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Abstract

Cronobacter species have adapted to survive harsh conditions, particularly in the food
manufacture environment, and can cause life-threatening infections in susceptible hosts.
These opportunistic pathogens employ a multitude of mechanisms to aid their virulence
throughout three key stages: environmental persistence, infection strategy, and systemic
persistence in the human host. Environmental persistence is aided by the formation of
biofilms, development of subpopulations, and high tolerance to environmental stressors.
Successful infection in the human host involves several mechanisms such as protein
secretion, motility, quorum sensing, colonization, and translocation. Survival inside the
host is achieved via competitive acquisition and utilization of minerals and metabolites
respectively, coupled with host immune system evasion and antimicrobial resistance
(AMR) mechanisms. Across the globe, Cronobacter sakazakii is associated with often
fatal systemic infections in populations including neonates, infants, the elderly and the
immunocompromised. By providing insight into the mechanisms of virulence utilized by
this pathogen across these three stages, this review identifies current gaps in the
literature. Further research into these virulence mechanisms is required to inform novel
mitigation measures to improve global food safety with regards to this food-borne

pathogen.
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1. Introduction

Cronobacter species are Gram-negative, xerotolerant bacteria described as opportunistic
pathogens predominately affecting those with compromised immune systems [1].
Cronobacter is primarily reported in neonatal infections, with an infant fatality rate of
between 40-80% [2], while 20% of survivors develop neurological disorders [3].
Previously known as the single species Enterobacter sakazakii, Cronobacter genus has
undergone several changes in nomenclature due to the advancement of phylogenetic
analysis, including sequencing techniques. Of the seven known species, C. sakazakii, C.

malonaticus and C. turicensis are reported to cause severe infection [4].

Open containers of contaminated powdered infant formula (PIF) are the most commonly
identified source of Cronobacter-associated infantile infections, however contaminated
expressed breast milk and neonatal feeding tubes have also been identified as reservoirs
[5]. Regarding the production of PIF, Cronobacter isolates have been retrieved from both
inert and bioactive surfaces and are commonly present in food production facilities, with
air-filters and packaging machines prime areas for Cronobacter to reside [6]. The World
Health Organisation (WHO) risk assessment indicate that Salmonella serovars and
Cronobacter species are the only bacterial pathogens which provide clear evidence of
associated fatalities [7]. Strict manufacture guidelines are the current control method to
reduce Cronobacter contamination, with environmental monitoring of Enterobacteriaceae

a legal requirement in the production of PIF [8].

Cronobacter species cause bacteraemia, necrotizing enterocolitis, meningitis, and sepsis
in neonates and infants, and wound or urinary tract infections in adult populations [9].
Occurring globally, Cronobacter species have been connected to recent outbreaks across
Europe, Africa, and North America [10-12], however the number of Cronobacter infections
documented is most likely underestimated as it is not a notifiable disease. Nonetheless,
eight countries reported cases of C. sakazakii infections between the years of 1958 and
2016 [13]. Harvard database website has a summary of Cronobacter outbreaks in
neonates [14] available publicly at https://doi.org/10.7910/DVN/TZ5PV9 (accessed June

2022). Regarding adult infections, Hayashi et al., [15] recently described the case of a
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69-year-old male who was admitted to the emergency department with a urinary tract
infection and subsequently went into septic shock. C. sakazakii was isolated from their
blood and recorded as the causative agent. Interestingly, the patient had no underlying
conditions. The authors state that Cronobacter species should be recognised as a

potential pathogen in non-immunocompromised adult populations [15].

To reach systemic persistence in the susceptible human host, virulence mechanisms are
initially employed in the critical stages of environmental endurance and preliminary
infection strategy. As an enteric pathogen, the main entry route of Cronobacter species
into the host is through ingestion of contaminated food. This pathogen displays a high
tolerance for stressful environments and can produce biofilms, which increase survival in
the built food manufacturing facility [6]. Following entry into the host, the infection strategy
deployed is distinct, being composed of the subsequent stages: adhesion, colonisation,
invasion and translocation [16]. Cronobacter species employ a range of virulence
mechanisms and can successfully evade the immune system [9]. Regarding
chemotherapeutic treatment, broadly these bacteria remain susceptible to compounds
such as B-lactam antimicrobials, however they have since gained resistance to several
antimicrobials [17].

This review explores the molecular features of Cronobacter species which support their
environmental persistence including high stress tolerance, biofilm formation, efflux pumps
and development of subpopulations; the mechanisms involved in infection strategy
encompassing secretion systems, quorum sensing, colonisation and translocation; the
actions which aid survival in the host such as competitive acquisition and utilisation of
minerals and metabolites respectively, in tandem with immune system evasion and AMR.
The rationale for this review is to provide an overall insight into the pathogenic
mechanisms utilised by Cronobacter during 3 key stages (figure 1), to highlight gaps in

current knowledge of this food-borne pathogen of global concern.
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Figure 1: Part A: Environmental persistence of Cronobacter species in the food manufacture setting is a
key stage which allows entry into the food chain. Biofilm formation, depicted here, along with
adaptations to high temperature, acidic conditions and osmotic pressure support this persistence

Part B: Infection strategy of Cronobacter species occurs following ingestion of contaminated
food or water. Mechanisms in this stage of virulence include secretion, motility, quorum sensing,

colonisation, and translocation.
Part C: Systemic persistence in the host is the ultimate virulence stage of Cronobacter species

Evasion of the immune system, specifically survival and replication inside the human macrophage

is depicted. Image created with BioRender.com.

2. Detection of Cronobacter species in different environments
Cronobacter species have been recovered from a range of environments as shown in

table 1, yet their natural habitat is not definitively known. Based on characteristics
including solubilization of mineral phosphate and siderophore production, which are plant-
associated traits [18], literature initially suggested that plants could be the indigenous
environment of Cronobacter species, particularly C. muytjensii and C. dublinesis [4]



However, the natural habitat of Cronobacter species cannot be narrowed to one specific
niche, with environments including water, soil, vegetables, and dried food reported as

primary sources [19].

Table 1: Different foods and environments where Cronobacter species were recorded recently.

Location Source Location Prevalence Year &
Reference
Food Aquatic products- Fish  China 31/800 samples, 3.9% 2020 [20]
& Shrimp
Infant cereals Brazil 13/75 samples, 2020 [21]
17.33%

Meat & meat products  Guangdong, China  54/588 samples 9.18% 2020 [22]

Powdered infant milk Tehran City, Iran 25/364 samples, 2022 [23]
6.86%
Goat milk-based Shaanxi Province, 32/750 samples, 2022 [24]
powered infant formula China 4.27%
Environments Milk powder Serbia 15/100 samples, 15% 2021 [25]
manufacturing facility
Milk powder Maryland, USA 2495/5671 samples, 2020 [26]
manufacturing facilities 44.4%
Neonatal sepsis Egypt 12/100 samples, 12% 2020 [11]
Human clinical stool Wenzhou, China 12/1024 samples, 2020 [27]
samples 1.17%
Filth flies USA, Europe, 19 strains/14 flies 2020 [28]

Southeast Asia

While Cronobacter species is commonly associated with processed milk products such as
powdered milk, it is not present in fresh raw milk [29]. Constituents of fresh milk have
been adapted to inhibit this pathogen [30], yet the components of fresh raw milk which
naturally inhibit Cronobacter species remain to be elucidated. Nonetheless, this bacterium
can occupy specific environmental niches, in which competition for resources is low due

to the harsh nature of the conditions.



3. Environmental Persistence

Extreme drought, high temperatures and low pH is tolerated by adaptable species of the
Cronobacter genus and supported by a variety of molecular features and mechanisms as

outlined in figure 2.
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Figure 2: The molecular features of Cronobacter species which support mechanisms involved in
environmental persistence. Outer membrane proteins W and A facilitate adaptation to osmotic

pressure and biofilm formation respectively. RpoN and RpoS are stress response sigma factors
involved in osmotic pressure and acid tolerances respectively. Efflux pumps transport potassium
ions out of the cell, and along with osmoprotectants, aid in desiccation tolerance.
Thermotolerance is supported by thr genes, and the lipoprotein NIpD facilitates acid tolerance.

Orange arrows indicate mechanisms. Image created with BioRender.com

3.1 Adaptation to High Temperature

Cronobacter species, one of the most heat tolerant members of the Enterobacteriaceae
family, can be inactivated upon exposure to 70°C [31]. In the process of rehydrating infant

formula, it is imperative to reach minimum temperature of 70°C to reduce the risk of



infection in infants, and its associated morbidity and mortality [20]. Variations in the
rehydration methods and failure to reach the critical value of 70°C may provide
Cronobacter the opportunity to establish infection following ingestion. Furthermore,
bacterial resistance to lethal conditions can be enhanced by exposure to sublethal doses,
which encourages the bacteria to respond by undergoing genetic variation or
physiological adaptation [31]. This phenomenon is known as cross-protection whereby
bacteria adapt to a harsh environment by pre-conditioning with a sublethal exposure of a
different stressor. C. sakazakii displayed this ability in a study by Yang et al. [28], in which
the pathogen underwent heat-shock and was exposed to environmental stresses such as
heat, acid or desiccation. Improved tolerance to these environmental stressors was

reported when compared to the untreated isolates [31].

Numerous factors can influence the tolerance of Cronobacter to heat, these include the
varying properties of the food or formula matrix, such as high lipid content or low water
activity [32]. Presence of a specific genomic island containing thrB-Q, thrBCD and thrOP
genes, has been suggested to support augmented thermotolerance in Cronobacter
species. Orieskova et al. [33] reported 49/73 C. sakazakii, 9/14 C. malonaticus and 16/17
clinical isolates of both species contained this genomic island. Survival at 58°C was
significantly greater in those containing the genomic island when compared to a C.

sakazakii mutant lacking the island [33].

3.2 Adaptation to Osmotic Pressure and Desiccation

Fluctuations in osmolarity can cause significant damage to a bacterial cell, yet
Cronobacter species display a higher tolerance to both desiccation and osmotic pressure
compared to other food-borne pathogens including Salmonella species and Escherichia
coli [34]. Interestingly, Cronobacter species grown and dried in PIF showed higher
survival rates than when grown and dried in tryptic soy broth, suggesting a role for PIF

components in desiccation tolerance [35].

Several genes and mechanisms involved in tolerance to desiccation have been identified

(table 2) including the genes for the transport of osmoprotectants glycine, betaine, and
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3.3

trehalose [36]. Production of trehalose, glycine and proline coupled with the accumulation

of metal ions support water membrane maintenance in Cronobacter species and thus

may aid in tolerance to desiccation. Other genes have been identified as crucial for

adaptation to both osmotic pressure and desiccation (table 2), yet the exact mechanisms

of some remain to be fully elucidated.

