH�\HDUV�DQG�XQGRXEWHGO\�ZLOO�FRQWLQXH�WR�HYROYH��2QFH�GLVPLVVHG�DV�D�KDUPOHVV�LQKDELWDQW�
of the human intestinal tract or contaminant of dried foods, Cronobacter is now seen as an 

opportunistic pathogenic species with remarkable versatility in its ability to cause disease 

in humans. Outbreaks of disease due to Cronobacter can affect susceptible individuals, 

including neonates, and elderly individuals alike and continues to rouse national and 

LQWHUQDWLRQDO�PHGLD�KHDGOLQHV��3DWKRJHQ�VSHFL¿F�YLUXOHQFH�IDFWRUV�KDYH�EHHQ�GLVFRYHUHG�
that adversely affect a wide range of eukaryotic cell and host processes including protein 

V\QWKHVLV��FHOO�GLYLVLRQ��DQG�SUR�LQÀDPPDWRU\�KRVW�UHVSRQVHV��7KHVH�IDFWRUV�DUH�HQFRGHG�
on a variety of mobile genetic elements such as plasmids, transposons and pathogenicity 

islands. This genomic plasticity implies ongoing re-assortment and possibly acquisition 

of new virulence factors that will undoubtedly complicate our efforts to classify these 

organisms into various subgroups or into sharply delineated genomo-pathotypes. This 

dynamic nature will only present additional challenges for the global food safety and 

public health communities in the diagnosis, treatment, and prevention of infections.

SPR1400100_FINAL.indd   168 27/05/2014   16:43:17



���www.scienceprogress.co.uk Cronobacter: an emergent pathogen

References

��� )DUPHU��-�-��,,,��+LFNPDQQ��$�0��DQG�%UHQQHU��'�-���������Int. J. Syst. Evol. Microbiol., 30������±�����
��� ,YHUVHQ��&��� /HKQHU��$���0XOODQH��1���%LGDV��(���&OHHQZHUFN�� ,���0DUXJJ�� -��� )DQQLQJ�� 6��� 6WHSKDQ��5�� DQG�

-RRVWHQ��+���������BMC Evol. Biol., 7, 64.

��� ,YHUVHQ��&���0XOODQH��1���0F&DUGHOO��%���7DO��%�'���/HKQHU��$���)DQQLQJ��6���6WHSKDQ��5��DQG�-RRVWHQ��+���������
Int. J. Syst. Evol. Microbiol., 58, 1442 – 1447.

��� -RVHSK��6���&HWLQND\D��(���'UDKRYVND��+���/HYLFDQ��$���)LJXHUDV��0�-��DQG�)RUV\WKH��6�-���������Int. J. Syst. 
Evol. Microbiol., 62, 1277 – 1283.

��� %UDG\��&���&OHHQZHUFN��,���9HQWHU��6���&RXWLQKR��7��DQG�'H�9RV��3���������Syst. Appl. Microbiol., 36������±�����
��� 6WHSKDQ�� 5��� *ULP�� &�-��� *RSLQDWK�� *�5��� 0DPPHO�� 0�.��� 6DWK\DPRRUWK\�� 9��� 7UDFK�� /�+��� &KDVH�� +�5���

)DQQLQJ��6��DQG�7DOO��%�'���������Int. J. System. Evol. Microbiol.���VXEPLWWHG��
��� 8UPHQ\L��$�0�&��DQG�:KLWH�)UDQNOLQ��$���������The Lancet, 11, 313 – 315.

��� )$2�:+2� ������� Enterobacter sakazakii (Cronobacter� VSS��� LQ� SRZGHUHG� IROORZ�XS� IRUPXODH��
Microbiological Risk Assessment Series,�1R���������SS���5RPH��,WDO\�

��� YDQ�$FNHU�� -��� GH�6PHW��)���0X\OGHUPDQV��*���%RXJDWHI��$���1DHVVHQV��$�� DQG�/DXZHUV��6�� �������J. Clin. 
Microbiol., 39������±�����

���� &'&���������Morb. Mortal. Wkly. Rep., 51������±�����
���� +LPHOULJKW��,���+DUULV��(���/RUFK��9��DQG�$QGHUVRQ��0���������J. Am. Med. Assoc., 287, 2204 – 2205.

