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Abstract

Abstract

The Cronobacter malonaticus is a member of the genus Cronobacter which is considered an
opportunistic pathogen. The significance of C. malonaticus has recently increased since it was
documented to be involved in several serious neonatal infections. In addition, more than 40% of C.
malonaticus in Cronobacter MLST-database was clinical or infant formula isolates. Unlike previous
Cronobacter projects, this study is mainly focused on C. malonaticus and is aimed to investigate its
physiological and virulence characteristics that enable this species to survive different stresses and cause

adult and neonatal infections.

This project first used a collection of 51 clinical Cronobacter isolates which were not speciated. The 51
strains were predominated by C. sakazakii ST4 (63 %, 32/51) and C. malonaticus ST7 (33 %, 17/51).
Interestingly, despite the high clonality of Cronobacter, pulsed-field gel electrophoresis (PFGE) profiles
differentiated strains within each sequence type into 15 pulsotypes. Furthermore, this study shows the
value of applying multilocus sequence typing (MLST) to bacterial population studies with strains from

two patient cohorts, combined with PFGE for further discrimination of strains.

Six sequence type 7 (ST7) strains were selected to represent the 5 C. malonaticus pulse types of the first
part study and an additional 14 C. malonaticus strains were chosen from the Cronobacter MLST-
database to represent different STs. C. malonaticus has shown ability to form biofilms, produce capsules,
produce cellulose, express curli fimbriae, resist acid condition, survive human serum, produce
siderophores, haemolysins, protease, and tolerate the used metals. The antibiotic sensitivity test
revealed the sensitivity of C. malonaticus to the majority of antibiotics; however, C. malonaticus was
resistant to tetracycline and some were resistant to chloramphenicol and intermediate resistant to

cefotaxime. The presence of associated genes has been confirmed using the genomes of tested strains.

C. malonaticus showed an ability to adhere and invade Caco-2, HBMEC, A549 and T24 cell lines.
Moreover, the result shows that certain strains of C. malonaticus (including 1827 and 2018) were able
to persist in macrophages. However, ST7 strains 1827 and 2018 proved to be the most invasive strains
among all used strains. The CDC strain 1569 (ST307) which was isolated from the blood of a fatal
neonatal case showed also significant results in this study. The analysis of the genomes of tested strains
revealed the presence of several virulence associated genes such as curli fimbrial genes, apaH, ompaA,

ompX, ygdP, papC, ppkl, ibeB, Hfh, OatA, Clp proteins and others.

Finally, the results of this project demonstrate the ability of C. malonaticus to overcome several stresses
that could be faced either in the general environments or in the host body. Moreover, the findings of
this study confirm the potential ability of C. malonaticus to cause serious infections in neonates or adults

such as necrotising enterocolitis, meningitis, bacteremia, pneumonia and urinary tract infection.
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Chapter 1 Literature review

Chapter 1 Literature review

1.1 The genus of Cronobacter

The Cronobacter genus is a member of the large Gram-negative family, Enterobacteriaceae. They
are Gram-negative rods, facultative anaerobic, non-spore forming and generally motile by
peritrichous flagella. They are catalase positive, oxidase negative, methyl red negative, able to
reduce nitrate to nitrite, and related closely to the Citrobacter and Enterobacter genera (Farmer et

al., 1980; Iversen et al., 2007a).

In 1980, this organism was placed in the Enterobacter genus and named as Enterobacter sakazakii
(Farmer et al., 1980). This classification was based on genotyping characteristics such as DNA-DNA
hybridization (DDH) and phenotyping features such as producing of yellow pigment. The application
of more phenotypic analysis revealed that E. sakazakii consisted of 15 biogroups. This led to a
polyphasic study comprising of fluorescent—Amplified Fragment Length Polymorphisms (f-AFLP),
ribotyping, 16S rDNA sequence analysis, DDH and phenotypic characterisation. Consequently, the
species of E. sakazakii was defined to include 5 genomogroups, which were differentiated according
to the division of the 15 E. sakazakii biogroups. Accordingly, in 2007 the Cronobacter genus was
first defined, and this definition was subjected to more revisions in 2008 and 2012. Currently,
Cronobacter genus consist of 7 species; C. sakazakii, C. malonaticus, C. turicensis, C. muytjensii, C.
dublinensis, C. universalis and C. condimenti (lversen et al., 2007a; Ilversen et al., 2008; Joseph et al.,
2011). It is known that C. sakazakii, C. malonaticus and C. turicensis are the only species associated
with clinical incidence and particularly with neonatal infections so far (Stephan et al., 2010; Hariri

et al., 2013; Asato et al., 2013; Holy et al., 2014).

1980 2007 2008 2012

First recognition as a genus. First revision of the Second revision of
enus the genus
First recognition proposal of a new genus v 4
Cronobacter consists of 5 The genus contains The genus consists
EeNOmMOgroups. S species of 7 species
Cronobacter sakazokli, C. sakozakil
including, C. sokazokii subsp. C. sokozakii _
sakazakii ond Cronobacter Onalonaticns C. malonaticus
Enterobacter sakozakii subsp. Malonaticus C. turicensis
saokazakil, Yellow Cronobacter minvlensd C. turicensis 2 _
pigmented et C. muytjensii wmUyerisy
Enterobacter ronobacter dublinensis . i ?
C. dublinensis C AR
Cronobacter turicensis C. universalis
Cronobacter genomospecies 1 C. condimenti

Figure 1-1 a diagram explaining the change of Cronobacter taxanomy over 40 years.
C. malonaticus was first recognised as subspecies under C. sakazakii spp. and defined as a separate species in 2008.
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1.2 Source and transmission

Although plants have been proposed to be the natural habitat of Cronobacter spp. (Schmid et al.,
2009), this organism has been found to be widely distributed. They have been isolated from
environmental sources including hospitals, dust from households and food production factories and
soil. In addition, Cronobacter has been isolated from several food types such as herbs, spices,
cereals, salads, cheese, meat, tea, fruits, vegetables, water and powdered infant formula (PIF)
(Ilversen and Forsythe, 2004; Friedemann, 2007; Baumgartner et al., 2009). From these food sources,
PIF is of most concern as a main infection source for neonatal infections (FAO-WHO, 2004; FAO-

WHO, 2006).

Cronobacter has been also isolated from several clinical sources such as faeces, throat, sputum,
bone marrow, urine, wound, blood and cerebrospinal fluid (CSF) (Farmer et al., 1980; Jimenez et
al., 1982; Muytjens et al., 1983; Gallagher and Ball, 1991; Caubilla-Barron et al., 2007; Asato et al.,
2013). According to Forsythe et al. (2014), who analysed the data in Cronobacter MLST database,
Cronobacter has been isolated from 36 different countries and from various sources including
environment (35.15%), infant formula (21.6%), clinical specimens (20.4%), food and ingredients
(14.2%), other sources (4%) (Table 1.1). At present, the Cronobacter PubMLST database shows the
source, geographic distribution, clinical presentation and temporal diversity of >1600 isolates of

Cronobacter genus and contains more than 460 sequence types (ST).

Cronobacter is a foodborne pathogen; therefore, the transmission route for this organism should
be via food. However, the way Cronobacter contaminates the different foods has not been
definitively explained. It could be through people who work in the processing factories or other
possible sources such as the use of contaminated water, fruits, vegetables or other plant materials.
For PIF, two possible routes of contamination are considered: the first could be caused by poor
handling such as the use of equipment contaminated with Cronobacter when PIF is reconstituted.
The second route is thought to be due to the addition of unscreened raw ingredients during

processing, drying or packaging (Healy et al., 2010).
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Table 1-1 Summary of Cronobacter isolates in the Cronobacter PubMLST database by Forsythe et al. (2014).