Table 2: Summary of virulence characteristics instrumental in adaptation to osmotic pressure and

desiccation by Cronobacter species (see also figure 2)

Virulence factor Mechanism Reported in: Reference

RpoS Response sigma factor involved in response to C. sakazakii 2016 [33]
hyperosmotic conditions

Cpx system Regulator of envelope stress response C. sakazakii 2014 [37]

RpoN Response sigma factor involved in response to C. sakazakii 2014 [37]
hyperosmotic conditions

OpuC & ProP systems Transport of osmoprotectants glycine, betaine, and C. sakazakii 2019 [38]
trehalose

Outer membrane protein  Involved in response to osmotic pressure C. sakazakii 2018 [39]

W (OmpW)

YqiF Inner membrane protein, supports osmotic stress  C. malonaticus 2018 [40]
response, exact mechanism unreported

KafA Potassium efflux protein, supports osmotic stress  C. malonaticus 2018 [40]
response

Peptidylprolyl isomerase  Supports osmotic stress response, exact C. malonaticus 2018 [40]
mechanism unreported

Cys-tRNA deacylase Supports osmotic stress response, exact C. malonaticus 2018 [40]
mechanism unreported

Oligolacturonate lyase Supports osmotic stress response, exact C. malonaticus 2018 [40]

mechanism unreported

Adaptation to Acidic Environments

Enteric pathogens face numerous challenges in the host environment, including the

extremely acidic conditions of the stomach. While the pH of adult stomachs range from

1.5 to 3.5, the stomach pH of a 28-day old baby can be as high as 5.17 [41], allowing

enteric pathogens such as C. sakazakii a greater chance at survival. Cronobacter species

9



have a reported tolerance for acidic conditions, with the level of tolerance dependent on
the species and the type of acid. In a laboratory setting, Cronobacter species can tolerate
acidic conditions as low as pH 4.2, and good bacterial growth is reported in media with
PIF at pH 5 [37]. Research by Tong et al. [42] involved a transposon mutagenesis
approach to elucidate the factors associated with the acid tolerance of C. malonaticus.
Eight mutation sites including those of glucan biosynthesis protein G, extracellular serine
protease, nitrogen regulation protein NR (ll), lysine transporter, glucosyltransferase
MdoH, phosphate transporter permease subunit PstC, sulfate transporter and D-alanine-
D-alanine ligase produced mutants with lower acid tolerances. The biofilm of each mutant
was much reduced in terms of mass, and subsequently, when grown at pH 4, all mutants

displayed lower cell viability and immature biofilms compared to the wild type (WT) [42].

Using a similar transposon mutagenesis approach, Alvarez-Ordonez et al. [43] identified
rpoS was associated with a higher acid tolerance in C. sakazakii. Furthermore, Alvarez-
Ordonez et al. [37] report the critical role of the envelope stress response regular CpxR
which senses differences in the environment and thus regulates expression of genes to
enhance membrane integrity. Ji et al. [44] compared nlpD mutants to the WT C. sakazakii
and reported that nlpD encodes an acid-resistance factor, with mutants exhibiting
attenuated virulence. Lipoprotein NIpD, located in C. sakazakii outer membrane, is
reported to function in the response to acidic stress, as well as in maintenance of
membrane integrity. This conserved lipoprotein is suggested to be a viable drug target as
nipD is a novel virulence factor and NIpD is located on the outer membrane of the bacterial
cell [44].

3.4 Biofilm Formation

Biofilms are a key virulence factor of pathogenic bacteria and are often deployed as a
defence mechanism against environmental stressors including high temperature, osmotic
pressure, or acidic conditions [45]. Environmental factors can have an impact on biofilm
formation by C. sakazakii, as outlined by Jung et al. [46], who report that media, sucrose
concentration and storage humidity affected the production of exopolysaccharides (EPS)
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and the subsequent formation of biofilm. Current standard procedures of cleaning and
sterilization may be insufficient at removing established biofilms, and may actually be
aiding the dispersal of bacteria, promoting subsequent biofilm formation at distant sites
[471].

Bacterial cellulose is the main constituent of EPS [48] and bcsG has been identified as
the main gene encoding for cellulose biosynthesis in Cronobacter species [49]. Together
with flagellum forming genes flgJ, fIhE, fliD, flhD and the outer membrane protein A
(OmpA) and OmpW, the cellulose-related genes influence biofilm formation in
Cronobacter species. Of particular importance is bcsG, as it is involved in regulating
phosphoethanolamine head transfer from phospholipids, thereby ensuring maintenance
of membrane protein production [49]. The bcsG gene interacts with bcsA, ensuring bcsA
becomes integrated into the cytoplasmic membrane [50]. Li et al. [49] analysed the
capability of six Cronobacter species to form biofilms and deduced that bcsG influenced
biofilm formation in strain DSM 18707. EPS levels were significantly reduced in the bcsG
knockout, suggesting its pivotal role in positively regulating EPS and biofilm formation
[49]. The negative regulator of cellulose biosynthesis, bcsR, is shown to have an impact
on biofilm formation. Gao et al. [51] detected a 50% decrease in biofilm formation in a
bcsR mutant when compared to its isogenic WT. Cellulose expression was increased,
biomolecules such as carotinoids, fatty acids and amides were significantly reduced, in
addition to reduced expression of flagella and OMPs [51]. Ye et al. [39] found that mutants
lacking OmpW had increased biofilm formation.

While the cellulose related genes and the OMPs certainly impact biofilm formation in
Cronobacter species, the specific interactions of the cellulose biosynthesis genes, the
flagellum forming genes and the OMPs require further research.

3.5 Other Mechanisms which Support Environmental Persistence

C. sakazakii is reported to persist for at least 4 years in PIF manufacture environment
[52], with cellular mechanisms such as development of subpopulations and use of efflux

systems supporting this persistence.
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Efflux pumps are reported to aid persistence in stressful environments. Species specific
efflux pump orthologues were reported in each of the seven species of Cronobacter, with
the acquisition of these genes suggested to be either a result of an independent
evolutional event or a microevolutionary selective event [53]. In extreme environments,
key physiological responses of Cronobacter species are initiated and include the efflux of
ions and the accumulation of sugars, like trehalose, in order to preserve cellular integrity
[53]. When exposed to desiccation, the immediate response is to increase the internal
osmotic pressure of the cell by augmenting the cellular content of potassium glutamate.
The secondary response is to replace it with other osmoprotectants such as trehalose or
proline that are more osmotolerant molecules than potassium glutamate [53]. In sum,
efflux pumps aid cell buffering against harsh environments by influencing the internal

conditions, and so are instrumental in the persistence of Cronobacter species.

Viable but non culturable (VBNC) cells are nonculturable on media which would normally
promote bacterial growth but display viable characteristics upon examination and in
favourable condirions, can return to a culturable, metabolically active state [54]. C.
Sakazakii can induce a VBNC state as a survival strategy, in response to antimicrobial
pressure, with ampicillin reported to promote the switch to a VBNC state [55].
Interestingly, VBNC C. sakazakii displayed4.7 times higher survival rate in macrophages
when compared to culturable cells [56]. Upon further examination, genes for OmpW and
Superoxide Dismutase (SOD) were significantly upregulated in the VBNC population in
contrast to the culturable one. OmpW expression relates to environmental stress while
SOD is an enzyme capable of neutralising the reactive oxygen species (ROS) generated
by the host as a defence mechanism [57]. Persister cells are another example of a
subpopulation and display temporary antimicrobial-tolerance as the cells are in a state of
dormancy, however whether Cronobacter species form persister cells remains

undocumented.
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4. Infection Strategy
Cronobacter employ several virulence mechanisms in its infection strategy (figure 3).
Secretion systems and quorum sensing allows them to influence their surrounding
environment, while motility, colonisation, and translocation enable them to migrate and

colonise different tissues of the host.
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Figure 3: The molecular features of Cronobacter species which support infection of the host. Flagella and
pili facilitate motility and adhesion to cell wall, with OMPs W, A and X being instrumental in
invasion of host cells. Secretion of effector proteins such as Cpa, Zpx, and enterotoxin is
supported by secretion systems. The LuxS protein is the key molecule in quorum sensing signal
AL-2 synthesis. The inset depicts stages of the infection strategy as follows: 1. Entry, 2.
Adhesion, 3. Colonisation, 4. Invasion into host cell and 5. Translocation through cell tissue.

Image created with BioRender.com

41 Secretion of Effector Molecules

Bacteria secrete molecules such as effector proteins, small molecules, and DNA that elicit
an immune response from the host and increases bacterial invasiveness [58]. Secretion

systems (SS) are used to transport molecules such as proteins from inside the bacterial
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cell directly to the host cells or to the extracellular fluid. Cronobacter species utilise type
1 secretion system (T1SS), T2SS, T4SS, T5SS and T6SS which are stringently regulated

[9].

Cronobacter species secrete effector proteins, as toxins or exoproteins, that potentially
elicite an immune response from the host cell [59]. Kucerova et al. [60] performed whole
genome sequencing of C. sakazaii BAA-894, identifying plasmid pESA3 which was
reported to encode an outer membrane protease with a high level of homology to the
omptin family. Members of the Enterobacteriaceae family express omptins as OMPs
which function as proteases, invasins or adhesins. This omptin-like protease is now
referred to as Cronobacter plasminogen activator (Cpa) and closely identifies with the Pla
subfamily of omptins [61]. It has been proposed that when C. sakazakii is invading the
circulatory system of a host, and expresses Cpa, a complex with plasminogen is formed
causing proteolysis and conversion of host plasminogen to plasmin [62]. Bacterial cells
with plasmin bound to the surface can catalyse degradation of fibrin polymers, which are
the end products of blood clotting. Furthermore, Cpa inactivates a2-anti-plasmin, which
is responsible for plasmin degradation under normal circumstances [62]. Thus, activated
plasmin results in increased degradation of fibrin polymers and therefore blood clots,

leading to increased invasiveness and systemic spread of C. sakazakii.

Kothary et al. [63] report a zinc containing metalloprotease, Zpx, in Cronobacter species
and identified that Zpx induced rounding of Chinese Hamster Ovary (CHO) cells, leading
to damaged cellular membranes. Cronobacter species are also reported to produce
enterotoxin which causes host cells rounding and lysis [32]. The toxin was shown to
withstand holding temperatures of 50°C and 70°C and remained stable after 30 minutes
at 90°C [32], therefore indicating that the enterotoxin is resistant to common
pasteurization methods of 72°C. In sum, Cronobacter uses different SS to release a range

of effector proteins which cause proteolysis and increased invasiveness.
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4.2

Motility

Cronobacter species are motile with adhesion factors, including pili and OMPs, that are
common among all strains and essential for infection of the host cells, specifically
adhesion, invasion, and biofilm formation [9].