���� )$2�:+2�� �������Microbiological Risk Assessment Series�� 1R�� ��� ��� SS��� 5RPH�� ,WDO\�� ftp://ftp.fao.org/

docrep/fao/007/y5502e/y5502e00.pdf.

���� )$2�:+2�� ������� Enterobacter sakazakii and Salmonella in powdered infant formula: Meeting report. 

Microbiological Risk Assessment Series, 1R��������SS��5RPH��,WDO\��ftp://ftp.fao.org/docrep/fao/007/y5502e/

y5502e00.pdf.

���� %DU�2]��%���3UHPLQJHU��$���3HOHJ��2���%ORFN��&��DQG�$UDG��,���������Acta Paediatr., 90, 356 – 358.

���� *XUWOHU��-�%���.RUQDFNL��-�/��DQG�%HXFKDW��/�5���������Int. J. Food Microbiol., 104, 1 – 34.

���� 0XOODQH��1���,YHUVHQ��&���+HDO\��%���:DOVK��&���:K\WH��3���:DOO��3�*���4XLQQ��7��DQG�)DQQLQJ��6���������Minerva 
Pediatr., 59, 137 – 148.

���� <DQ��4�4���&RQGHOO��2���3RZHU��.���%XWOHU��)���7DOO��%�'��DQG�)DQQLQJ��6���������J. Appl. Microbiol., 113, 1 – 15.

���� +XQWHU��&�-��DQG�%HDQ��-�)���������J. Perinatol., 33, 581 – 585.

���� %RZHQ��$�%��DQG�%UDGHQ��&�5���������Emerg. Infect. Dis., 12�������±������
���� )ULHGHPDQQ��0���������Eur. J. Clin. Microbiol. Infect. Dis., 28�������±������
���� *RVQH\��0�$���0DUWLQ��0�9���:ULJKW��$�(��DQG�*DOODJKHU��0���������Eur. J. Int. Med., 17, 185 – 188.

���� 7VDL��+�<���/LDR��&�+���+XDQJ��<�7���/HH��3�,��DQG�5HQ�+VXHK��3�5���������Emerg. Infect. Dis.�>,QWHUQHW@��>FLWHG�
$XJXVW���@��KWWS���G[�GRL�RUJ���������HLG������������

���� 6NRYJDDUG��1���������Int. J. Food Microbiol., 120, 217 – 224.

���� /HKQHU��$���*ULPP��0���5DWWHL��7���5XHSS��$���)ULVKPDQ��'���0DQ]DUGR��*�*�*��DQG�6WHSKDQ��5���������FEMS 
Microbiol. Lett., 265, 244 – 248.

���� -RVHSK��6���+DULUL��6��DQG�)RUV\WKH��6�-���������Mol. Cell. Probes, 27������±�����
���� 6WRRS��%���/HKQHU��$���,YHUVHQ��&���)DQQLQJ��6��DQG�6WHSKDQ��5���������Int. J. Food Microbiol., 136, 165 – 168.

���� /HKQHU��$���)ULFNHU�)HHU��&��DQG�6WHSKDQ��5���������J. Med. Microbiol., 67, 1034 – 1035.

���� &DUWHU��/���/LQGVH\��/���*ULP��&�-��� 6DWK\DPRRUWK\��9��� )UDQFR��$�$��� -DUYLV��.�*���*RSDQDWK��*���/HH��&���
6DGRZVNL�� -�$��� 7UDFK�� /��� 3DYD�5LSRO�� 0��� 7DOO�� %�'�� DQG� +X�� /�� ������� Appl. Environ. Microbiol.,79, 
734 – 737.

���� %DOGZLQ��$���/RXJKOLQ��0���&DXELOOD�%DUURQ�� -���.XFHURYD��(���0DQQLQJ��*���'RZVRQ��&�� DQG�)RUV\WKH��6��
�������BMC Microbiol., 9������GRL�������������������������

���� 6RQERO��+���-RVHSK��6���0F$XOH\��&�0���&UDYHQ��+�0��DQG�)RUV\WKH��6�-����������Int. Dairy J., 30, 1 – 7.