Species Numberof Number  Number  Earliest Countries Source
strains (%] of STs"  of genomes  solate Cinical Infant  Foodand Environment Other

formula  ingredients
Csakazaki ~ T6(21) 155 n 1950 3 108° 238 328 163 13
C malonaticus 136 (135) 5 14 1973 17 360 162 368 74 37
C dublinenss ~ 59(59) 4 i 1956 I 51 136 475 68 1
C turicensis 4141 2% b 1970 12 171 122 366 20 122
C muytiensii 35(35) 14 2 1988 10 19 286 457 29 200
C universafis 9(09) 5 2 1956 6 1.1 00 556 111 02
C condimenti 1{01) 1 1 210 | 0 0 100 0 0
Total 1007 28 107 36 04 216 142 351 87
*Sequence type.
®Percentage of species total
“Percentage of genus total,

1.3 Physiology of Cronobacter

In general, Cronobacter has several physiological characteristics that enable them to present and
persist under different stresses, particularly inside powdered infant formula (PIF). Cronobacter
produces high quantities of capsular polysaccharides. The production of these capsular materials
could enable the bacterium to survive desiccation. Indeed, the involvement of the capsule
formation in the bacterial resistance to dissection has been confirmed by Caubilla-Barron and
Forsythe, (2007), who demonstrated that capsule forming Cronobacter could tolerate the
desiccation in dehydrated PIF for more than thirteen months (Caubilla-Barron and Forsythe, 2007).
In addition, clinical isolates of Cronobacter have been shown to produce profuse capsular materials,
and this may contribute in the formation of biofilm (Caubilla-Barron et al., 2007). The contribution
of capsule production in the formation of biofilm has also been detected in the neonatal enteral

feeding tubes in the neonatal intensive care units (NICU) (Hurrell et al., 2009a).

Cronobacter can grow over a wide temperature range of 6°C to 45°C, with an optimal range of 37°C
to 43°C (lversen et al., 2004). However, different studies have showed a big variation in the ability
of different Cronobacter species to resist heating (Nazarowec-White and Farber, 1997; Breeuwer
et al., 2003; Osaili and Forsythe, 2009). Cronobacter has been found to have a thermotolerance
ability; therefore, the risk of growth of Cronobacter spp. in reconstituted PIF was increased.
Consequently, the WHO has reviewed the guidelines for the preparation of PIF in order to minimise
this risk (FAO-WHO, 2004; 2006). A study by Gajdosova et al. (2011) reported the upregulating of

the 18 kbp region containing 22 open reading frames (ORFs) when Cronobacter isolates were



Chapter 1 Literature review

subjected to heat adaptation conditions. The genes within this cluster indicated homologies against
recognised bacterial proteins that are associated with stress responses such as heat, acid stress and
oxidation (Gajdosova et al.,, 2011; Jaradat et al., 2014). Orieskova et al. (2016) detected two
configurations of the locus for this region; the first one with the size of 18 kbp harbouring the thrB-
Q genes and a shorter version (6 kbp) only containing the thrBCD and thrOP genes. They also found
that Cronobacter strains containing the thermotolerance region survived significantly better at 58°C
comparing to a mutant lacking the region. Moreover, Cronobacter strains with the longer version
of the region, thrB-Q genes, were 2—10 times more thermotolerant than those with the thrBCD and

thrOP genes (Orieskova et al., 2016).

The ability of bacteria to tolerate dissection and osmotic stresses is considered as an important
characteristic. Comparing with other Enterobacteriaceae members which are also found in PIF,
Cronobacter in general has a high tolerance ability (Breeuwer et al., 2003; Feeney and Sleator, 2011).
Caubilla-Barron and Forsythe (2007) demonstrated that these bacteria can resist desiccant
conditions in the PIF for long time and grow rapidly when re-constituted. Some genes have been
associated with osmoprotection in Cronobacter such as trehalose and betaine encoding genes
which were described in all Cronobacter strains analysed by Joseph et al. (2012a). Trehalose
synthesis has been described to be associated with the tolerance to osmotic stresses. It functions
as a molecular chaperone and thus protect the cellular membranes and proteins from denaturation.
Similar function of trehalose was reported in E. coli strains (Breeuwer et al., 2003; Horlacher and
Boos, 1997). Cronobacter possesses also ProP and OpuC, which are the homologues of the
osmoprotectants, in addition to rpoS, which thought to be the global transcriptional regulator
(Feeney and Sleator, 2011). Several other genes that associated with desiccation and osmotic stress
response have been reported. Genes included the yihUTRSQVO gene cluster, which are essential in
the metabolism and in transport of the carbohydrates and glucuronide (Grim et al. 2013) have been
identified as desiccation-related genes in C. sakazakii SP291 (Yan et al., 2013). In addition, the
osmoprotectant ABC transporter genes, including yehZYXW, have been recognized to contribute in
bacterial survival. Yen et al. (2013) have reported other several genes, which are responsible for
the regulation of the osmotolerance. These genes included five osmotolerance regulation genes
yiaD, osmY, ompA, aqgpZ, and glpF; five genes associated with osmotic stress, namely osmB and
osmQ, yciT, yciM, and pgpB and also periplasmic glucan synthesis genes included mdoC, mdoH,
mdoG, mdoD, mdoB, and opgC. Furthermore, several other genes such as colonic acid
exopolysaccharide genes and cellulose biosynthesis genes might provide resistance against

desiccant conditions (Grim et al., 2013).
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The high acidity of human stomach could affect the survival of enteropathogenic bacteria.
Therefore, the ability of surviving high acidity is an important characteristic for foodborne
pathogens to cause infections in neonates and other immuno-compromised individuals.
Cronobacter has been suggested to be more acid-tolerant than most closely related enteric
pathogens and this microorganism was shown to be able to grow at a pH as low as 3.9 (Dancer et
al., 2009a). Other studies confirmed the ability of Cronobacter to overcome the effect of the acidity
and grow under a pH up to 4.2 (Johler et al., 2009; Alvarez-Ordodiiez et al., 2014). Another study
which was conducted by Edelson-Mammel et al. (2006) showed that Cronobacter tested strains
were able to survive a pH at 3.5 and some strains showed only <1 log decline in their growth in this
condition. Such characteristic may enable Cronobacter to establish intestinal infections and even
tolerate the low acidity in different foods. OmpR gene, which encodes the transcriptional activator
protein OmpR has been reported to play an essential role in the response of C. sakazakii to acid
stress (Alvarez-Ordonez et al., 2014). The ompR defective transposon mutant showed a defect in
the growth of the mutant strain in acidified broth and PIF. This defect was counteracted when this

mutant strain was complemented with a functional ompR gene (Alvarez-Ordonez et al., 2014).

1.4 Detection, Identification methods and molecular typing

Powdered infant formula has been found to be implicated as a vehicle in the transmission of
Cronobacter spp. to neonates in the neonatal intensive care unit (NICU) (van Acker et al., 2001; CDC,
2002; Weir, 2002; Chenu and Cox, 2009). In addition, Cronobacter has been involved in several
serious neonatal infections as well as several adult infections. Therefore, it is important to introduce
and develop efficient techniques to detect and identify Cronobacter species either from PIF or

clinical specimens.

1.4.1 Detection and phenotypic methods

The U.S. Food and Drug Administration (FDA) in 2002 described the first regulatory detection and
phenotypic method that requires pre-culturing and culturing steps, this method takes several days.
In this method, a pre-enrichment step is required by mixing a specific amount of a powdered milk
sample into buffered peptone water (BPW) or sterile distilled water. This is followed by enrichment
into Enterobacteriaceae enrichment (EE) broth which incubated at 37°C for overnight. After the
overnight incubation period, the sample is streaked on Violet Red Bile Glucose (VRBG) agar plates
and incubated overnightly at 37°C. The plates were then examined for the presence of purple
colonies which confirm the isolation of Enterobacteriaceae. Next, five presumptive positive colonies
from VRBGA plates are streaked on Tryptone Soya Agar (TSA) plates and incubated at 25°C for 48

to 72 hours. Cronobacter form yellow pigmented colonies on TSA, therefore these colonies are
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selected for further biochemical investigations. Finally, the APl 20E biochemical identification
system is used for positive identification of E. sakazakii, as Cronobacter was called at that time, and
the most probable number (MPN) of the bacteria is calculated according to the bacteriological

analytical manual (BAM).

The above method had some disadvantages. For example; the method allowed the growing of other
Enterobacteriaceae members as EE is used; therefore, it was not efficiently selective for E. sakazakii
(Cronobacter). Second, this method could give a false negative identification as not all Cronobacter
can form yellow pigmented colonies. The method is also time consuming as it takes almost five days.
Thus, in 2012 the FDA published another method which addresses all of these drawbacks (Figure
1.1). This method involves a pre-enrichment step in BPW and Incubation for 24 + 2 hat 36 + 1 °C,
followed by centrifugation of the sample at 3000 g for 10 minutes. The pellet is resuspended in PBS
and subjected to be investigated by streaking on the Druggan Forsythe Iversen (DFI) chromogenic
agars, ID32E biochemical panel and PCR screening of Cronobacter. This method shortens the
detection time to 24-48 hours and is more sensitive and specific for the Cronobacter detection

comparing with the first method (Chen et al., 2010; Chen et al., 2012).