To examine the effect of different protein expression on the ability of C. sakazakii to
adhere and invade mouse neuroblastoma N1E-115 cells, Veronica et al. [64] performed
a comparative genomic study of C. sakazakii ATCC BAA-894 and a fliF: Tn5 nonmotile
mutant. From proteomic analysis, 443 proteins were identified, with 361 common to both
strains, 37 exclusive to the WT and 45 exclusive to the mutant [64]. The WT-associated
proteins functioned mainly in motility, while the mutant exclusive proteins were involved
in transport of lipids, carbohydrates, nucleotides, and enzymes. It also displayed a higher
number of metabolism related proteins comparatively to the WT. Regarding gene
analysis, although cpa was detected in both, WT had a higher abundance of this gene.
However, the direct correlation between levels of cpa and motility remains to be
completely characterised. In terms of adhesion, the mutant showed increased rates, while
the WT displayed a higher rate of invasion of the mouse neuroblastoma cells. The study
indicates that flagella support the invasion of cells, while a lack of flagella augments the

rate of adhesion [64].

Flagella of C. sakazakii can stimulate proinflammatory response in the human host
through the signalling pathway of toll-like receptor 5 [64]. Ling et al. [47] report that the
knockout of fliC, which codes for a flagellar filament structural protein, results in
decreased biofilm formation, adhesion, and motility in C. malonaticus. The reduced
motility of flagellum-lacking mutants is reported by both research groups, however,
Veronica et al. [64] document increased adhesion of C. sakazakii to mouse
neuroblastoma cells while Ling et al. [47] report reduced adhesion of C. malonaticus to

IEC-6, an intestinal epithelioid cell line.

Further studies can help clarify this variability between different bacterial species and

response to different host cells. Nonetheless, it is clear that Cronobacter species flagella
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are instrumental in many infection mechanisms including motility, adhesion, invasion, and

biofilm formation.

4.3 Quorum Sensing

Li et al. [65] performed a comparative proteomic analysis of the adhesion and invasion
related proteins of C. sakazakii using data-independent acquisition coupled with liquid
chromatography-mass spectrometry (LC-MS). Upon comparison of two strains of C.
Ssakazakii which differed only in terms of adhesion/invasion abilities, it was found that
LuxS protein, the key molecule for the synthesis of quorum sensing signal AL-2, was
expressed 3.55-fold higher in the strongly adhesive/invasive strain. This result suggests
the potential role of LuxS protein in the adhesion and invasion of C. sakazakii [65]. To
investigate the function of LuxS in biofilm formation, adhesion, and invasion, Ling et al.
[47] performed a comparative analysis of a WT C. malonaticus and a luxS mutant.
Increased expression of the flagellin negative regulator flgM was detected in the mutant
when compared to the WT, indicating that LuxS directly impacts flagellar development
and thus the adhesion and invasion capability of C. malonaticus [47]. The exact
mechanism of action of LuxS protein on Cronobacter species adhesive/invasive ability

remains to be fully characterised.

4.4 Colonisation and Translocation

Following entry and adhesion, the next step in the infection strategy is colonisation of host
environments, such as the gastrointestinal tract (GIT). Virulence mechanisms aid
colonisation of mucosal surfaces and facilitate translocation into the blood stream
resulting in systemic infections such as sepsis [61]. One function of the GIT mucosal
surface is to act as a barrier, limiting the adhesion and colonisation of pathogenic or
commensal bacteria. The GIT mucosal layer is composed of glycoproteins such as
mucins, antimicrobial peptides, digestive enzymes, and immunoglobulins [66]. The ability
to colonise GIT and outcompete the resident gut microbiome for nutrients is a highly

conserved phenotype which is expressed across the Cronobacter species [9].
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Regarding colonisation, adhesion factors, including pili and OMPs are common to all
strains of Cronobacter species and are essential for adhesion, invasion, and biofilm
formation [9]. A study by Kim et al., showed that OmpA and OmpW were required for both
GIT apical and basolateral invasion by C. sakazakii [67]. Furthermore, a C. sakazakii
OmpX deletion mutant, displayed decreased invasion of the human colonic carcinoma
epithelial (Caco-2) cells and lower levels of colonisation in the liver and spleen of rat pups
compared to the WT [67].

Following colonisation, Cronobacter species can initiate pathogenesis in the underlying
tissues and the blood stream via translocation. Clinical C. sakazakii have been reported
to translocate through Caco-2 and human brain microvascular endothelial cells (HBMEC)
paracellularly, with certain strains of C. sakazakii showing higher invasion and
translocation capability [68]. Variation between the transepithelial electrical resistance
(TEER) of these cell lines were associated with a higher level of translocation by the
bacterium, suggesting that clinical isolates of C. sakazakii translocate paracellularly by
altering the host cells tight junctions to migrate between them [68]. This theory is
supported by the increased invasion rates in individuals with impaired or under-developed
tight junctions [17].

Molecular features of Cronobacter species which support colonisation are reported,
however, the virulence factors unique to C. sakazakii clinical isolates with higher
translocation capabilities remain to be fully outlined.

. Systemic Persistence in the Human Host

Once established in the host, Cronobacter species can persist due to a combination of
molecular features and virulence mechanisms (Figure 4) encompassing iron acquisition,

sialic acid utilisation, AMR, and immune system evasion.
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Figure 4: Molecular features of Cronobacter species which support virulence mechanisms involved in
systemic persistence in the human host. Evasion of the immune system is facilitated by
modification of the LPS, upregulation of OmpW, SOD enzyme activity and interactions of the two-
component system PmrA/PmrB. Iron acquisition involves the reduction of ferric iron (Fe3*) to
ferrous iron (Fe?*). Sialic acid genes nanK and nanA allow the utilization of sialic acid in the host,
while AMR genes convey resistance to a variety of treatment options. Orange arrow indicates a
mechanism. Image created with BioRender.com.

51 Host Cell Defense

As an enteric pathogen, the predominant entry route of Cronobacter species is through
ingestion of contaminated food or water. While the human body has many defence
mechanisms against bacterial cells, Cronobacter species have adapted to evade those
host defences like antimicrobial peptides in serum, and macrophage attack [68], among
others. The intestinal epithelium is a critical protective barrier against food-borne bacterial
infections, and if this layer is penetrated, the pathogen may gain access to the underlying
tissues [66].
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The pathogenicity of C. sakazakii is such that it can invade not only the intestinal
epithelium but also the brain endothelium of hosts by crossing the blood-brain barrier
(BBB) via adhesion and invasion of these host epithelial cells, including HBMEC [17].
HBMEC comprise the human BBB, which when compromised by C. sakazakii can cause
meningitis, a potentially fatal infection in populations with limited or impaired immune
response, for example neonates and infants [17]. Several cell lines, such as Caco-2, have
been utilised to show these mechanisms of adhesion, invasion and translocation

employed by Cronobacter species [67-72].

5.2 Evasion of Host Immune System

Cronobacter have evolved to evade the host’'s immune system response, displaying the
capability to survive within macrophages, and resistance to the bactericidal action of
blood serum and the complement system. Almajed and Forsythe [68] revealed that 9 out
of 10 C. sakazakii clinical isolates withstood human serum exposure, with the single
outlier lacking the cpa gene. Townsend et al. [72] investigated the virulence of
Cronobacter isolates from an outbreak in 1994 in a French neonatal intensive care unit,
during which 17 neonates were infected, 3 with a fatal outcome. Cronobacter strains were
shown to persist and replicate inside human U937 macrophages, which should normally
destroy invading bacteria, with the majority of isolates surviving for approximately 48
hours [72]. Factors supporting survival inside macrophages included induction of VBNC
state, upregulation of OmpW and SOD enzyme activity [55].

Another factor which impacts macrophage action against bacterial pathogens is the
presence of lipid A on the bacterial membrane. Lipid A is the most active component of
the lipopolysaccharide (LPS), located on the outer membrane. In the human host, lipid A
can be recognized by the innate immune system toll-like receptor 4 once the microbe has
breached the skin or the GIT mucosa, often resulting in inflammation [73]. Regarding
impact of lipid A on phagocytosis by macrophages, Kim et al. [74], reported that deleting
labp, a novel virulence factor that promotes lipid A biosynthesis by LpxA in C. sakazakii,
reduced phagocytosis. Mutants which lacked labp showed a 50-fold reduction in

phagocytosis by macrophages compared to the WT [74]. These mutants were also shown
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to be defective in their ability to invade Caco-2 cells, presenting structural changes in the
OMPs, flagella and LPS, thus compromising C. sakazakii cellular integrity and virulence
[74].

Modification of lipid A by the Two Component System (TCS) PmrA/PmrB is employed by
C. sakazakii to reduce lipid A recognition by the host innate immune system. TCSs are
composed of two proteins, a sensor kinase, in this case PmrB, which receives external
signals from the environment, and a response regulator, PmrA, that conveys a change in
the bacterial cell. In weak acidic conditions (pH 5), phosphoethanolamine modification of
lipid A occurs, contributing to increased resistance to cationic antimicrobial peptides
produced by the host cells [75]. This increased resistance improves C. sakazakii ability
to evade the immune system of human hosts. Reporting on the impact of C. sakazakii
TCS PmrA/PmrB on invasion and survival in macrophages, Hua et al. [76] stated that
pmrA-lacking mutants grew faster and displayed greater number of replicates when
recovered from the macrophages in comparison to the WT. However, mutant cells
overexpressing pmrAB grew slower compared to the isogenic WT and intracellular
numbers were shown to decrease over time. This study reports that pmrA reduces
invasion and replication inside the macrophage, and that PmrA/PmrB TCS in C. sakazakii

is important for host cell invasion and intracellular replication ability.

Regarding host cell modulation, Mittal et al., [77] showed that C. sakazakii targets the
dendritic-specific intercellular adhesion molecule (ICAM) nonintegrin to promote
immunosuppressive responses via modulation of host mitogen-activated protein kinases.
Dendritic cells infected with C. sakazakii expressed low levels of proinflammatory

cytokines, allowing the pathogen to evade the immune system [77].