���� .XFHURYD��(���&OLIWRQ��6�:���;LD��;�4���/RQJ��)���3RUZROOLN��6���)XOWRQ��/���)URQLFN��&���0LQ[��3���.\XQJ��
.���:DUUHQ��:���)XOWRQ��5���)HQJ��'�<���:ROODP��$���6KDK��1���%KRQDJLUL��9���1DVK��:�(���+DOOVZRUWK�3HSLQ��
.���:LOVRQ��5�.���0F&OHOODQG��0��DQG�)RUV\WKH��6�-���������PLoS ONE, 5��H�����������GRL���������MRXUQDO�
SRQH���������

���� 6WHSKDQ��5���/HKQHU��$���7LVFKOHU��3��DQG�5DWWHL��7���������J. Bacteriol., 193������±�����

SPR1400100_FINAL.indd   169 27/05/2014   16:43:18



B.D. Tall, Y. Chen, Q. Yan, G.R. Gopinath, C.J. Grim, K.G. Jarvis, S. Fanning and K.A. Lampel170

���� -RVHSK��6���'HVDL��3���-L��<�0���&XPPLQJV��&�$���6KLK��5���'HJRULFLMD��/���5LFR��$���%U]RVND��3���+DPE\��6�(���
0DVRRG��1���+DULUL��6���6RQERO��+���&KX]KDQRYD��1���0F&OHOODQG��0���)XUWDGR��0�5��DQG�)RUV\WKH��6�-����������
PloS One, 7��H�������GRL���������MRXUQDO�SRQH���������

34. Grim, C.J., Kotewicz, M.L., Power, K.A., Gopinath, G., Franco, A.A., Jarvis, K.G., Yan, Q.Q., Jackson, S.A., 

6DWK\DPRRUWK\P��9���+X��/��� 3DJRWWR��)��� ,YHUVHQ��&���/HKQHU��$��� 6WHSKDQ��5��� )DQQLQJ��6�� DQG�7DOO��%�'��
�������BMC Genomics, 14, 366.

35. Yan, Q.Q., Power, K.A., Cooney, S., Fox, E., Gopinathrao, G., Grim, C., Tall, B.D., McCusker, M. and 

)DQQLQJ��6���������Front. Microbiol., ��6HSWHPEHU�������GRL���������IPLFE������������
���� 0X\WMHQV��+�/���5RHORIV�:LOOHPVH��+��DQG�-DVSDU��*�+���������J. Clin. Microbiol., 26, 743 – 746.

���� ,YHUVHQ��&��DQG�)RUV\WKH��6���������Food Microbiol., 21, 771 – 776.

38. Chap, J., Jackson, P., Siqueira, R., Gaspar, N., Quintas, C., Park, J., Osaili, T., Shaker, R., Jaradat, Z., Hartantyo, 

6�+���$EGXOODK�6DQL��1���(VWXQLQJVLK��6��DQG�)RUV\WKH��6�-���������Int. J. Food Microbiol., 136, 185 – 188.

���� 1RULHJD��)�5���.RWORII��.�/���0DUWLQ��0�$��DQG�6FKZDOEH��5�6���������Ped. Infect. Dis. J., 9������±�����
���� 1D]DURZHF�:KLWH��0��DQG�)DUEHU��-�0���������Int. J. Food Microbiol., 34, 103 – 113.

���� -DUDGDW��=�:���$EDEQHK��4�2���6DDGRXQ��,�0���6DPDUD��1�$��DQG�5DVKGDQ��$�0����������BMC Microbiol., 9, 

225.

���� (O�6KDURXG��:�0���2¶%ULHQ��6���1HJUHGR��&���,YHUVHQ��&���)DQQLQJ��6��DQG�+HDO\��%���������BMC Microbiol., 
9, ���GRL������������������������

���� 5HVWDLQR��/���)UDPSWRQ��(�:���/LRQEHUJ��:�&��DQG�%HFNHU��5�-���������J. Food Prot., 69, 315 – 322.