Samples

Incubate 24+ 2 hat 36 £ 1°Cl 110
BPW

Hntnfuge 3,000'x g for 10 mm.Hant supematH

Resuspend pellet in 200 pl PBS

Spread and streak plates l (100 pl) l l

DFI Agar R&F Agar
Incubate 18 to 24 hat 36 £1°C

Typical colonies from each agar are confirmed with real-
time PCR and VITEK 2.0/Rapid ID 32E

Figure 1-2 Flowchart of the complete procedure for DFI Cronobacter detection 2012.
R&F = chromogenic agar for E. sakazakii, VITEK = system for bacterial identification.
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The International Organization for Standardization (ISO) had also introduced a specific method for
the detection of Cronobacter spp. in milk powder and powdered infant formula. In this method, the
powdered milk sample is pre-enriched into BPW and incubated at 37°C for 18 hours. For selective
enrichment of Cronobacter spp., 100 pl of the pre-enrichment milk sample is added to 10 ml of the
modified lauryl sulphate (mLST) broth and then incubated at 44°C for 24 hours. A loopful is used to
streak the chromogenic Enterobacter sakazakii isolation agar (ESIA) plates and incubated at 44°C
for 24 hours. Any typical blue green colonies of Cronobacter are sub-cultured on the TSA plates and
incubated at 25°C for formation of yellow pigmentation and finally the yellow colonies should be

further confirmed biochemically (ISO, 2006).

However, the use of biochemical test panels, such as the ID20E and ID32E, in both ISO and the FDA
has made these methods insufficient and unreliable for several limitations. Firstly, ID20E and ID32E
are subjectively based on visual detection of a color change when reading results and this could
make the identification vary between individuals. Secondly, there is a discrepancy between the two
schemes. For instance, in a study conducted by Iversen et al. (2007b), the API20E gallery positively
identified only 70 % of the “Cronobacter” strains to species level (as E. sakazakii) while the ID32E
gallery identified 90% of the “Cronobacter” strains to the species level (as E. sakazakii). Finally, the
misidentification of Cronobacter strains has been continued even after the update of the ID20E and
ID32E databases in 2015. For example, when API20E scheme was assessed only 82.3% of
“Cronobacter” strains resulted in a match with the new version, while 90 % of strains resulted in a
match with previous version. The assessment of ID32E revealed also that the previous versions of
the ID32E database could identfied 88.9 % of strains produced a match (as E. sakazakii); however,
when the updated version of the database is used this percentage dropped to only 43.2 % (Jackson

and Forsythe, 2016).

1.4.2 Genotypic methods

A number of DNA sequence-based molecular assays have been developed for the identification of
Cronobacter spp. Some of these methods offer an alternative means for rapid and specific
identification. The screening of the partial or the full-length of the 16S rDNA region has been widely
used for the identification of Enterobacteriaceae. lversen et al. (2006) applied the 16S rDNA on 282
strains of Enterobacteriaceae, including 189 E. sakazakii isolates. The analysis of rDNA data showed
that E. sakazakii strains formed four cluster groups (lversen et al., 2006). In addition, Iversen et al.
(2007a) carried out a phylogenetic analysis study which based on the use of the full-length of rDNA
sequence (greater than 1300 bp). The result of this study proposed the reclassification of the E.
sakazakii group in a new genus (lversen et al., 2007a). Nevertheless, some limitations were

appeared when 16S rDNA technique was applied on Cronobacter closely related bacteria such as E.
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cloacae, E. hormaechei and E. asburiae (lversen et al., 2007b). Moreover, 16S rDNA could not
distinguish between C. sakazakii and C. malonaticus as it demonstrated 99.7% resemblance
between the two species and accordingly C. malonaticus was considered as subspecies of C.

sakazakii (lversen et al., 2007a).

RNA polymerase beta-subunit encoding gene (rpoB) sequences has been proposed as a technique
for universal bacterial identification (Mollet et al., 1997; Adekambi et al., 2009; Stoop et al., 2009).
The rpoB PCR has been developed by Stoop et al. (2009) in order to cover all the 7 species of
Cronobacter. The screening of rpoB provided more easily and reliable identification than 16S rRNA
sequencing (Li et al.,, 2012). However, the technique was reported to give false-positive
identifications as Cronobacter during an outbreak (Jackson et al.,, 2015). The sequencing of
Cronobacter outer membrane protein A (OmpA) which plays an important role in the invasion of
the human cells has been used also for identification purpose (Fei et al., 2015). In silico analysis of
the ompA gene using about 187 Cronobacter genomes and 20 other genomes represent the closely
related bacteria revealed that this method could be sufficient for identifying all Cronobacter species

(Jackson and Forsythe, 2016).

Other genetic fingerprinting techniques have been used for epidemiological investigations. These
include random amplified polymorphic DNA (RAPD), BOX-PCR and pulsed-field gel electrophoresis
(PFGE). PFGE is commonly used and considered as a gold standard technique in epidemiological
studies of several pathogenic organisms (Olive and Bean, 1999). The technique is based on the use
of restriction enzymes such as Xbal and Spel to cut the bacterial DNA into several fragments and
then separate these fragments into agarose gel electrophoresis (Caubilla-Barron et al., 2007). The
discriminating results of the DNA fragments by gel electrophoresis reveal the association of the
environmental or food isolates with clinical incidences, and thus allows tracking infection sources.
For instance, Caubilla-Barron et al., (2007) used PFGE to investigate thirty Cronobacter strains which
were isolated from a fatal outbreak that occurred in a neonatal intensive care unit in France during
1994. The result of this investigation revealed that the three fatal Cronobacter strains belonged to
the same pulse type. In addition, there was no correlation between isolates from the used PIF and
the fatal cases (Caubilla-Barron et al., 2007). However, this technique has some limitations such as
expense, laborious, time consuming and inability of some strains to generate DNA that is suitable

for enzymatic digestion when contained in agarose plugs (Sood et al., 2002).

In Gram-negative bacteria, the outer region of the lipopolysaccharide (LPS) molecules contains O-
antigen is used for serological diversity. The serotyping classification technique is based on the

differences in O-antigen structures. The O-antigen encoding region which is a highly variable and
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located between galF and gnd. This method has been found to be a useful strategy for the bacterial
characterisation, risk assessment of pathogenic strains and is commonly applied for monitoring the
outbreaks (Blazkova et al., 2015). There have been several molecular serotyping studies which
covered the most of Cronobacter species (Jarvis et al., 2011; Ogrodzki and Forsythe 2015). Blazkova
et al. (2015) determined 24 serotypes for the Cronobacter genus; of these C. sakazakii 02, 01, and
04, C. turicensis 01, and C. malonaticus O2 serotypes are particularly predominant in the clinical
cases (Blazkova et al., 2015). However, Ogrodzki and Forsythe, (2015) analyzed 104 whole genome
sequenced Cronobacter strains and have proposed, based on a presumed O-antigen specific

sequences, wzx and wzy sequences, 38 subgroups of Cronobacter as potential serotypes.