Undoubtedly, evasion of the host immune system is a prime virulence mechanism for
Cronobacter species. Further insights into these cellular and molecular mechanisms are

needed.
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5.3

5.4

Iron Acquisition

Iron acquisition is an essential virulence mechanism for pathogens as once inside the
human host they must compete, with the host and with the commensal bacteria, for this
metabolically restricted mineral. Iron is required for many enzymatic reactions, as an
essential cofactor, both in primary and secondary metabolism. While present in sufficient
amounts for microbial growth, iron exists as ferric iron (Fe3*) in human hosts, which is
biologically inaccessible to bacteria. Therefore, to combat iron starvation while in a human
host, bacteria produce siderophores which form stable complexes with ferric iron [78],
scavenging iron from the host to the bacterial cell. Fe3*-siderophore complexes in Gram-
negative bacteria are transported into the periplasm by TonB-dependant receptors and
then moved to the cytoplasm via ABC transporters [79]. Iron is released when the complex
is reduced from ferric to ferrous iron (Fe?*) in the cytoplasm, with siderophore
decomposition also a mechanism of iron release to the bacterial cell.

Iron acquisition systems Feo and Efe, encoded by feoABC and efeUOB, along with
enterobactin-like siderophores can be found in each of the seven Cronobacter species,
with plasmid-harbouring strains expressing cronobactin, the aerobactin-like siderophore,
for ferric iron transport [79]. Furthermore, a ferric dicitrate transport system was reported
in clinical isolates of C. sakazakii and C. malonaticus but not in the other 5 species,
indicating its potential function as a virulence mechanism [79]. Thus, the differences in
iron acquisition systems by different Cronobacter species may reflect the availability of
iron within their respective environmental niche, for example plants, PIF manufacturing

sites or the human host.

Sialic Acid Utilisation

Selective environmental pressure has contributed to gradual adaptations in the
Cronobacter genus, however not all species display the same adaptations. Regarding
adaption to human hosts, only C. sakazakii can import and catabolise exogenous sialic
acid [9]. Sialic acid is present in infant formula, breast milk, brain gangliosides, and

intestinal mucin and plays various roles in the human body including neural transmission.
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In contrast to the other members of the Cronobacter genus, C. sakazakii carries the nanA
and nanK genes which encode for the use of exogenous sialic acid as a source of carbon
[37]. Interestingly, in E. coli, sialic acid is instrumental in surface modification via
regulation of sialidase and adhesin expression or by inhibition of the fimB gene involved
in epithelial cell adhesion and invasion [80]. Whether sialic acid plays a role in surface
modification of Cronobacter remains to be elucidated.

5.5 Antimicrobial Resistance

The abuse of antimicrobial agents through prolonged usage, inappropriate dosing, and
length of application are thought to result in the development of AMR in pathogens,
including Cronobacter species. Previously, Cronobacter were reported to be susceptible
to B-lactam antimicrobials, however strains have since become resistance to others,
including neomycin, tetracycline, and trimethoprim [17]. A study performed by Parra-
Flores et al. [5] examined a diarrheic haemorrhagic outbreak in Mexico in 2011, during
which C. sakazakii and Enterobacter species were isolated from samples of PIF, infant
fecal matter and home environment. These authors reported on the virulence and AMR
of C. sakazakii, with four out of five isolates displaying resistance to cephalosporins [5].

In a different study by Li et al. [27] Cronobacter species were isolated from food and
clinical samples in Wenzhou, China, between 2008 and 2018. The 90 isolates were
identified using multi-locus sequence typing (MLST) analysis of the seven housekeeping
genes of Cronobacter, with sequence types determined using the seven-digit allelic profile
obtained. Antimicrobial susceptibility of these 90 isolates was elucidated for a panel of
fourteen antimicrobial compounds, with 84% of isolates reported as sensitive or with
intermediate resistance to all antimicrobials under study. 16% displayed resistance to
multiple antimicrobial agents, with six isolates (6.6%) showing resistance to six
antimicrobial compounds [27], which increases the challenge for physicians to treat the

infections caused by these multidrug resistant (MDR) isolates [81].

Regarding AMR genes, Parra-Flores et al. [82] examined seven C. sakazakii strains

recovered from PIF and recorded the presence of the same efflux genes (efflux pumps
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are quite useful in AMR), along with the antimicrobial inactivation gene ampH and the
fosfomycin resistance determinant, g/pT, in all tested strains. These genes confer
resistance to a variety of antimicrobial compounds including p-lactams, aminoglycosides,
fluoroquinolones, and phosphonates. In the same study, authors reported that all strains
carried the marA gene which regulates multidrug efflux and membrane permeability [82].
In line with this study, Lepuschitz et al. [10] documented the presence of efflux genes,
regulatory genes for modulation of antimicrobial efflux, msrB, an antimicrobial target
protection gene, and gIpT in C. sakazakii. Fosfomycin is viewed as an effective treatment
against MDR bacteria, however both these studies confirm the presence of the glpT gene
in C. sakazakii thus rendering treatment with fosfomycin ineffective.

Strains of Cronobacter have been isolated from both food and clinical environments
worldwide, with the majority of isolates containing AMR genes such as ampH, glpT, marA
and msrB. Screening of more clinical isolates for novel AMR genes is critical to monitor

the rising resistance across Cronobacter species, and indeed all bacteria.

. Mitigation Measures Against Infection

Currently, antimicrobial therapy is the only available treatment for infections, including
those caused by Cronobacter species [83]. Suggested options include the broad-
spectrum antimicrobials cephems and carbapenems, which inhibit cell wall synthesis, and
quinolones, which inhibit DNA replication [84]. However, due to the rising prevalence of
AMR among Cronobacter species [5:10:17:27:82], and indeed all bacteria, new treatment

options are needed.

A variety of developmental Cronobacter species inhibitors, from different natural or
synthetic origins, have been investigated (table 3), with targets including the virulence
mechanisms and the general integrity of the cell membrane and wall. Biofilm formation,
motility, secretion, adhesion, and translocation have all been targeted, with varying

degrees of inhibition reported.
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Table 3: Novel inhibitors of Cronobacter species, the cellular features and/or mechanisms compromised,

and the overall impact on the cell.

Inhibitor type Example(s) Feature/ mechanism(s) Overall impact Reference

compromised

Plant-derived Citral Motility, biofilm formation, Reduced virulence 2017 [3]
quorum sensing, endotoxin
production
Oregano Cell wall & membrane Inhibited growth 2020 [85]
Amaranthus tricolour  Biofilm formation & cell Reduced virulence/ 2020 [86]
membrane cell death*
Thymoquinone Motility, secretion & biofilm Reduced virulence 2017 [87]
formation
Nanotechnology Silver nanoparticles Membrane integrity Cell death 2018 [88]
Bacteriophage vB_CtuP_A24 Cell wall & membrane Cell death 2021 [19]
GAP32 Cell wall & membrane Cell death 2014 [89]
Milk protein Sweet whey protein Translocation & invasion Reduced virulence 2016 [71]
concentrate
Buttermilk Adhesion Reduced virulence 2017 [90]
Biopolymer Chitooligosaccharides Biofilm formation Reduced virulence 2019 [45]
Recombinant Funme peptide Cell wall & membrane Inhibited growth 2019 [91]

peptide

*dependent on concentration used

The most prevalent target for these potential novel control methods is the cell membrane
integrity, with different compounds reported as effective inhibitors, such as the plant-
derived citral and milk-derived antimicrobial peptides [3; 20; 90]. Cellulose could also be
a viable target due to its participation in biofilm formation, however external cellulose can
also be modified to act as a delivery system to transport inhibitors, such as oregano oil
[85]. Other approaches include the use of silver nanoparticles [88], however host toxicity

concerns are a limitation. Indeed, the generation of a novel control method that is both
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effective against Cronobacter species and host-safe is a major challenge. Another
challenge is the elucidation of virulence factors and mechanisms of infection employed
by Cronobacter species, since potential novel approaches to fight these infections rely

heavily on this knowledge.

. Conclusion and Perspectives

Cronobacter species employ a multitude of mechanisms to aid their virulence throughout
the three key stages of environmental endurance, infection strategy and systemic
persistence in the host. Tolerance to high temperatures, acidic environments, desiccation,
and osmotic pressure enable Cronobacter species to persist in harsh habitats, including
manufacturing facilities for PIF. Actions of C. sakazakii which are instrumental in its
infection strategy include the use of secretion systems, motility, quorum sensing,
colonisation and translocation, similar to the broad spectrum of pathogens. Sialic acid
utilization by C. sakazakii and the competitive acquisition of iron support Cronobacter
persistence once inside the host, along with deployment of diverse immune system

evasion techniques, like lipid A modification, and the acquisition of AMR genes.

The past decade has revealed many insightful mechanisms of virulence, but also many
new questions that require further research to be answered. New genes and proteins
have been discovered, and their impact on virulence phenotypes reported, however, in
many cases the underlying mechanism of action is not yet fully characterized. Further
insights might be gained through genome comparison of the more virulent C. sakazakii
species with those considered less virulent, those that are plant associated, such as C.
dublinesis and C. muytjensii. Additionally, use of updated disease models may aid in the
elucidation of the exact mechanisms which govern the successful infection of a human
host. More information is required on how these pathogens evade the human host
immune system, and how they potentially modulate host cells.

In tandem with the insights into virulence mechanisms, numerous developmental
methods to control Cronobacter species have been described in recent years. Many of
these target virulence phenotypes such as adhesion and translocation, however no gold
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standard control method exist for the food industry as of yet. Increased knowledge of the
pathogenic mechanisms of C. sakazakii can support the development of efficacious and
consumer safe control methods for use in the food manufacture setting. This pathogen of
global concern must be a priority for the benefit of food safety, food industry and the

general public.

26



8. References

1.

Ye, Yingwang, Xiyan Zhang, Maofeng Zhang, Na Ling, Haiyan Zeng, Jina Gao,
Rui Jiao, Qingping Wu, and Jumei Zhang (2017) “Potential Factors Involved in
Virulence of Cronobacter sakazakii Isolates by Comparative Transcriptome
Analysis.” Journal of Dairy Science 100 (11): 8826-37.
https://doi.org/10.3168/jds.2017-12801.

. Joseph, Susan, and Stephen J. Forsythe (2012) “Insights into the Emergent

Bacterial Pathogen Cronobacter Spp., Generated by Multilocus Sequence Typing
and Analysis.” Frontiers in Microbiology 3 (NOV): 1-11.
https://doi.org/10.3389/fmicb.2012.00397.