���� %DXPJDUWQHU��$���*UDQG��0���/LQLJHU��0��DQG�,YHUVHQ��&���������Int. J. Food Microbiol., 136������±�����
���� 7XUFRYVNê��,���.XQLNRYi��.���'UDKRYVNi��+��DQG�.DFOtNRYi��(���������A. Van Leeuw. J. Microb., 99������±�����
���� .DQGKDL��0�&���5HLM��0�:���YDQ�3X\YHOGH��.���*XLOODXPH�*HQWLO��2���%HXPHU��5�5��DQG�YDQ�6FKRWKRUVW��0��

�������J. Food Prot., 67, 1267 – 1270.

���� 3DYD�5LSROO�� 0��� 3HDUVRQ�� 5�(�*��� 0LOOHU�� $�.�� DQG� =LREUR�� *�&�� ������� Appl. Environ. Microbiol., 78, 

�����±������
���� 0XOODQH��1���+HDO\��%���0HDGH��-���:K\WH��3���:DOO��3�*��DQG�)DQQLQJ��6����������Appl. Environ. Microbiol., 74, 

�����±������
���� -DFREV��&���%UDXQ��3��DQG�+DPPHU��3���������J. Dairy Sci., 94, 3801 – 3810.

���� (GHOVRQ�0DPPHO��6�*��DQG�%XFKDQDQ��5�/���������J. Food Prot., 67, 60 – 63.

���� %UHHXZHU��3���/DUGHDX��$���3HWHU]��0��DQG�-RRVWHQ��+�0���������J. Appl. Microbiol., 95������±�����
���� 'DQFHU��*�,���0DK��-�+���5KHH��0�6���+ZDQJ��,�*��DQG�.DQJ��'�+���������J. Appl. Microbiol., 107, 1606 – 1614.

���� (GHOVRQ�0DPPHO��6�*���3RUWHRXV��0�.��DQG�%XFKDQDQ��5�/���������J. Food Prot., 68, �����±������
���� :LOOLDPV��7�/���0RQGD\��6�5���(GHOVRQ�0DPPHO��6���%XFKDQDQ��5��DQG�0XVVHU��6�0���������Proteomics, 5, 

�����±������
���� *DMGRVRYD��-���%HQHGLNRYLFRYD��.���.DPRG\RYD��1���7RWKRYD��/���.DFOLNRYD��(���6WXFKOLN��6���7XUQD��-��DQG�

'UDKRYVND��+���������A. Van Leeuw. J. Microb., 100, ����±�����
���� 7DOO�� %�'��� )DQQLQJ�� 6��� ,YHUVHQ�� &��� 0XOODQH�� 1��� .RWKDU\�� 0�+��� 'DWWD��$��� &DUWHU�� /��� &XUWLV�� 6�.�� DQG�

0F&DUGHOO��%�$���������Florence Conf. on Phenotypic MicroArray Anal. Microbiol., p. 56.

���� $QULDQ\��<���$KX��6�1���:HVVHOV��.�5���0F&DQQ��/�0��DQG�-RVHSK��6�:���������Appl. Environ. Microbiol., 72, 

5002 – 5012.

���� &KHYLOOH��$�0���$UQROG��.�:���%XFKULHVHU��&���&KHQJ��&�0��DQG�.DVSDU��&�:���������Appl. Environ. Microbiol., 
62, 1822 – 1824.

���� 2VDLOL��7�0���6KDNHU��5�5���2ODLPDW��$�1���$O�1DEXOVL��$�$���$O�+RO\��0�$��DQG�)RUV\WKH��6�-���������J. Food 
Sci., 73, M154.

���� +VLDR��:��/���+R��:��/��DQG�&KRX��&��&���������Int. J. Food Microbiol., 144, 280 – 284.

���� *DKDQ��&�*�0��DQG�+LOO��&���������Int. J. Food Microbiol., 50, ���±�����
���� $UNX��%���)DQQLQJ��6��DQG�-RUGDQ��.���������Foodborne Pathog Dis., 8������±�����
���� ,YHUVHQ��&��DQG�)RUV\WKH��6�������� Appl. Environ. Microbiol., 73, 48 – 52.