Multiple housekeeping genes like those using multilocus sequence typing scheme (MLST) were used
for identification of bacteria since 1998 (Maiden, 2006; Lacher et al., 2006). The generated MLST
data have been employed in the epidemiological investigations and in the studies of the
pathogenicity, population biology, and evolution of bacteria (Maiden, 2006; Joseph and Forsythe,
2012). Baldwin et al. (2009) constructed a specific MLST scheme for Cronobacter. This scheme was
initially applied for distinguishing between C. sakazakii and C. malonaticus, the two species which
were considered as one species and could not be distinguished by using 16S rDNA. Currently, the
MLST scheme covers all the seven Cronobacter species and is available online at

http://www.pubMLST.org/cronobacter. This scheme is based on seven housekeeping genes

which are atpD, fusA, gInS, gltB, gyrB, infB, and ppsA. The selection of these genes was based
on several criteria. These genes were considered to be encoding for putative housekeeping
products necessary for biological roles in DNA repair, replication and amino acid biosynthesis.
In addition, to ensure that each locus was genetically unlinked, thus the selected genes were
distributed as much as possible across the bacterial chromosome. Moreover, any genes that
could come under greater selective evolutionary pressures such as being putative virulence
factors or mobile elements were excluded (Baldwin et al., 2009). The distinguishing between
Cronobacter sakazakii and Cronobacter malonaticus, as they were considered as one species,
become obvious after the use of the MLST scheme. Moreover, the 7-loci MLST scheme has
been proved to be a reliable and robust after being compared with the 53-loci ribosomal MLST
(rMLST) and the 1865-loci core genome MLST (COG-cgMLST) (Forsythe et al., 2014). Therefore,
the technique was used to widen the knowledge about Cronobacter diversity and evolution

(Joseph and Forsythe, 2012; Joseph et al., 2012b).
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1.5 Incidences and outbreaks

Clinical species of Cronobacter are opportunistic pathogens that can cause rare but severe
infections. Elderly and immunocompromised individuals have been found to be infected by
Cronobacter species and the infections vary from lenient to serious illnesses. This includes wound
infection, urine infection, osteomyelitis, bacteraemia and septicaemia (Jimenez et al., 1982; Pribyl
et al., 1985; Hawkins et al., 1991; Lai, 2001; Dennison and Morris, 2002; Bhat et al., 2009). However,
Cronobacter can cause serious infections in adults who are non-immunocompromised (See et al.,
2007). Nosocomial infections in adults by Cronobacter such as pneumonia, urinary tract infection
(UTI) and conjunctivitis are all believed to be due to contact with medical equipment and health
care providers who may serve as a possible source of Cronobacter (Fridemann, 2009; Flores et al.,
2011). Other environmental sources of contamination infections are also plausible as the organism

has been isolated from household vacuums, spices and other dried food (Jaradat et al., 2009).

Infections among immunocompromised infants and premature neonates are life-threatening, and
have several features such as septicaemia, meningitis and necrotizing enterocolitis (NEC) and thus
neurological sequelae can be permanent. Though the incidence of Cronobacter infections is rare,
the mortality rate is documented to be as high as 40-80 % (Muytjens et al., 1983; Lai, 2001; Iversen
et al., 2008; Healy et al., 2010; Joseph and Forsythe, 2011). The FAO-WHO (2006) estimated that in
the USA the annual incidence among low birth weight infants was 8.7 per 100000. However, the
WHO (2008) report which tracked cases from 1961 to 2008 showed that 120 cases have been
recorded among infants and children who were less than three year old. Despite the WHO reports
for the incidence of neonatal Cronobacter infections, it is believed that the actual number of
neonatal Cronobacter infections is considered to be far higher (CDC, 2009; Fridemann, 2009;
Teramoto et al., 2010). The sources of neonatal infections in neonatal intensive care units due to
Cronobacter have been epidemiologically strongly linked to contaminated PIF and not supporting
the role of the birth canal in the occurrence of these infections (Himelright et al., 2002; Teramoto

et al., 2010).

Since 1961 several neonatal E. sakazakii (Cronobacter) incidences were reported in the UK,
Denmark, Georgia and Oklahoma when five cases were detected and four died in all incidences
(Urmenyi and Franklin, 1961; Joker et al., 1965; Monroe and Tift, 1979; Adamson and Rodgers,
1981). In 1983 Muytjens et al. reported the detection of eight cases of neonatal meningitis and
sepsis due to E. sakazakii, six infants died, and PIF was suspected to be the main infection source.
Another notable outbreak was reported in Greece in 1984 by Arseni et al. (1987), when 4 infants,

out of 11, had clinical signs of severe sepsis and died; however, the infection source was unknown.
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In France in 1994, thirty-one Cronobacter isolates were taken from 16 infants including sputum,
faeces, skin, peritoneal fluid, and conjunctivae in addition to PIF tins. During this outbreak three
infected infants died, one due to meningitis and others from necrotizing enterocolitis (NEC)
(Caublilla-Barron et al., 2007). Interestingly, the performance of PFGE showed that the fatal
Cronobacter strains were clustered in the same group (pulsotype 2). This cluster 2 belongs to ST4 C.
sakazakii or to clonal complex 4 (CC4) which has been associated predominantly with neonatal
meningitis (Caubilla-Barron et al., 2007; Masood et al., 2015). In Belgium in 1998, twelve
Cronobacter infection cases were reported at the NICU of Ziekenhis Vrije University hospital and
the infection source was linked to PIF. The twelve infected cases were low birth weight infants who
had been fed with PIF and subsequently diagnosed with NEC. This was the first report that
highlighted the association of Cronobacter with NEC (Van Acker et al., 2001). In 2001, in Tennessee
another outbreak was reported when a total of 49 infants were screened due to the death of one
neonate who had meningitis. Eight infants were found to be positive for Cronobacter colonisation

or infection, two had respiratory infections and six were asymptomatic (Himelright et al., 2002).

Another outbreak of Cronobacter was reported by Block et al. (2002) in Hadassah University
Hospital in Jerusalem. In this outbreak Cronobacter strains were isolated from five neonates, three
of them were diagnosed with bacteraemia and meningitis and two showed no symptoms.
Interestingly, Cronobacter strains were isolated from a blender used for preparing infant formula
as well as from prepared formula. However, PFGE analysis of these outbreak isolates revealed the
presence of a strong correlation between the blender and prepared formula isolates and neonatal
isolates (Block et al., 2002). Two outbreaks in 2004 were reported in the New Zealand and France
with five and four cases reported respectively. The source behind both outbreaks was found to be
PIF. The final outcome showed the death of three neonates one from the New Zealand outbreak

and two from the France outbreak (Drudy et al., 2006).

In December 2011 the Centres for Disease Control and Prevention (CDC) reported the incidence of
four infant Cronobacter infections in four states; Florida, Missouri, lllinois and Oklahoma. Three
infants developed meningitis and one had bacteraemia and as a result two died and two recovered
(CDC, 2012a). The investigations by CDC in Illinois revealed that Cronobacter bacteria were found
in an opened container of bottled nursery water used to prepare the infant formula. In Missouri
Cronobacter bacteria were found in an opened container of powdered infant formula, two prepared
bottles of powdered infant formula, and an opened bottle of nursery water used to reconstitute
the powdered infant formula given to the infant. The PFGE of the Cronobacter strains which were
obtained from the infant, the formula, and the used water were indistinguishable from each other

(CDC, 2012a).
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The Cronobacter MLST scheme has been used to analyze and study the diversity of the Cronobacter
genus (Joseph and Forsythe, 2012; Joseph et al., 2012b). This scheme has been applied by the NTU
pathogenic research group on the all available Cronobacter strains involved in the previous
outbreaks (CDC, 2012a). This has revealed that C. sakazakii ST4 is more frequently associated with
neonatal infections. However, other C. sakazakii STs such as ST1, ST8 and ST12 were also identified,
less frequently, as a cause of neonatal infection (Joseph and Forsythe, 2011; Hariri et al., 2013;
Masood et al., 2015). Interestingly, one blood isolate was identified as C. malonaticus ST307. This
strain was isolated from an infant <1 month of age with meningitis who could not survive the

infection (Hariri et al., 2013).

In 2014 Patrick and his colleagues investigated the incidence of Cronobacter infections in the USA
from 2003 to 2009. They identified 544 Cronobacter cases from participating laboratories in 6 USA
states and the patient age ranged from 1 day—100 years. Urine was the most frequent site of
Cronobacter infection by 221 isolates (41%). This was followed by wound and respiratory infections;
115 isolates 21% and 87 isolates 16% respectively. The highest percentage of invasive infections
occurred among children <5 years of age and the overall incidence rate of Cronobacter infection

was higher than anticipated, 0.66 cases per 100,000 populations (Patrick et al., 2014).