Shi, Chao, Yi Sun, Zhiyuan Liu, Du Guo, Huihui Sun, Zheng Sun, Shan Chen,
Wenting Zhnag, Qiwu Wen, Xiaoli Peng & Xiaodong Xia (2017) “Inhibition of
Cronobacter sakazakii Virulence Factors by Citral.” Scientific Reports 7
(February): 1-11. https://doi.org/10.1038/srep43243.

. Zeng, Haiyan, Jumei Zhang, Qingping Wu, Wenjing He, Haoming Wu, Yingwang

Ye, Chengsi Li, Na Ling, Moutong Chen, Juan Wang, Shuzhen Cai, Tao Lei, Yu
Ding & Liang Xue (2018) “Reconstituting the History of Cronobacter Evolution
Driven by Differentiated CRISPR Activity.” Applied and Environmental
Microbiology 84 (10): 1-12. https://doi.org/10.1128/AEM.00267-18.

Parra-Flores, Julio, Juan Aguirre, Vijay Juneja, Emily E. Jackson, Ariadnna Cruz-

Codrdova, Jesus Silva-Sanchez, and Stephen Forsythe (2018) “Virulence and
Antibiotic Resistance Profiles of Cronobacter sakazakii and Enterobacter Spp.
Involved in the Diarrheic Hemorrhagic Outbreak in Mexico.” Frontiers in
Microbiology 9 (September): 1-9. https://doi.org/10.3389/fmicb.2018.02206.
Ling, Na, Stephen Forsythe, Qingping Wu, Yu Ding, Jumei Zhang, and Haiyan

Zeng (2020) “Insights into Cronobacter sakazakii Biofilm Formation and Control
Strategies in the Food Industry.” Engineering 6 (4): 393—405.
https://doi.org/10.1016/j.eng.2020.02.007

FAO/WHO Enterobacter sakazakii and other Microorganisms in Powdered Infant

Formula: Meeting Report; Microbiological Risk Assessment Series, No. 6;

27


https://doi.org/10.3168/jds.2017-12801
https://doi.org/10.3389/fmicb.2012.00397
https://doi.org/10.1038/srep43243
https://doi.org/10.1128/AEM.00267-18
https://doi.org/10.3389/fmicb.2018.02206
https://doi.org/10.1016/j.eng.2020.02.007

10.

11.

12.

13.

14.

FAO/WHO: Rome, ltaly (2004) Available online: http: //www.fao.org/3/a-
y5502e.pdf

FSAI (2011) Regulation (EC) No 2073/2005 On Microbiological

Criteria For Foodstuffs — Information For Manufacturers/Processors. [ebook]
Dublin: Food Safety Authority of Ireland, pp.1-6

Jang, Hyein, Gopal R. Gopinath, Athmanya Eshwar, Shabarinath Srikumar, Scott
Nguyen, Jayanthi Gangiredla, Isha R. Patel, Isha R.; Finkelstein, Samantha B.;
Negrete, Flavia; Woo, JungHa; Lee, YouYoung; Fanning, Séamus; Stephan,
Roger; Tall, Ben D.; Lehner, Angelika (2020) “The Secretion of Toxins and Other
Exoproteins of Cronobacter. Role in Virulence, Adaption, and Persistence.”
Microorganisms 8 (2). https://doi.org/10.3390/microorganisms8020229.
Lepuschitz, S., Ruppitsch, W., Pekard-Amenitsch, S., Forsythe, S., Cormican,
M., Mach, R., Piérard, D. and Allerberger, F. (2019) “Multicenter Study of
Cronobacter sakazakii Infections in Humans, Europe, 2017.” Emerging Infectious
Diseases 25 (3): 515-22. https://doi.org/10.3201/eid2503.181652.

Elkhawaga, Amal A., Helal F. Hetta, Naglaa S. Osman, Amal Hosni, and

Mohamed A. EI-Mokhtar (2020). “Emergence of Cronobacter sakazakii in Cases
of Neonatal Sepsis in Upper Egypt: First Report in North Africa.” Frontiers in
Microbiology 11 (March): 1-9. https://doi.org/10.3389/fmicb.2020.00215.

Strysko, Jonathan, Jennifer R. Cope, Haley Martin, Cheryl Tarr, Kelley Hise, Sarah

Collier, and Anna Bowen (2020) “Food Safety and Invasive Cronobacter Infections
during Early Infancy, 1961-2018.” Emerging Infectious Diseases 26 (5): 857-65.
https://doi.org/10.3201/eid2605.190858.

Henry, M., & Fouladkhah, A. (2019). Outbreak history, biofilm formation, and
preventive measures for control of Cronobacter sakazakii in infant formula and
infant care settings. Microorganisms, 7(3).
https://doi.org/10.3390/microorganisms7030077

Fouladkhah, Aliyar, (2019) "[2-3-2019] Updated List of Pathogenic Cronobacter
Outbreaks [Public Health Microbiology Laboraotry, Nashville, TN].xIsx", Updated
List of Pathogenic Cronobacter Outbreaks,
https://doi.org/10.7910/DVN/TZ5PV9/LRGIZO, Harvard Dataverse, V1

28


https://doi.org/10.3390/microorganisms8020229
https://doi.org/10.3201/eid2503.181652
https://doi.org/10.3389/fmicb.2020.00215
https://doi.org/10.3201/eid2605.190858
https://doi.org/10.3390/microorganisms7030077
https://doi.org/10.7910/DVN/TZ5PV9/LRGIZO

15.Hayashi, S., Takinami, Y., & Watari, T. (2021). Urinary Tract Infection Caused by
Cronobacter sakazakii. Cureus. https://doi.org/10.7759/cureus.15780
16.Cruz-Cérdova, Ariadnna, Luz M. Rocha-Ramirez, Sara A. Ochoa, Bertha

Gobnzalez-Pedrajo, Norma Espinosa, Carlos Eslava, Ulises Hernandez-Chinas, G.
Mendoza-Hernandez, A. Leviz, P. Mayo, S. Sadowinski-Pine, R. Hernandez-
Castro, |. Estrada-Garcia, O. Munoz-Hernandez, I. Rosas & J. Xicohtencatl-Cortes
(2012) “Flagella from Five Cronobacter Species Induce Pro-Inflammatory
Cytokines in Macrophage Derivatives from Human Monocytes.” PLoS ONE 7 (12).
https://doi.org/10.1371/journal.pone.0052091.

17.Feeney, Audrey, Kai A. Kropp, Roxana O’Connor, and Roy D. Sleator (2015)

“Cronobacter sakazakii: Stress Survival and Virulence Potential in an
Opportunistic Foodborne Pathogen.” Gut Microbes 5 (6): 711-18.
https://doi.orq/10.4161/19490976.2014.983774.

18.Schmid, Michael, Carol Iversen, Iti Gontia, Roger Stephan, Andreas Hofmann,

Anton Hartmann, Bhavanath Jha, Leo Eberl, Kathrin Riedel, and Angelika Lehner
(2009) “Evidence for a Plant-Associated Natural Habitat for Cronobacter Spp.”
Research in Microbiology 160(8):608—14.
https://doi.org/10.1016/j.resmic.2009.08.013

19.Luo, Dandan, Chengsi Li, Qingping Wu, Yu Ding, Meiyan Yang, Yongdan Hu,

Haiyan Zeng, and Jumei Zhang (2021) “Isolation and Characterization of New
Phage VB_CtuP_A24 and Application to Control Cronobacter Spp. in Infant Milk
Formula and Lettuce.” Food Research International 141 (October 2020): 1101089.
https://doi.org/10.1016/j.foodres.2021.110109.

20.Li, Chengsi, Haiyan Zeng, Jumei Zhang, Dandan Luo, Moutong Chen, Tao Lei,

Xiaojuan Yang, Haoming Wu, Shuzhen Cai, Yingwang Ye, Yu Ding, Juan Wang,
Qingping Wu, (2020) “Cronobacter Spp. Isolated from Aquatic Products in China:
Incidence, Antibiotic Resistance, Molecular Characteristic and CRISPR
Diversity.” International Journal of Food Microbiology 335 (April): 108857 .
https://doi.org/10.1016/j.ijfoodmicro.2020.108857.

21.Carvalho, Gabriela Guimaraes, Aline Parolin Calarga, Josie Roberta Teodoro,

Murilo Mariz Queiroz, Carlos A. Astudillo-Truijillo, Carlos Emilio Levy, Marcelo

29


https://doi.org/10.7759/cureus.15780
https://doi.org/10.1371/journal.pone.0052091
https://doi.org/10.4161/19490976.2014.983774
https://doi.org/10.1016/j.resmic.2009.08.013
https://doi.org/10.1016/j.foodres.2021.110109
https://doi.org/10.1016/j.ijfoodmicro.2020.108857

Brocchi, and Dirce Yorika Kabuki (2020) “Isolation, Comparison of ldentification
Methods and Antibiotic Resistance of Cronobacter Spp. in Infant Foods.” Food
Research International 137 (April): 109643.
https://doi.org/10.1016/j.foodres.2020.109643.

22.Zeng, Haiyan, Chengsi Li, Na Ling, Jumei Zhang, Moutong Chen, Tao Lei, Shi

Wu, Xiaojuan Yang, Dandan Luo, Yu Ding, Juan Wang, Shuhong Zhang,
Qingping Wu (2020) “Prevalence, Genetic Analysis and CRISPR Typing of
Cronobacter Spp. Isolated from Meat and Meat Products in China.” International
Journal of Food Microbiology 321 (January): 108549.
https://doi.org/10.1016/j.ijfoodmicro.2020.108549.

23.Pakbin, B., Brick, W. M., Allahyari, S., Rossen, J. W. A., & Mahmoudi, R. (2022).

Antibiotic Resistance and Molecular Characterization of Cronobacter sakazakii

Strains Isolated from Powdered Infant Formula Milk. Foods, 11(8).
https://doi.org/10.3390/foods11081093

24 Fei, P., Xing, M., Feng, Y., Liu, S., Chang, Y., Wang, Y., Yu, Y., Shi, E., Zhang,
Y., Bian, X., & Chen, J. (2022). Cronobacter sakazakii in Goat Milk-Based Infant
Formula from Shaanxi Province, China. Foodborne Pathogens and Disease.,
19(5), 304-310. https://doi.org/10.1089/fpd.2021.0095

25.Csorba, C., Paji¢, M., Blagojevic, B., Forsythe, S., Radinovi¢, M., & Velebit, B.