���� $O�+RO\��0�$���6KLQ��-�+���2VDLOL��7�0��DQG�5DVFR��%�$���������J. Food Prot., 74������±�����
���� .LP��6�$���<X��-�+��DQG�5KHH��0�6���������J. Sci. Food Agric., 93, 1520 – 1524.

���� 6XQ��<���:DQJ��0���/LX��+���:DQJ��-���+H��;���=HQJ��-���*XR��;���/L��.���&DR��%��DQG�:DQJ��/���������$ppl. 
Environ. Microbiol., 77�������±������

���� :DQJ��:���3HUHSHORY��$�9���)HQJ��/���6KHYHOHY��6�'���:DQJ��4���6HQFKHQNRYD��6�1���+DQ��:���/L��<���6KDVKNRY��
$�6���.QLUHO��<�$���5HHYHV��3�5��DQG�:DQJ��/���������Microbiology, 153�������±������

SPR1400100_FINAL.indd   170 27/05/2014   16:43:18



171www.scienceprogress.co.uk Cronobacter: an emergent pathogen

���� -HDQ�*LOOHV�%HDXEUXQ��-���&KHQJ��&�0���&KHQ��.�6���(ZLQJ��/���:DQJ��+���$JSDRD��0�&���+XDQJ��0�&���'LFNH\��
(��� 'X�� -�0���:LOOLDPV�+LOO�� '�0��� +DPLOWRQ�� %���0LFDOOHI�� 6�$��� 5RVHQEHUJ�*ROGVWHLQ�� 5�(��� *HRUJH��$���
-RVHSK��6�:���6DSNRWD��$�5���-DFREVRQ��$�3���7DOO��%�'���.RWKDU\��0�+���'XGOH\��.���+DQHV��'�(���������Food 
Microbiol., 31, ����±�����

���� 'HEUR\��&���5REHUWV��(��DQG�)UDWDPLFR��3�0���������Anim. Health Res. Rev., 12������±�����
���� 6DPXHO��*��DQG�5HHYHV��3���������Carbohydr. Res., 338, �����±������
���� 6XQ��<���:DQJ��0���:DQJ��4���&DR��%���+H��;���/L��.���)HQJ��/��DQG�:DQJ��/���������Appl. Environ. Microbiol., 

78�������±������
���� 6XQ��<���$UEDWVN\��1�3���:DQJ��0���6KDVKNRY��$�6���/LX��%���:DQJ��/��DQG�.QLUHO��<�$���������FEMS Immunol 

Med Microbiol., 66, 323 – 333.

���� -DUYLV��.�*���*ULP��&�-���)UDQFR��$�$���*RSLQDWK��*���6DWK\DPRRUWK\��9���+X��/���6DGRZVNL��-�$���/HH��&�6��DQG�
7DOO��%�'���������Appl. Environ. Microbiol., 77, 4017 – 4026.

���� -DUYLV��.�*���<DQ��4�4���*ULP��&�-���3RZHU��.�$���)UDQFR��$�$���+X��/���*RSLQDWK��*���6DWK\DPRRUWK\��9���
.RWHZLF]��0�/���.RWKDU\��0�+���/HH��&���6DGRZVNL��-���)DQQLQJ��6��DQG�7DOO��%�'���������Foodborne Pathog 
Dis., 10, 343 – 352.

���� /LX��%���.QLUHO��<�$���)HQJ��/���3HUHSHORY��$�9���6HQFKHQNRYD��6�1���:DQJ��4���5HHYHV��3�5��DQG�:DQJ��/��
�������FEMS Microbiol. Rev., 32, 627 – 653.