C. malonaticus particularly C. malonaticus ST7 has reported to be more associated with adult
infections (Joseph and Forsythe, 2011; Joseph and Forsythe, 2012). However, several severe and
fatal neonatal C. malonaticus infections have been reported since 2011. The first documented fatal
neonatal case caused by C. malonaticus was in the USA. The bacteria were isolated from the blood
of an infant <1 month of age who was diagnosed with meningitis and could not survive the infection.
This fatal C. malonaticus strain was identified as C. malonaticus ST307 (Hariri et al., 2013). In 2013
Asato and colleagues reported two fatal cases of neonatal infections associated with C. malonaticus
in Argentina, which occurred between 2009 and 2010. The PFGE analysis of these two C.
malonaticus isolates showed a genetic relationship between the two isolates (Asato et al., 2013).
In Brazil in 2013 an outbreak of three Cronobacter cases was reported by Brandao et al. (2013) in a
maternity hospital at Teresina. The Cronobacter isolates were obtained from the blood of infected
neonates diagnosed with bacteraemia and were identified as C. malonaticus ST394 and ST440
(Branddo et al., 2013; Cronobacter PubMLST database). Recently, another C. malonaticus neonatal
case has been reported in China. It was a female infant at 11 days of age who was fed by breast
milk and supplementary powdered-milk formula. The infection agent was isolated from CSF and
identified as C. malonaticus ST60. This strain was tested against nine antibiotics and detected to be

resistant to six of them (Unpublished data, China).
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1.6 Pathogenicity and virulence factors of Cronobacter

In spite of the recent increase in research on Cronobacter due to the increase of awareness of the
infections associated with these bacteria, the precise mechanism of the pathogenicity is still under
investigations. Epidemiological and in vitro tissue culture studies have shown variable virulence
abilities of Cronobacter isolates (Caubilla-Barron et al., 2007; Townsend et al., 2007a, 2008; Almajed
and Forsythe, 2016). C. sakazakii, C. malonaticus and C. turicensis are the main associated species
with neonatal infections (Kucerova et al., 2010). However, several potential virulence factors have
been determined, which assist for understanding the pathogenicity of Cronobacter (Kucerova et al.,

2010; Stephan et al., 2010).

Cronobacter has been confirmed to produce enterotoxins as putative virulence factors. The effect
of Cronobacter enterotoxins was lethal when tested using a suckling mice assay. In addition to the
production of enterotoxins, Cronobacter were also able to secrete proteolytic enzymes that cause
tissue destruction to the infection site in the same mice (Pagotto et al., 2003). Similar cell damage
occurred by a zinc metalloprotease inducing rounding of the Chinese hamster ovary (Kothary et al.,
2007). Cronobacter endotoxin has shown to enhance the translocation of C. sakazakii to the blood
brain barrier (BBB). This is likely due to the disruption of tight junction by lipopolysaccharides (LPS)
which frequently contaminate PIF (Moriez et al., 2005; Townsend et al., 2007b). This could cause
an increase in the permeability of the bacteria to epithelial and endothelial barriers (Kim and
Loessner, 2008). Moreover, endotoxin has been also found to inhibit the enterocyte migration and
epithelial restitution and this enhances cell adhesiveness which could increase the permeability of

the bacteria to the epithelial and endothelial cells (Cetin et al., 2004).

The gastrointestinal tract is thought to be the main colonisation site for Cronobacter (Mohan Nair
and Venkitanarayanan, 2007). Consequently, the bacteria invade the enterocytes or translocate via
the lamina propria to reach the bloodstream and then to other sites like brain cells causing
meningitis. One of the factors which could contribute in adhesion is the presence of fimbriae.
Fimbriae are the appendages that help pathogenic bacteria to adhere to the surface of host cells
and thus helping them with colonisation which is the first and essential step for bacterial
pathogenicity (Soto and Hultgren, 1999). Cronobacter possess at least ten putative fimbrial clusters.
Of these, curli fimbriae have been reported to be involved in E. coli adhesion to the host cells.
However, curli fimbriae are absent in C. sakazakii and present in C. malonaticus which indicates
that the curli fimbriae could have a role in the pathogenicity of C. malonaticus but not C. sakazakii

(Joseph et al., 2012a).
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After the adhesion to the intestinal cells, Cronobacter starts to invade using several factors in this
process. OmpA has been found to play an essential role in the adhesion and invasion of Caco-2 and
HBMEC (Franco et al., 2011a). It has been demonstrated that the outer membrane proteins ompA
and ompX are both required for the basolateral invasion of the enterocyte-like human epithelial
cells by Cronobacter (Kim et al.,, 2010). In addition, it has also been demonstrated that ompA
expression is required for the entry of Cronobacter into HBMEC. Moreover, it was shown that ompA
of Cronobacter is recognised as a major fibronectin-binding protein that promotes the invasion of
HBMEC cells (Mohan Nair et al., 2009). However, the in vitro invasion ability of Cronobacter into
the epithelial and endothelial cells was varied between Cronobacter strains which were positive for

both ompA and ompX genes (Townsend et al., 2007a, 2008; Almajed and Forsythe, 2016).

The ability of Cronobacter to avoid immune response is crucial for a successful invasion.
Cronobacter has been found to persist within human macrophages although survival varied
between species and even strains within one species (Townsend et al., 2007a, 2008; Almajed and
Forsythe, 2016). Additionally, Cronobacter plasminogen activator (cpa) has been found to be
important in the tolerance of Cronobacter to human serum and thus cpa is overexpressed following
the entry of C. sakazakii systematically (Franco et al., 2011a; Schwizer et al., 2013). The cpa gene is
present in C. sakazakii but not C. malonaticus. Other surface materials such as lipopolysaccharides
(LPS), OmpA and capsules, which are thought to play important roles in the tolerance of

Cronobacter to human serum, need more investigations to be clarified (Schwizer et al., 2013).

Several plasmid and chromosomal virulence genes have been identified in Cronobacter species. The
analysis of C. sakazakii ATCC BAA-894 genome revealed the presence of some virulence genes such
as haemolysins (hly), siderophore-interacting protein gene (sip) (Kucerova et al., 2010; Cruz et al.,
2011). The complete efflux system which consists of 4 genes (cusA. cusB, cusC and cusF) with its
regulatory gene (cusR) has been proved to be present in some Cronobacter strains while absent in
others (Kucerova et al., 2010). Franco et al., (2011b) also found that some Cronobacter strains have
siderophore-mediated iron acquisition system (iucABCD and jutA) and ABC transport-mediated iron
uptake, both are involved in systematic survival of Cronobacter. Type IV and VI secretion systems
also have been identified in Cronobacter; however, type VI secretion system thought to have an
important role as a virulence factor (Franco et al., 2011b; Joseph et al., 2012a). Other genes such
as the putative sodA gene which involved in intracellular persistence are found in all Cronobacter
spp. (Kothary et al., 2007; Townsend et al., 2007a; Joseph et al., 2012a). Sialic acid utilization genes
nanAKT have been found to present particularly in all C. sakazakii and in some C. turicensis STs such

as ST32,ST35,ST72,ST114,ST118,ST126, ST127,ST342 and ST344 (Joseph et al., 2013, Hariri 2015,
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unpublished data). Sialic acid is present in PIF, breast milk and brain, therefore Cronobacter

pathogenicity could be indirectly enhanced by the present of this substance.

The formation of biofilm by pathogenic microorganisms plays an important role in surviving some
environmental stresses such as drying and antimicrobial agents. Many factors could involve in the
biofilm formation on the surface of medical equipment or even infected tissue (Annous et al., 2009).
In the food industry, the formation of biofilm by bacteria is of high concern as these biofilms could
act as reservoirs for spoilage and contamination of the food products (Lehner et al., 2005; Hartmann
et al., 2010). Clinically, bacterial biofilm has appeared as a significant clinical problem. Biofilm could
increase antibiotic resistance, increase medical device related infections, increase persistence of
chronic infection and diminish the host immune function by immunomodulation (Manavathu and
Vazquez, 2014). Bacterial capsular polysaccharides (CPS) are considered as major virulence factors
and environmental fitness traits. Cronobacter produces CPS which facilitate the formation of
biofilms on the inert surfaces and subsequently become more resistant to cleaning and disinfectant
agents (Hurrell et al.,2009b; Iversen and Forsythe, 2003). Several sources of Cronobacter in the
hospital environment have been reported include formula preparation equipment, feeding bottles
and neonatal enteral feeding tubes (Kim et al.,2006; Hurrell et al., 2009a; Iversen and Forsythe,
2003). The latter might act as a site for neonatal infection in hospitals because of the biofilm
formation which make Cronobacter resistant to cleaning and disinfectant agents (Hurrell et al.,

2009b; Hurrell et al., 2009a).