(2022). Prevalence, characterization, and antibiotic susceptibility of Cronobacter

spp. in a milk powder processing environment: The first reported case in Serbia.
Food Science and Nutrition, 10(2), 554-563. https://doi.org/10.1002/fsn3.2681

26.Hayman, Melinda M., Sharon G. Edelson-Mammel, Peggy J. Carter, Yi Chen,
Monica Metz, John F. Sheehan, Ben D. Tall, Clinton J. Thompson, and Leslie A.
Smoot (2020) “Prevalence of Cronobacter Spp. And Salmonella in Milk Powder
Manufacturing Facilities in the United States.” Journal of Food Protection 83 (10):
1685-92. https://doi.org/10.4315/JFP-20-047.

27.Li, Yi, Yanjun Zhang, Leyi Zhang, Yuqgin Hu, Chengji Hong, Airong Xie, Yuejin

Wu, Zhihui Shangguan, Biao Zhou, Lei Fang, Lingling Mei, (2020) “Prevalence

and Genetic Characteristics of Cronobacter Spp. from Food and Human Clinical

30


https://doi.org/10.1016/j.foodres.2020.109643
https://doi.org/10.1016/j.ijfoodmicro.2020.108549
https://doi.org/10.3390/foods11081093
https://doi.org/10.1089/fpd.2021.0095
https://doi.org/10.1002/fsn3.2681
https://doi.org/10.4315/JFP-20-047

Stool Samples in Wenzhou, China 2008-2018.” Food Microbiology 89
(September 2019). https://doi.org/10.1016/j.fm.2020.103432.

28.Jang, Hyein, Hannah R. Chase, Jayanthi Gangiredla, Christopher J. Grim, Isha
R. Patel, Mahendra H. Kothary, Scott A. Jackson, Mammel Mark K., Carter

Laurenda, Negrete Flavia, Finkelstein Samantha, Weinstein Leah, Yan

QiongQiong, Iversen Carol, Pagotto Franco, Stephan Roger, Lehner Angelika,
Eshwar Athmanya K., Fanning Seamus, Farber Jeffery, Gopinath Gopal R., Tall
Ben D., Pava-Ripoll Monica (2020) “Analysis of the Molecular Diversity Among
Cronobacter Species Isolated From Filth Flies Using Targeted PCR, Pan
Genomic DNA Microarray, and Whole Genome Sequencing Analyses.” Frontiers
in Microbiology 11 (September). https://doi.org/10.3389/fmicb.2020.561204.

29.Baumgartner, A., & Niederhauser, I. (2010). Occurrence of Cronobacter spp. in

raw milk. Journal Fur Verbraucherschutz Und Lebensmittelsicherheit, 5(2), 253—
253. https://doi.org/10.1007/s00003-010-0589-8
30.McEvoy, Kelsey C, Carmel M Kealey, and Damien B Brady (2016) “Influence of

Reconstitution Temperature on Survival of Cronobacter sakazakii in Powdered
Infant Formula.” Journal of Microbiology, Biotechnology and Food Sciences 05
(05): 495-99. https://doi.org/10.15414/imbfs.2016.5.5.495-499.

31.Yang, Han Yeol, Si Kyung Kim, So Yeon Choi, Dong Hyun You, Seung Cheol
Lee, Woo Suk Bang, and Hyun Gyun Yuk (2015) “Effect of Acid, Desiccation and

Heat Stresses on the Viability of Cronobacter sakazakii during Rehydration of

Powdered Infant Formula and in Simulated Gastric Fluid.” Food Control 50: 336—
41. https://doi.org/10.1016/j.foodcont.2014.09.012.

32.Jaradat, Ziad W., Waseem Al Mousa, Ahmed Elbetieha, Anas Al Nabulsi, and
Ben D. Tall (2014) “Cronobacter Spp. - Opportunistic Food-Borne Pathogens. A

Review of Their Virulence and Environmental-Adaptive Traits.” Journal of
Medical Microbiology 63 (PART 8): 1023-37.
https://doi.org/10.1099/jmm.0.073742-0.

33.Orieskova, M., Kajsik, M., Szemes, T., Holy, O., Forsythe, S., Turna, J., &
Drahovska, H. (2016). Contribution of the thermotolerance genomic island to

increased thermal tolerance in Cronobacter strains. Antonie van Leeuwenhoek,

31


https://doi.org/10.1016/j.fm.2020.103432
https://doi.org/10.3389/fmicb.2020.561204
https://doi.org/10.1007/s00003-010-0589-8
https://doi.org/10.15414/jmbfs.2016.5.5.495-499
https://doi.org/10.1016/j.foodcont.2014.09.012
https://doi.org/10.1099/jmm.0.073742-0

International Journal of General and Molecular Microbiology, 109(3), 405-414.
https://doi.org/10.1007/s10482-016-0645-1

34.Burgess, Catherine M., Andrea Gianotti, Nadia Gruzdev, John Holah, Susanne

Kngchel, Angelika Lehner, Edyta Margas, Stephan Schmitz Esser, Shlomo Sela
Saldinger, and Odile Tresse (2016) “The Response of Foodborne Pathogens to
Osmotic and Desiccation Stresses in the Food Chain.” International Journal of
Food Microbiology 221: 37-53 https://doi.org/10.1016/j.iffoodmicro.2015.12.014.
35.Dancer, G. |, J. H. Mah, M. S. Rhee, I. G. Hwang, and D. H. Kang (2009)
“‘Resistance of Enterobacter sakazakii (Cronobacter Spp.) to Environmental
Stresses.” Journal of Applied Microbiology 107 (5): 1606—14.
https://doi.org/10.1111/j.1365-2672.2009.04347 .x.

36. Alvarez-Orddnez, Avelino, Conor Cummins, Thérése Deasy, Tanya Clifford,

Maire Begley, and Colin Hill (2014) “Acid Stress Management by Cronobacter
sakazakii.” International Journal of Food Microbiology 178: 21-28.
https://doi.org/10.1016/j.ijfoodmicro.2014.03.001.

37.Joseph, Susan, Prerak Desai, Yongmei Ji, Craig A. Cummings, Rita Shih,

Lovorka Degoricija, Alain Rico, S. Hamby, N. Masood, S. Hariri, H. Sonbol, N.
Chuzhanova, M. McClelland, M. Furtado & S. Forsythe (2012) “Comparative
Analysis of Genome Sequences Covering the Seven Cronobacter Species.”
PLoS ONE 7 (11). https://doi.org/10.1371/journal.pone.0049455.

38.Srikumar, S., Cao, Y., Yan, Q., Hoorde, K. Van, Nguyen, S., Cooney, S.,
Gopinath, G. R., Tall, B. D., Sivasankaran, S. K., Lehner, A., & Stephan, R.
(2019). RNA Sequencing-Based Transcriptional Overview of Xerotolerance in
Cronobacter sakazakii SP291. 85(3), 1-16. https://doi.org/10.1128/AEM.01993-
18

39.Ye, Yingwang, Na Ling, Jina Gao, Xiyan Zhang, Maofeng Zhang, Liaowang

Tong, Haiyan Zeng, Jumei Zhang, and Qingping Wu (2018) “Roles of Outer
Membrane Protein W (OmpW) on Survival, Morphology, and Biofilm Formation
under NaCl Stresses in Cronobacter sakazakii.” Journal of Dairy Science 101 (5):
3844-50. https://doi.org/10.3168/jds.2017-13791.

32


https://doi.org/10.1007/s10482-016-0645-1
https://doi.org/10.1016/j.ijfoodmicro.2015.12.014
https://doi.org/10.1111/j.1365-2672.2009.04347.x
https://doi.org/10.1016/j.ijfoodmicro.2014.03.001
https://doi.org/10.1371/journal.pone.0049455
https://doi.org/10.1128/AEM.01993-18
https://doi.org/10.1128/AEM.01993-18
https://doi.org/10.3168/jds.2017-13791

40.Zhang, Maofeng, Xiyan Zhang, Liaowang Tong, Yaping Wang, Dexin Ou, Jumei
Zhang, Qingping Wu, and Yingwang Ye (2018) “Genes Involved in Tolerance to
Osmotic Stress by Random Mutagenesis in Cronobacter malonaticus.” Journal of
Dairy Science 101 (5): 3851-58. https://doi.org/10.3168/jds.2017-13995

41.Palla, M. R., Harohalli, S., Crawford, T. N., & Desai, N. (2018). Progression of
gastric acid production in preterm neonates: Utilization of in-vitro method.
Frontiers in Pediatrics, 6(August), 4-7. https://doi.org/10.3389/fped.2018.00211

42.Tong, Liaowang, Maofeng Zhang, Xiyan Zhang, Yaping Wang, Dexin Ou, Jumei

Zhang, Qingping Wu, and Yingwang Ye (2019) “Exploration of Factors in
Response to Low Acid Tolerance Using Random Mutagenesis in Cronobacter
malonaticus.” Food Research International 116 (September): 994-99.
https://doi.org/10.1016/j.foodres.2018.09.037.

43. Alvarez-Ordoéfiez, Avelino, Maire Begley, and Colin Hill (2012) “Polymorphisms in

Rpos and Stress Tolerance Heterogeneity in Natural Isolates of Cronobacter
sakazakii.” Applied and Environmental Microbiology 78 (11): 3975-84.
https://doi.org/10.1128/AEM.07835-11.

44 .Ji, Xuemeng, Ping Lu, Juan Xue, Ning Zhao, Yan Zhang, Lu Dong, Xuejiao

Zhang, Ping Li, Yaozhong Hu, Jin Wang, Bowei Zhang, Jingmin Liu, Huan lv &
Shuo Wang (2021) “The Lipoprotein NIpD in Cronobacter sakazakii Responds to
Acid Stress and Regulates Macrophage Resistance and Virulence by Maintaining
Membrane Integrity.” Virulence 12 (1): 415-29.
https://doi.org/10.1080/21505594.2020.1870336.

45.Lu, Jun, Qiming Chen, Bolin Pan, Zhen Qin, Ligiang Fan, Quanming Xia, and
Liming Zhao (2019) “Efficient Inhibition of Cronobacter Biofilms by
Chitooligosaccharides of Specific Molecular Weight.” World Journal of
Microbiology and Biotechnology 35 (6): 1-10. https://doi.org/10.1007/s11274-
019-2662-5.

46.Jung, Jin Ho, Na Young Choi, and Sun Young Lee (2013) “Biofilm Formation and

Exopolysaccharide (EPS) Production by Cronobacter sakazakii Depending on
Environmental Conditions.” Food Microbiology 34 (1): 70-80.
https://doi.org/10.1016/j.fm.2012.11.008.