���� /LX�� %��� 3HUHSHORY��$�9��� 6YHQVVRQ�� 0�9��� 6KHYHOHY�� 6�'��� *XR�� '��� 6HQFKHQNRYD�� 6�1��� 6KDVKNRY��$�6���
:HLQWUDXE��$���)HQJ��/���:LGPDOP��*���.QLUHO��<�$��DQG�:DQJ��/���������Glycobiology, 20������±�����

���� /LX��%���.QLUHO��<�$���)HQJ��/���3HUHSHORY��$�9���6HQFKHQNRYD��6�1���:DQJ��4���5HHYHV��3�5��DQG�:DQJ��/��
�������FEMS Microbiol. Rev., 32, 627 – 653.

���� /LX�� %��� 3HUHSHORY��$�9��� 6YHQVVRQ�� 0�9��� 6KHYHOHY�� 6�'��� *XR�� '��� 6HQFKHQNRYD�� 6�1��� 6KDVKNRY��$�6���
:HLQWUDXE��$���)HQJ��/���:LGPDOP��*���.QLUHO��<�$��DQG�:DQJ��/���������Glycobiology, 20������±�����

���� 0XOODQH��1���2¶*DRUD��3���1DOO\��-�(���,YHUVHQ��&���:K\WH��3���:DOO��3�*��DQG�)DQQLQJ��6���������Appl. Environ. 
Microbiol., 74�������±������

���� 1DLU��0�.���9HQNLWDQDUD\DQDQ��.���6LOEDUW��/�.��DQG�.LP��.�6���������Foodborne Pathog. Dis., 6������±�����
���� )UDQFR��$�$���+X��/���*ULP��&�-���*RSLQDWK��*���6DWK\DPRRUWK\��9���-DUYLV��.�*���/HH��&���6DGRZVNL��-���.LP��

-���.RWKDU\��+���0F&DUGHOO��%�$��DQG�7DOO��%�'����������Appl. Environ. Microbiol., 77, 3255 – 3267.

���� .RWKDU\��0�+���0F&DUGHOO��%�$���)UD]DU��&�'���'HHU��'��DQG�7DOO��%�'���������Appl. Environ. Microbiol., 73, 

4142 – 4151.

���� 7RZQVHQG��6�0���+XUUHOO��(���*RQ]DOH]�*RPH]��,���/RZH��-���)U\H��-�*���)RUV\WKH��6��DQG�%DGJHU��-�/���������
Microbiology, 153, 3538 – 3547.

���� /LX��4���0LWWDO��5���(PDPL��&�1��� ,YHUVHQ��&���)RUG��+�5�� DQG�3UDVDGDUDR��1�9�� �������J. Surg. Res., 176, 

437 – 447.

���� .LP��.���.LP��.�3���&KRL��-���/LP��-�$���/HH��-���+ZDQJ��6��DQG�5\X��6���������Appl. Environ. Microbiol., 76, 

�����±������
���� 3DJRWWR��)�-���1D]DURZHF�:KLWH��0���%LGDZLG��6��DQG�)DUEHU��-�0���������J. Food Prot., 66, 370 – 375.

���� &UX]��$���;LFRKWHQFDWO�&RUWHV��-���*RQ]iOH]�3HGUDMR��%���%REDGLOOD��0���(VODYD��&��DQG�5RVDV��,���������Can. J. 
Microbiol., 57, 735 – 744.

���� *ULVKLQ��$���3DSLOORQ��6���%HOO��%���:DQJ��-��DQG�)RUG��+�������� Sem. Ped. Surgery, 22�����±����
���� *LUL��&�3���6KLPD��.���7DOO��%�'���&XUWLV��6���6DWK\DPRRUWK\��9���+DQLVFK��%���.LP��.�6��DQG�.RSHFNR��'�-��

�������Microb. Pathog., 52, 140 – 147.

���� 0RGDN�� 5��� 'DV� 0LWUD�� 6��� .ULVKQDPRRUWK\�� 3��� %KDW�� $��� %DQHUMHH�� $��� *RZVLFD�� %�5��� %KXYDQD�� 0���
'KDQLNDFKDODP��9���1DWHVDQ��.���6KRPH��5���6KRPH��%�5��DQG�.XQGX��7�.���������Epigenetics, 7������±�����

���� 0XMWDED��6���:LQHU��%�<���-DJDQDWKDQ��$���3DWHO��-���6JREED��0���6FKXFK��5���*XSWD��<�.���+DLGHU��6���:DQJ��5��
DQG�)LVFKHWWL��9�$���������J. Biol. Chem., 288, 23458 – 23472.