The capsular profiling of the Cronobacter genus by Ogrodzki and Forsythe, (2015), which based on
O-antigen, K-antigen (K) and colanic acid (CA), revealed the presence of various capsular
polysaccharide structures between Cronobacter strains. This variation could be relevant to evade
host response mechanisms such as phagocytosis as well as facilitate biofilm formation and
desiccation survival. The researchers found that two sequence types C. sakazakii CC4 and ST12
which are strongly associated with severe neonatal infections (meningitis and NEC) have the same
capsular profile, K2:CA2. In addition, C. malonaticus ST307 strain 1569 possesses the same capsular
profile, K2:CA2, as C. sakazakii CC4. This may be highly significant since strain 1569 was responsible
for a fatal meningitis neonatal case (Hariri et al., 2013). In contrast, they have also found that C.
malonaticus ST7 which is the most frequently isolated C. malonaticus sequence type and reported
to be more associated with adult infections (Forsythe et al., 2014; Holy et al., 2014) has the capsular
profile K1:CA1.

A number of recent potential virulence factors have been proposed using proteomic studies. The

production of outer membrane vesicles OMVs could have a role in bacterial pathogenicity.
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Alzahrani et al. (2015) identified a total of 18 OMV-associated proteins using mass spectrometry in
addition to evaluated the potential pathogenicity roles of these proteins. Their results indicate that
C. sakazakii OMVs could play a role in pathogenesis by delivering bacterial toxins into host epithelial

cells, driving proliferative and proinflammatory responses (Alzahrani et al., 2015).

Another study by Du et al. (2015) identified 89 protein spots; however, their analysis suggested the
involvement of 11 proteins in the pathogenesis of C. sakazakii. These proteins are; Chaperone
Hsp60, GroEL; Molecular chaperone Hsp90, HtpG; ATP-dependent chaperone protein, ClpB; GTP-
binding protein, TypA; Flagellar biosynthesis protein, FliC; Putative virulence factor, SrfC; Tellurium
resistance proteins, TerADEXZ (Du et al., 2015). The high expression of these 11 genes was detected
in the high virulence strains but not into the low virulence C. sakazakii strains. Authors suggested
that the genes were absent or present as silent genes in the low virulence C. sakazakii strains.
However, terADEXZ genes which are known as tellurium resistance associated genes were not
detected in the C. sakazakii isolates which were associated with neonatal meningitis (Joseph et al.,
2012a). In a previous study by the same group GroEL was detected at the cell surface of C. sakazakii
(Wang et al., 2013). This protein has been reported to contribute to both adhesion and invasion of
the host cells (Zhu et al., 2013). The heat shock response protein, HtpG, has been also reported to
play roles in the pathogenicity of Edwardsiella tarda, Francisella tularensis and Leptospira
interrogans (Dang et al., 2011; Weiss et al., 2007; King et al., 2013). Recently, ClpB protein has been
also suggested to have a pathogenic role in Leptospira interrogans isolates (Zeng et al., 2015). In
addition, FliC gene which encodes flagellin, a main protein of the flagella, plays essential roles in
the adhesion and invasion of E. coli into host cells (Karam et al., 2013; Duan et al., 2013). Moreover,
TypA is a translational GTPase that functions as a virulence regulator in some microorganisms, such
as S. enterica, E. coli and Pseudomonas aeruginosa (Sabbagh et al., 2012; Grant et al., 2003; Neidig
et al., 2013). Finally, though the exact functions of the putative virulence effector SrfC remain
unclear the sequence alignment indicated that this protein is widely present in Cronobacter (Du et

al., 2015).

Another study by Jing et al. (2015) showed that Cronobacter alters their gene expression profiles in
relation to cellular metabolic processes. Their results indicated that 139 genes were upregulated
and 72 genes were downregulated in the adherent C. sakazakii ATCC BAA-894 strain on HCT-8 cells.
In this study, the expressions of some flagella genes and virulence factors involved in adherence,
high osmolarity and osmotic stress-associated genes, genes responsible for the synthesis of
lipopolysaccharides and outer membrane proteins, iron acquisition system and glycerol and
glycerophospholipid metabolism genes were upregulated. For example, flagellar genes figA, flgB,

flgC, flgD, flgF, flgG, fliE, flgE and fliK were upregulated. Also, lipid metabolism genes such as glpD,
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encoding glycerol kinase and glpQ, encoding glycerophosphoryl diester phosphodiesterase, were
upregulated. In addition, lipopolysaccharide and outer membrane associated genes such as m/tD,
encoding membrane-bound lytic murein transglycosylase D, IpxP, encoding palmitoleoyl
transferase involved in biosynthesis of lipid A, yidC, encoding membrane protein insertase YidC,
eptB, encoding phosphoethanolamine transferase involved in biosynthesis of lipid A, and surA,
encoding peptidyl-prolyl cis-trans isomerase SurA were also upregulated. Genes included fepE
encoding ferric enterobactin transport protein, entC encoding isochorismate synthase and iron-
regulated, aerobactin operon genes iucABCD and jutA involved in the biosynthesis of siderophores
were also upregulated. Moreover, the osmotic regulator betB, encoding betaine-aldehyde
dehydrogenase, was also upregulated (Jing et al., 2015). Hence, upregulation of all of these genes
which associated with glycerol and glycerophospholipid metabolism, osmotic stress, iron
acquisition mechanism, motility, lipopolysaccharide and outer membrane proteins, virulence factor
of adherence and invasion to the host cells seems to be important to the pathogenicity of C.

sakazakii in the human gastrointestinal tract (Jing et al., 2015).

Ye et al. (2015; 2016) have identified more novel potential virulence factors such as adhesion and
invasion in Cronobacter using proteomic analysis. In 2015, they identified four novel potential
virulence membranous proteins including osmolarity sensory histidine kinase envZ, LPS-assembly
lipoprotein IptE, putative multidrug resistance protein MdtD and osmotically inducible protein
OsmyY. All of these proteins were upregulated in the virulent C. sakazakii isolate but not in the
attenuated strain (Ye et al., 2015). In 2016, they also identified more four potential virulence
factors, DNA protection during starvation protein Dps, s-ribosylhomocysteinelyase LuxS, ATP-
dependent Clp protease CiIpC, and ABC transporter substrate-binding proteins which contribute in
the virulence of C. sakazakii through enhancing the bacterial adhesion, bacterial invasion, tolerance
to environmental stresses and host immune response (Ye et al., 2016). A summary of virulence

genes in C. Sakazakii and C. malonaticus is shown in table 1.2.

Table 1-2 Summary of virulence genes in C. sakazakii and C. malonaticus.

Gene name Possible role in virulence C. sakazakii C. malonaticus
Zinc metalloprotease, zpx Protease enzyme yes yes
Curli fimbriae region Adhesion to the host cells no yes
Outer membrane protein A, ompA Adhesion and invasion yes yes
Outer membrane protein A, ompX Adhesion and invasion yes yes
Cronobacter plasminogen activator, cpa Resistance to serum Yes, notin all no
Haemolysins, hly Haemolysins yes yes
Siderophores-interacting protein gene, sip Involve in systematic infections yes yes
Efflux system, cusC Macrophage survival yes yes
Iron acquisition system (iucABCD and iutA) Involve in systematic infections yes yes
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Type IV secretion systems Translocate virulence factors into yes yes
eukaryotic cells
Type VI secretion systems Transport of proteins or domains Yes, notin all no
directly into target cells
Superoxide dismutase, sodA macrophage survival yes yes
Sialic acid utilization region Involve in systematic infections yes Yes, not
complete
Chaperone Hsp60, GroEL Involves in the adhesion and yes yes
invasion of host cells
Molecular chaperone Hsp90, HtpG Cope with various stress yes yes
conditions during infection
ATP-dependent chaperone protein, clpB Virulence-related functions yes yes
GTP-binding protein, TypA Virulence regulator yes yes
Putative virulence factor, srfC Remain unclear yes yes
Flagellar genes Play roles in the adhesion and yes yes
invasion into host cells
Lipid metabolism genes, glpD and glpQ Involves in the invasion and yes yes
adherence of host cells
Membrane-bound lytic murein transglycosylase Enhances lethality in zebra fish yes yes
D, mitD
Palmitoleoyl transferase involved in Contributes ininvasion across yes yes
biosynthesis of lipid A, [pxP blood-brain barrier
membrane protein insertase, yidC Roles in resistance to host cell yes yes
antimicrobial responses
Phosphoethanolamine transferase involved in Contributes in invasion across yes yes
biosynthesis of lipid A, eptB blood-brain barrier
Peptidyl-prolyl cis-trans isomerase, surA Involved in the maturation of yes yes
ompA
Ferric enterobactin transport protein, fepE Involve in systematic infections yes yes
Isochorismate synthase and iron-regulated, Involve in systematic infections yes yes
entC
Osmotic regulator, betB Macrophage survival yes yes
Osmolarity sensory histidine kinase, envZ Influence bacterial biofilm yes yes
formation and flagella motility
LPS-assembly lipoprotein, IptE Immunogenicity with host cells yes yes
Putative multidrug resistance protein, mdtD Contributes in resistince to host yes yes
defences
Osmotically inducible protein, osmY Associated yes yes
with virulence behavior
DNA protection during starvation protein, Dps Enhance oxidative stress yes yes
resistance and virulence
s-ribosylhomocysteinelyase, luxS Contributes in the invasion yes yes
ATP-dependent Clp protease, clpC Contributes to adhesion and yes yes
invasion
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1.7 Antimicrobial Resistance