33


https://doi.org/10.3168/jds.2017-13995
https://doi.org/10.3389/fped.2018.00211
https://doi.org/10.1016/j.foodres.2018.09.037
https://doi.org/10.1128/AEM.07835-11
https://doi.org/10.1080/21505594.2020.1870336
https://doi.org/10.1007/s11274-019-2662-5
https://doi.org/10.1007/s11274-019-2662-5
https://doi.org/10.1016/j.fm.2012.11.008

47.Ling, Na, Xin Wang, Dengyu Liu, Yizhong Shen, Danfeng Zhang, Dexin Ou,
Hongying Fan, et al. (2021) “Role of FliC on Biofilm Formation, Adhesion, and
Cell Motility in Cronobacter malonaticus and Regulation of LuxS.” Food and
Chemical Toxicology 149 (January): 111940.
https://doi.org/10.1016/j.fct.2020.111940.

48.Romling, Ute, and Michael Y. Galperin (2015) “Bacterial Cellulose Biosynthesis:

Diversity of Operons, Subunits, Products, and Functions.” Trends in Microbiology
23 (9): 545-57. https://doi.org/10.1016/j.tim.2015.05.005.
49.Li, Chunxia, Xiaodong Sun, Bing Niu, Yuan Jiang, Jielin Yang, and Qin Chen

(2020) “Exopolysaccharide Related Gene BcsG Affects Biofilm Formation of
Cronobacter Spp.” International Dairy Journal 111: 104844.
https://doi.org/10.1016/j.idairyj.2020.104844.

50.Ross, Peter, Raphael Mayer, and A N D Moshe Benziman (1991) “Cellulose
Biosynthesis and Function in Bacteria Positive Control.” Microbiological Reviews
55 (1): 35-58. https://doi.org/10.1128/mr.55.1.35-58.1991

51.Gao, Jian Xin, Ping Li, Xin Jun Du, Zhong Hui Han, Rui Xue, Bin Liang, and
Shuo Wang (2017) “A Negative Regulator of Cellulose Biosynthesis, BcsR,

Affects Biofilm Formation, and Adhesion/Invasion Ability of Cronobacter
Sakazakii.” Frontiers in Microbiology 8 (SEP): 1-11.
https://doi.org/10.3389/fmicb.2017.01839.

52.Chase, Hannah R., Gopal R. Gopinath, Athmanya K. Eshwar, Andrea Stoller,
Claudia Fricker-Feer, Jayanthi Gangiredla, Isha R. Patel, H. Cinar, H. Jeong, C.
Lee, F., S. Finkelstein, R. Stephan, B. Tall & A. Lehner (2017) “Comparative
Genomic Characterization of the Highly Persistent and Potentially Virulent
Cronobacter sakazakii ST83, CC65 Strain H322 and Other ST83 Strains.”
Frontiers in Microbiology 8 (JUN): 1-9. https://doi.org/10.3389/fmicb.2017.01136.

53.Negrete, Flavia, Hyein Jang, Jayanthi Gangiredla, Jung Ha Woo, You Young

Lee, Isha R. Patel, Hannah R. Chase, Samantha Finkelstein, Caroline Z Wang,
Shabarinath Srikumar, Scott Nguyen, Athmanya Eshwar, Roger Stephan,
Angelika Lehner, Séamus Fanning, Ben D Tall, Gopal R Gopinath (2019)

“Genome-Wide Survey of Efflux Pump-Coding Genes Associated with

34


https://doi.org/10.1016/j.fct.2020.111940
https://doi.org/10.1016/j.tim.2015.05.005
https://doi.org/10.1016/j.idairyj.2020.104844
https://doi.org/10.1128/mr.55.1.35-58.1991
https://doi.org/10.3389/fmicb.2017.01839
https://doi.org/10.3389/fmicb.2017.01136

Cronobacter Survival, Osmotic Adaptation, and Persistence.” Current Opinion in
Food Science 30: 32—42. https://doi.org/10.1016/].cofs.2018.11.005.
54. Ayrapetyan, Mesrop, Tiffany Williams, and James Oliver (2018) “Relationship

between the Viable but Nonculturable State and Antibiotic Persister Cells.”
Journal of Bacteriology 200 (20): 1-15. https://doi.org/10.1128/JB.00249-18
55.Zhang, Jingfeng, Li Wang, Lei Shi, Xun Chen, Chuxin Chen, Zicheng Hong,

Yong Cao, and L. Zhao (2020) “Survival Strategy of Cronobacter sakazakii
against Ampicillin Pressure: Induction of the Viable but Nonculturable State.”
International Journal of Food Microbiology 334 (July): 108819.
https://doi.org/10.1016/j.ijfoodmicro.2020.108819.

56.Zhou, A., Wang, L., Zhang, J., Yang, X., Ou, Z., & Zhao, L. (2021). Survival of
viable but nonculturable Cronobacter sakazakii in macrophages contributes to
infections. Microbial Pathogenesis, 158(April), 105064.
https://doi.org/10.1016/j.micpath.2021.105064

57.Broxton, C. N., & Culotta, V. C. (2016). SOD Enzymes and Microbial Pathogens:
Surviving the Oxidative Storm of Infection. PLoS Pathogens, 12(1), 8-13.
https://doi.org/10.1371/journal.ppat. 1005295

58.Tseng, Tsai Tien, Brett M. Tyler, and Jo&o C. Setubal (2009) “Protein Secretion
Systems in Bacterial-Host Associations, and Their Description in the Gene
Ontology.” BMC Microbiology 9 (SUPPL. 1): 1-9. https://doi.org/10.1186/1471-
2180-9-S1-S2.

59.Abby, Sophie S., Jean Cury, Julien Guglielmini, Bertrand Néron, Marie Touchon,

and Eduardo P.C. Rocha (2016) “Identification of Protein Secretion Systems in
Bacterial Genomes.” Scientific Reports 6 (October 2015): 1-14.
https://doi.org/10.1038/srep23080.

60.Kucerova, Eva, Sandra W. Clifton, Xiao Qin Xia, Fred Long, Steffen Porwollik,

Lucinda Fulton, Catrina Fronick, Kim Kyung, Wesley Warren, Robert Fulton, Aye
Wollum, & Stephen Forythe (2010) “Genome Sequence of Cronobacter sakazakii
BAA-894 and Comparative Genomic Hybridization Analysis with Other
Cronobacter Species.” PLoS ONE 5 (3).
https://doi.org/10.1371/journal.pone.0009556.

35


https://doi.org/10.1016/j.cofs.2018.11.005
https://doi.org/10.1128/JB.00249-18
https://doi.org/10.1016/j.ijfoodmicro.2020.108819
https://doi.org/10.1016/j.micpath.2021.105064
https://doi.org/10.1371/journal.ppat.1005295
https://doi.org/10.1186/1471-2180-9-S1-S2
https://doi.org/10.1186/1471-2180-9-S1-S2
https://doi.org/10.1038/srep23080
https://doi.org/10.1371/journal.pone.0009556

61.Franco, A. A., M. H. Kothary, G. Gopinath, K. G. Jarvis, C. J. Grim, L. Hu, A. R.
Datta, B. A. McCardell, and B. D. Tall (2011) “Cpa, the Outer Membrane
Protease of Cronobacter sakazakii, Activates Plasminogen and Mediates
Resistance to Serum Bactericidal Activity.” Infection and Immunity 79 (4): 1578—
87. https://doi.org/10.1128/IA1.01165-10.

62.Nair MK, Venkitanarayanan K, Silbart LK, Kim KS (2009) “Outer membrane

protein A (OmpA) of Cronobacter sakazakii binds fibronectin and contributes to

invasion of human brain microvascular endothelial cells.” Foodborne Pathog Dis.
May;6(4):495-501. https://doi.org/10.1089/fpd.2008.0228
63.Kothary, M. H., B. A. McCardell, C. D. Frazar, D. Deer, and B. D. Tall (2007)

“Characterization of the Zinc-Containing Metalloprotease Encoded by Zpx and

Development of a Species-Specific Detection Method for Enterobacter
Sakazakii.” Applied and Environmental Microbiology 73 (13): 4142-51.
https://doi.org/10.1128/AEM.02729-06.

64.Veronica, Esteban Kenel, Ochoa Sara A, Curiel Quesada Everardo, Quezada

Héctor, Medina Contreras Oscar, Fernandez Rendén Elizabeth, Rosas Pérez
Irma, Arellano-Galindo Jose, Cisneros Bulmaro, Hernandez-Castro Rigoberto &
Cruz-Codova Ariadnna (2020) “Proteomics Profiles of Cronobacter sakazakii and
a FliF Mutant: Adherence and Invasion in Mouse Neuroblastoma Cells.” Microbial
Pathogenesis 149. https://doi.org/10.1016/j.micpath.2020.104595.

65.Li, Ping, Xuan Dong, Xiao Yi Wang, Ting Du, Xin Jun Du, and Shuo

Wang (2020b) “Comparative Proteomic Analysis of Adhesion/Invasion Related

Proteins in Cronobacter sakazakii Based on Data-Independent Acquisition
Coupled With LC-MS/MS.” Frontiers in Microbiology 11 (June): 1—
12. https://doi.org/10.3389/fmicb.2020.01239.

66.Ribet, David, and Pascale Cossart (2015) “How Bacterial Pathogens Colonize

Their Hosts and Invade Deeper Tissues.” Microbes and Infection 17 (3): 173-83.
https://doi.org/10.1016/j.micinf.2015.01.004.
67.Kim, Kyumson, Kwang Pyo Kim, Jeongjoon Choi, Jeong A. Lim, Junghyun Lee,

Sunyoung Hwang, and Sangryeol Ryu (2010) “Outer Membrane Proteins A

(OmpA) and X (OmpX) Are Essential for Basolateral Invasion of Cronobacter

36


https://doi.org/10.1128/IAI.01165-10
https://doi.org/10.1089/fpd.2008.0228
https://doi.org/10.1128/AEM.02729-06
https://doi.org/10.1016/j.micpath.2020.104595
https://doi.org/10.3389/fmicb.2020.01239
https://doi.org/10.1016/j.micinf.2015.01.004

Ssakazakii.” Applied and Environmental Microbiology 76 (15): 5188-98.
https://doi.org/10.1128/AEM.02498-09.
68.Almajed, Faisal S., and Stephen J. Forsythe (2016) “Cronobacter sakazakii
Clinical Isolates Overcome Host Barriers and Evade the Immune Response.”
Microbial Pathogenesis 90: 55-63. https://doi.org/10.1016/j.micpath.2015.11.014.
69.Halpin, R. M., D. B. Brady, E. D. O’Riordan, and M. O’Sullivan (2010) “Untreated

and Enzyme-Modified Bovine Whey Products Reduce Association of Salmonella

Typhimurium, Escherichia Coli O157:H7 and Cronobacter malonaticus (Formerly
Enterobacter Sakazakii) to CaCo-2 Cells.” Journal of Applied Microbiology 108
(2): 406—-15. https://doi.org/10.1111/j.1365-2672.2009.04436.x.