���� 6FKZL]HU��6���7DVDUD��7���=XUÀXK��.���6WHSKDQ��5��DQG�/HKQHU��$���������BMC Microbiol., 13, 38.

���� )HKUL��/�)���5HFKQHU��&���-DQ�HQ��6���0DN��7�1���+ROODQG��&���%DUWIHOG��6���%U�JJHPDQQ��+��DQG�0H\HU��7�)��
�������Epigenetics, 4, 577 – 586.

���� 0HGLQL��'���Donati,�&���7HWWHOLQ��+���0DVLJQDQL��9�� DQG��5DSSXROL��5�� �������Curr. Opin. Gen. Devel., 15, 

����±�����
���� *ULP��&�-���.RWKDU\��0�+���*RSLQDWK��*���-DUYLV��.�*���%HDXEUXQ��-�-���0F&OHOODQG��0��DQG�7DOO��%�'���������

Appl. Environ. Microbiol., 79, 734 – 737.

SPR1400100_FINAL.indd   171 27/05/2014   16:43:18



B.D. Tall, Y. Chen, Q. Yan, G.R. Gopinath, C.J. Grim, K.G. Jarvis, S. Fanning and K.A. Lampel172

���� 6FKPLG��0���,YHUVHQ��&���*RQLWLD��,���6WHSKDQ��5���+RIPDQQ��$���+DUWPDQQ��$���-KD��%���(EHUO��/���5LHGHO��.��DQG�
/HKQHU��$���������Res. Microbiol., 160, 608 – 614.

���� -RVHSK��6��DQG�)RUV\WKH��6�-���������Front. Microbiol.,����1RYHPEHU������GRL����������IPLFE������������
���� )UDQFR��$�$���.RWKDU\��0�+���*RSLQDWK��.���-DUYLV��.�*���*ULP��&�-���+X��/���'DWWD��$�5���0F&DUGHOO��%�$��DQG�

7DOO��%�'���������Infect. Immunol., 79, 1578 – 1587.

���� $EEDVLIDU��5���.URSLQVNL��$�0���6DERXU��3�0���$FNHUPDQQ��+�:���$ODQLV�9LOOD��$���$EEDVLIDU��$��DQG�*ULI¿WKV��
0�:���������Genome Announc.,������-DQ�1�����SLL��H����������GRL����������JHQRPH$�����������(SXE������
Feb 14.

���� $EEDVLIDU��5���.URSLQVNL��$�0���6DERXU��3�0���$FNHUPDQQ��+�:���$ODQLV�9LOOD��$���$EEDVLIDU��$��DQG�*ULI¿WKV��
0�:���������J. Virol., 86, 13830 – 13831.

����� $EEDVLIDU��5���.URSLQVNL��$�0���6DERXU��3�0���$FNHUPDQQ��+�:���/LQJRKU��(�-��DQG�*ULI¿WKV��0�:���������J. 
Virol., 86, 13806 – 13807.

����� /HH��<�'���&KDQJ��+�,��DQG�3DUN��-�+���������Arch. Virol., 156, 721 – 724.

����� /HH��<�'��DQG�3DUN��-�+���������J. Virol., 86, 5400 – 5401.

����� /HH��<�'���.LP��-�<���3DUN��-�+��DQG�&KDQJ��+���������Arch. Virol., 157������±�����
����� /HH��<�'���3DUN��-�+��DQG�&KDQJ��+�,�������D��Arch. Virol., 156, 2105 – 2108.

����� /HH��-�+���&KRL��<���6KLQ��+���/HH��-��DQG�5\X��6���������J. Virol., 86, 7713 – 7714.

����� 6KLQ��+���/HH��-�+���.LP��<��DQG�5\X��6���������J. Virol., 86, 6367 – 6368.

SPR1400100_FINAL.indd   172 27/05/2014   16:43:18