Cronobacter is naturally resistant to all macrolides, lincomycin, clindamycin, streptogramins,
rifampicin, fusidic acid and fosfomycin. However, they were found to be the most susceptible
bacteria comparing with the other Enterobacteriaceae (Muytjens and van der Ros-van de Repe,
1986). In 2002, Stock and Weidemann studied some Cronobacter strains and found similar results
to Muytjens’s result when all used strains were susceptible to all B-lactams. Consequently,
Cronobacter infections were recommended to be treated mainly by ampicillin, gentamicin and /or
chloramphenicol. However, in 1988, a combination treatment of ampicillin and gentamicin was

advised by Willis and Robinson, (1988).

As other Gram-negative bacteria, antibiotic resistance has been started to be reported among
Cronobacter. Since 1999, several reports have described the presence of the resistance of
Cronobacter strains to chloramphenicol and tetracycline (Nazarowec-White and Farber, 1999;
Kilonzo-Nthenge et al., 2012; David et al., 2013, Prakash and Sharma, 2013). Resistance to B-lactam
antibiotics has been also reported in several studies. Low-level production of B-lactamase by
Cronobacter has been firstly noticed by Pitout et al. (1997). Lai (2001) also found that Cronobacter
strains were able to resist ampicillin, cefazolin and extended spectrum penicillins. Thus, B-
lactamase activity among Cronobacter has been frequently reported by some studies (Pitout et al.,
1997; Caubilla-Barron et al., 2007; Zhou et al., 2011; Prakash and Sharma, 2013). A recent study
showed that about 10.2% of the tested Cronobacter strains were resistant to cefotaxime which is
one of the third-generation of cephalosporins, related to penicillin (Pan et al., 2014). Although the
overall level of the antibiotic resistance of Cronobacter is still considered low comparing with other
food-borne pathogens, it needs more consideration. This resistance thought to be due to antibiotic
overuse (Lee et al., 2012). Nevertheless, some antibiotics such as gentamicin, kanamycin and
ciprofloxacin have demonstrated the effectiveness against Cronobacter and therefore they might

be used in the treatment of serious Cronobacter infections (Al-Nabulsi et al., 2011).

1.8 Genome studies

The importance of Cronobacter has increased since it has been found to be involved in serious
neonatal infections, such as NEC and meningitis, when the mortality rate ranges from 40 to 80%.
Cronobacter contaminate the PIF either during processing in PIF factories or during the
reconstitution of PIF, and subsequently transfer into the vulnerable infants to cause serious
infections. Therefore, many studies, such as genome comparative studies, have been conducted to
reveal the molecular physiological and virulence characteristics that enable this genus to survive

deferent conditions and cause diseases.

19



Chapter 1 Literature review

Bacterial genome studies were started 20 years ago when Fleischmann et al. (1995) and Fraser et
al. (1995) completed sequencing two genomes. However, after 3 years of introducing the genus of
Cronobacter, Kucerova et al. (2010) published the first comparative genome analysis of C. sakazakii
strain BAA-894 and other 9 Cronobacter strains. Kucerova et al. (2010) study revealed that gene
acquisition and other mobile elements play an essential role in Cronobacter diversity. In addition,
genes associated with several putative physiological and virulence traits such as desiccation
resistance genes, protease activity, type 6 secretion system (T6SS), iron acquisition genes and
invasion factors were identified. Moreover, a number of genes associated with neonatal infections
that linked to invasion of the blood-brain barrier (BBB) by neonatal meningitic strains of Escherichia

coli were identified in C. sakazakii, C. malonaticus and C. turicensis (Kucerova et al., 2010).

A year later Joseph et al. (2012a) conducted a comprehensive genome analysis that covers the
seven species of Cronobacter. This study linked the differences in gene content with the clinical or
environmental host of species and sequence types. Moreover, the study investigated the
physiological, phenotypic and virulence associated genes in the 7 used species. A clear variation
was observed within Cronobacter species for the presence of the virulence associated traits such as
adhesins, T6SS and heavy metal resistance. However, the study could not find any unique virulence

genes for C. sakazakii ST4 to indicate its dominance in causing neonatal meningitis.

Another genome analysis study was conducted by Grim et al. (2013), which covered 6 species of
Cronobacter. The study revealed the divergence of Cronobacter into two clusters, the first group
included C. dublinensis and C. muytjensii and the second consisted of C. sakazakii, C. malonaticus,
C. turicensis and C. universalis. The first group is more associated with environmental host as they
contained a number of genomic regions which are important for such survival. The second group,
which included C. malonaticus, contained numerous virulence genes that enable them to survive

the human host.

Several plasmids were recognised in some completed genomes of Cronobacter. C. sakazakii BAA-
894 has been found to harboured two plasmids which are pESA2 (31 kb) and pESA3 (131 kb)
(Kucerova et al., 2010). Stephan et al. (2010) also sequenced the clinical C. turicensis 23032 strain
and revealed that this strain had three plasmids pCTU1 (138kb), pCTU3 (53kb) and pCTU2 (22kb).
The associated of C. sakazakii BAA-894 and C. turicensis 23032 with fatal neonatal cases lead to a
genomic study which conducted by Franco et al. (2011b) to compare the two large size plasmids
from the two strains. They showed that these plasmids have the homologous gene contents and
suggested them as virulence plasmids. However, three plasmids which are pSP291-1 (118.1kb),

pSP291-2(52.1kb), and pSP291-3 (4.4kb) were also identified in C. sakazakii SP291 (Yan et al., 2013).
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Finally, p1 (126.5 Kb) and p2 (56 Kb) plasmids were also detected in C. malonaticus CMCC45402
(Zhao et al., 2014).

Yan et al. (2013) profiled the plasmid content of C. sakazakii and C. turicensis strains and accordingly
they categorised them into two groups. However, based on the similar criteria, Yan et al. (2015)
included C. malonaticus plasmids P1 and P2, and performed further analysis to categorise the above
mentioned plasmids. Plasmid group one includes plasmids pESA3 from C. sakazakii BAA-894,
pSP291-1 from C. sakazakii SP291, pCTU1 from C. turicensis z3032 and p1 from C. malonaticus
CMCC45402. This group was found to harbour two arsenic 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 (Yan et al., 2015). Plasmid group two contains
plasmids pSP291-2 from C. sakazakii SP291, pCTU3 from C. turicensis z3032 and p2 from C.
malonaticus CMCC45402. All plasmids in this group broadly shared 15 metal (copper, cobalt, zinc,
cadmium, lead, and mercury) resistance genes, an osmosensitive K+ channel histidine kinase gene
kdpD and a virulence associated gene vagC (Yan et al., 2015). In addition, membrane proteins,
suppressor of copper-sensitivity (scsA and scsB) were shared among pESA3, pSP291-1 and p1
plasmids, seven arsenic resistance genes were shared between pCTU3 and p2. Accordingly, authors

suggested that unique virulence determinants are present in these three species (Yan et al., 2015).