70.Kim, Kwang Pyo, and Martin J. Loessner (2008) “Enterobacter sakazakii Invasion

in Human Intestinal Caco-2 Cells Requires the Host Cell Cytoskeleton and Is
Enhanced by Disruption of Tight Junction.” Infection and Immunity 76 (2): 562—
70. https://doi.org/10.1128/IA1.00937-07.

71.McEvoy, K., J. Hayes, C. Kealey, and D. Brady (2016) “Influence of Sweet Whey

Protein Concentrate and Its Hydrolysates on Host—Pathogen Interactions in the

Emerging Foodborne Pathogen Cronobacter sakazakii.” Journal of Applied
Microbiology 121 (3): 873—-82. https://doi.org/10.1111/jam.13212.
72.Townsend, Stacy, Edward Hurrell, and Stephen Forsythe (2008) “Virulence

Studies of Enterobacter sakazakii 1solates Associated with a Neonatal Intensive
Care Unit Outbreak.” BMC Microbiology 8: 1-9. https://doi.org/10.1186/1471-
2180-8-64.

73.Scott, Alison J., Benjamin L. Oyler, David R. Goodlett, and Robert K. Ernst
(2017) “Lipid A Structural Modifications in Extreme Conditions and Identification

of Unique Modifying Enzymes to Define the Toll-like Receptor 4 Structure-Activity
Relationship.” Biochimica et Biophysica Acta - Molecular and Cell Biology of
Lipids 1862 (11): 1439-50. https://doi.org/10.1016/j.bbalip.2017.01.004.

74.Kim, S., Yoon, H., & Ryu, S. (2018). New virulence factor CSK29544-02616 as
LpxA binding partner in Cronobacter sakazakii. Scientific Reports, 8(1).
https://doi.org/10.1038/s41598-018-19306-0

37


https://doi.org/10.1128/AEM.02498-09
https://doi.org/10.1016/j.micpath.2015.11.014
https://doi.org/10.1111/j.1365-2672.2009.04436.x
https://doi.org/10.1128/IAI.00937-07
https://doi.org/10.1111/jam.13212
https://doi.org/10.1186/1471-2180-8-64
https://doi.org/10.1186/1471-2180-8-64
https://doi.org/10.1016/j.bbalip.2017.01.004
https://doi.org/10.1038/s41598-018-19306-0

75.Liu, L., Y. Li, X. Wang, and W. Guo (2016) “A Phosphoethanolamine Transferase
Specific for the 4'-Phosphate Residue of Cronobacter sakazakii Lipid A.” Journal
of Applied Microbiology 121 (5): 1444-56. https://doi.org/10.1111/jam.13280.
76.Hua, Jingjing, Xiangyin Jia, Liang Zhang, and Yanyan Li (2020) “The

Characterization of Two-Component System PmrA/PmrB in Cronobacter
Sakazakii.” Frontiers in Microbiology 11 (June): 1-10.
https://doi.org/10.3389/fmicb.2020.00903.

77.Mittal, Rahul, Silvia Bulgheresi, Claudia Emami, and Nemani V. Prasadarao

(2009) “Enterobacter sakazakii Targets DC-SIGN to Induce Immunosuppressive
Responses in Dendritic Cells by Modulating MAPKs” The Journal of Immunology
183 (10): 6588-99. https://doi.org/10.4049/jimmunol.0902029.

78.Miethke, M., & Marahiel, M. A. (2007). Siderophore-Based Iron Acquisition and
Pathogen Control. Microbiology and Molecular Biology Reviews, 71(3), 413—-451.
https://doi.org/10.1128/mmbr.00012-07

79.Grim, C. J., Kothary, M. H., Gopinath, G., Jarvis, K. G., Jean-Gilles Beaubrun, J.,
McClelland, M., Tall, B. D., & Franco, A. A. (2012). Identification and
characterization of Cronobacter iron acquisition systems. Applied and
Environmental Microbiology, 78(17), 6035-6050.
https://doi.org/10.1128/AEM.01457-12

80.Sohanpal, B. K., Friar, S., Roobol, J., Plumbridge, J. A., & Blomfield, I. C. (2007).

Multiple co-regulatory elements and IHF are necessary for the control of fimB

expression in response to sialic acid and N-acetylglucosamine in Escherichia coli
K-12. Molecular Microbiology, 63(4), 1223—1236. https://doi.org/10.1111/j.1365-
2958.2006.05583.x

81.Pereira, S. G., Domingues, V. S., Theriaga, J., Chasqueira, M. de J., & Paixao,

P. (2018). Non-Antimicrobial Drugs: Etodolac as a Possible Antimicrobial or

Adjuvant Agent Against ESKAPE Pathogens. The Open Microbiology Journal,

12(1), 288-296. https://doi.org/10.2174/1874285801812010288
82.Parra-Flores, J., Holy, O., Riffo, F., Lepuschitz, S., Maury-Sintjago, E.,

Rodriguez-Fernandez, A., Cruz-Cordova, A., Xicohtencatl-Cortes, J., Mancilla-
Rojano, J., Troncoso, M., Figueroa, G., Ruppitsch, W., & Forsythe, S. (2021).

38


https://doi.org/10.1111/jam.13280
https://doi.org/10.3389/fmicb.2020.00903
https://doi.org/10.4049/jimmunol.0902029
https://doi.org/10.1128/mmbr.00012-07
https://doi.org/10.1128/AEM.01457-12
https://doi.org/10.1111/j.1365-2958.2006.05583.x
https://doi.org/10.1111/j.1365-2958.2006.05583.x
https://doi.org/10.2174/1874285801812010288

Profiling the Virulence and Antibiotic Resistance Genes of Cronobacter sakazakii
Strains Isolated From Powdered and Dairy Formulas by Whole-Genome
Sequencing. Frontiers in Microbiology, 12(June), 1-13.
https://doi.org/10.3389/fmicb.2021.694922

83.Fei, P., Jiang, Y., Feng, J., Forsythe, S. J., Li, R., Zhou, Y., & Man, C. (2017).
Antibiotic and desiccation resistance of Cronobacter sakazakii and C.

malonaticus isolates from powdered infant formula and processing environments.

Frontiers in Microbiology, 8(MAR). https://doi.org/10.3389/fmicb.2017.00316
84.0hira, S., Ikeda, E., Kamijo, K., Nagai, T., Tsunemi, K., Uchiyama, N.,

Matsubara, N., & Tachibana, R. (2021). Pyosalpinx due to Cronobacter sakazakii

in an elderly woman. BMC Women’s Health, 21(1).
https://doi.org/10.1186/s12905-021-01283-8

85.Nagmetova, Gulden, Anna Berthold-Pluta, Monika Garbowska, Askar
Kurmanbayeyv, and Lidia Stasiak-Rdzanska (2020) “Antibacterial Activity of
Biocellulose with Oregano Essential Oil against Cronobacter Strains.” Polymers
12 (8): 1-10. https://doi.org/10.4067/S0718-07052019000200155

86.Fei, P., Feng, H., Wang, Y., Kang, H., Xing, M., Chang, Y., Guo, L., & Chen, J.

(2020). Amaranthus tricolor crude extract inhibits Cronobacter sakazakii isolated

from powdered infant formula. Journal of Dairy Science, 103(11), 9969-9979.
https://doi.org/10.3168/jds.2020-18480
87.Shi, C., Yan, C., Sui, Y., Sun, Y., Guo, D., Chen, Y., Jin, T., Peng, X., Ma, L., &

Xia, X. (2017). Thymoquinone inhibits virulence related traits of Cronobacter

sakazakii ATCC 29544 and has anti-biofilm formation potential. Frontiers in
Microbiology, 8(NOV), 1-10. https://doi.org/10.3389/fmicb.2017.02220

88.Wang, Hui, Yujun Jiang, Yashuo Zhang, Ziwei Zhang, Xinyan Yang, Md Aslam
Ali, Edward M. Fox, Kari S. Gobius, and Chaoxin Man (2018) “Silver
Nanoparticles: A Novel Antibacterial Agent for Control of Cronobacter sakazakii.”
Journal of Dairy Science 101 (12): 10775-91. https://doi.org/10.3168/jds.2018-
15258.

39


https://doi.org/10.3389/fmicb.2021.694922
https://doi.org/10.3389/fmicb.2017.00316
https://doi.org/10.1186/s12905-021-01283-8
https://doi.org/10.4067/S0718-07052019000200155
https://doi.org/10.3168/jds.2020-18480
https://doi.org/10.3389/fmicb.2017.02220
https://doi.org/10.3168/jds.2018-15258
https://doi.org/10.3168/jds.2018-15258

89.Abbasifar, Reza, Mansel W. Griffiths, Parviz M. Sabour, Hans Wolfgang

Ackermann, Katrien Vandersteegen, Rob Lavigne, Jean-Paul Noben, Argentina
Alanis Villa, Arash Abbasifar, John H.E. Nash, Andrew M. Kropinski, (2014)
“Supersize Me: Cronobacter sakazakii Phage GAP32.” Virology 460—-461 (1):
138-46. https://doi.org/10.1016/j.virol.2014.05.003

90.Ripollés, D., Harouna, S., Parron, J., Arenales, I., Calvo, M., Pérez, M. and

91.

Sanchez, L. (2017) Inhibition of Cronobacter sakazakii Adhesion to Caco-2 Cells
by Commercial Dairy Powders and Raw Buttermilk. Journal of Agricultural and
Food Chemistry, 65(5), pp.1043-1050. https://doi.org/10.1021/acs.jafc.6b04971
Chen, Yong, Yifan Zhang, Xiaohou Wang, Jianqun Ling, Guanghua He, and

Lirong Shen (2019) “Antibacterial Activity and Its Mechanisms of a Recombinant
Funme Peptide against Cronobacter sakazakii in Powdered Infant Formula.”
Food Research International 116 (August 2018): 258-65.
https://doi.org/10.1016/j.foodres.2018.08.030.

40


https://doi.org/10.1016/j.virol.2014.05.003
https://doi.org/10.1021/acs.jafc.6b04971
https://doi.org/10.1016/j.foodres.2018.08.030

	Funding
	Abstract
	1. Introduction
	2. Detection of Cronobacter species in different environments
	3. Environmental Persistence
	4. Infection Strategy
	5. Systemic Persistence in the Human Host
	6. Mitigation Measures Against Infection
	7. Conclusion and Perspectives
	8. References