1.9 Prevention and public health concerns

Although Cronobacter causes rare infections, these infections are usually devastating among
neonates. The neonatal infections are often accompanied by complications and severe neurologic
impairment and death. These bacteria appear to have a low infectious dose and short period of
incubation (Muytjens et al., 1983; Lai, 2001; Iversen et al., 2008; Healy et al., 2010; Joseph and
Forsythe, 2011). However, over 100 outbreaks of Cronobacter infections, which mostly occured in
neonatal intensive care units, have been reported (Friedemann, 2009). Cronobacter infections are
more likely to be underrecorded due to misidentifications. Several paediatric Cronobacter
infections have been linked with the presence of PIF as an infection source. This product is
consumed by millions of infants every day. The fact that PIF is not a sterile product makes it a
potential health risk if contaminated by Cronobacter, combined with the very high consumption
rate (Odeyemi and Sani, 2016). Indeed, Cronobacter has been isolated from a considerable number
of unopened PIF tins (lversen and Forsythe, 2004; Flores et al., 2011; Fei et al., 2015). Also, a
remarkable number of PIF Cronobacter isolates, mainly C. sakazakii and C. malonaticus, is shown in

the Cronobacter PubMLST database. Neonatal Cronobacter infections have been documented to
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occur in hospitalized and non-hospitalized infants (Jason, 2012). Moreover, this organism has been
recovered from important environmental places which are used for processing or preparation of
PIF such as household kitchens, PIF preparation areas in NICUs and PIF factories (Friedemann, 2009;

Craven et al., 2010; Kilonzo-Nthenge et al., 2012).

All of the above risks to public health have been considered and used for recommending
appropriate strategies for controlling the occurrence of the neonatal Cronobacter infections. The
WHO has strongly recommended that infants should be fed on breast milk and when infant formula
is needed for some reasons the preparation guidelines should be applied to minimise the chance
of the occurrence of Cronobacter infections (FAO-WHO, 2007). Cronobacter infections could be
diminished by the application of several measures. A list of recommendations for hospitals and
homes regarding preparation of PIF for infants has been established by the WHO. They recommend
cleaning personnel hands and preparation areas, cleaning equipment as well as discarding warmed
unfed formula. In addition, the prepared formula must be consumed within half an hour; however,
the prepared milk could be stored in a refrigerator for no more than 24 hours (FAO-WHO, 2007;
Pastore, 2010). The WHO preparation guidelines also recommended that water which is used in the
reconstitution of PIF should be boiled and cooled for up to 30 minutes before adding to PIF to
achieve a reconstitution temperature of 70°C. This temperature is determined to prevent the
growth of Cronobacter (FAO-WHO, 2007). However, some organisations have raised some issues
regarding the use of such high temperatures. For example, it causes potential loss of heat-sensitive
nutrients, changing the physical characteristics of some formula, harm to personnel preparing

formula and is inadequate for destruction of bacteria (Jason, 2012)

Certainly, all the WHO published meetings and guidelines helped to reduce the incidence of
neonatal Cronobacter infections (FAO-WHO, 2004; FAO-WHO, 2006; FAO-WHO, 2007; FAO-WHO,
2008). However, like health care professionals, parents need to be educated regarding the
appropriate way of safe handling and storage of PIF. In addition, they need to be provided with
accurate information about neonatal enteric infections including Cronobacter infections. Moreover,
the exclusive use of breast milk or other alternative commercially sterile products such as ready-to-
feed formula should be encouraged. As a part of the prevention strategy, research on Cronobacter
has covered several aspects such as the development of identification methods and classification,
cultural variations of Cronobacter species, the possibility of cross contamination to different
sources and bacterial response to environmental stresses. However, further research should be
conducted on improving isolation methods, identification of molecular mechanisms of

pathogenicity and survival under environmental stress, development of alternative control
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methods during processing and preparation of PIF, and identifying of other possible contamination

sources.

1.10 Aim and objectives

Most of the research conducted on Cronobacter has been focused on C. sakazakii. This due to the
responsibility of this species for the majority of severe and fatal Cronobacter neonatal infections.
Recently, C. malonaticus has been also reported to be involved in the several neonatal infections,
and some of these infections were fatal. Therefore, research also needs to be directed toward the
investigation of pathogenicity and physiological characteristics of C. malonaticus. This study is the
first research focused on C. malonaticus; it presents new knowledge about physiological and

virulence traits of Cronobacter genus in general and C. malonaticus in particular.

Holy et al. (2014) and Patrick et al. (2014) reported an age profile of Cronobacter carriage and
infections respectively. These two studies confirmed the predominance of Cronobacter presence
and infection in the adult population. However, none of these age profiling studies speciated or
genotyped the Cronobacter isolates. C. malonaticus has been reported to be more associated with
adult infections. This part of the study aims to address this lack of knowledge and reveal the
predominant species using the collection of 51 clinical Cronobacter strains, which included those
from the study of Holy et al. (2014). Consequently, a number of phenotypic and genotypic
identification techniques have been applied to answer some questions such as 1) is C. malonaticus
the predominant species among this collection, 2) is there any link between age group and a specific
species, 3) is there any relatedness between strains, and finally 4) the study will find the

effectiveness of each technique.

Representative C. malonaticus strains from the 51 clinical Cronobacter strains that mentioned
above will be selected according to PFGE groups. Other 14 clinical C. malonaticus strains were
selected from the Cronobacter PubMLST database to cover the available STs. Hence, a total of 20 C.
malonaticus strains from different STs, sources (e.g. blood, sputum, faeces) and clinical outcomes
(e.g. meningitis, abscess, unknown) were subjected to a range of physiological and virulence related
assessments. The aim of this part is to investigate the physiological and virulence traits that enable

C. malonaticus to survive different stresses and facilitate several virulence machanisms.

C. malonaticus has been recently reported to be involved in several devastating neonatal infections,
though it is hypothesised that this species is more associated with adult infections. Nevertheless,
there is no known study investigating the virulence potential and pathogenicity of C. malonaticus.
The same 20 clinical C. malonaticus isolates, which were selected for physiological and virulence

studies, will be used to assess the virulence potential and pathogenicity of C. malonaticus clinical
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strains. The first step to achieve that is studying the organism’s ability to adhere and invade through
Caco-2 and HBMEC cell lines, and survive phagocytosis. This will confirm the ability of C. malonaticus
to cause NEC, bacteremia and meningitis. This part also aims to examine the ability of C
malonaticus to cause UTl and pneumniae by studying the organism’s ability to adhere, invade the

T24 and A549 cell lines.

The 20 selected C. malonaticus strains were subjected to complete genome sequence in order to
use these genomes for further molecular investigations such as finding genes that underlie the
physiological and virulence traits, identification of the genes associated with attachment and

invasion of human cells as well as survival in macrophages.
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2.1 Safety consideration

Health and safety code of practice for microbiology level two containment laboratories at
Nottingham Trent University was considered before carrying out any experiments and
protocols in this project. The procedural COSHH forms were also completed and considered.
Category 2 organisms and materials were disposed of according to the recommended
instructions. For tissue culture laboratories health and safety regulations, hepatitis B

antibodies and vaccination were assessed before starting any tissue culture experiments.

2.2 Sterilisation and aseptic techniques
All buffers, solutions, media, and equipment were decontaminated by autoclave sterilisation at
121°C under 15 psi pressure for 15 minutes, 121°C for 5 minutes, filtered using 0.2 um pore size

filters (Thermo Fisher Scientific, UK) or sprayed with 70% ethanol, as appropriate.

2.3 Bacterial storage

All the Cronobacter, and any additional positive and negative control strains were stored at -80°C
and -20°C in TSB/ glycerol (80%) (Thermo Fisher Scientific, UK) for a long term. When required,
bacteria were recovered from frozen stock and subcultured on Tryptone Soya Agar (TSA) and
incubated aerobically at 37°C for 18 h. For short periods of use, bacteria were streaked on TSA and

stored at 4°C.

2.4 General stock reagents and buffers

2.4.1 Phosphate buffered saline (PBS)
The PBS solution was prepared by dissolving two tablets of PBS (Sigma Aldrich, UK) into 400 ml of

distilled water and autoclaved at 121°C for 15 minutes.

2.4.2 Saline Solution (0.85 %)
For preparing the 0.85% saline solution, one tablet of saline (Thermo Fisher Scientific, UK) was

dissolved into 500ml of distilled water and autoclaved at 121°C for 15 minutes.

2.4.3 Hydrochloric acid (HCI)
One molar of hydrochloric acid (HCI) was prepared by adding 86ml of 37% HCI (Thermo Fisher
Scientific, UK) to 914 ml of distilled water. The mixture was gently mixed and used to adjust the pH

of solutions used in this project.
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2.4.4 TRITON X-100 (1%)
In order to prepare 1% Triton X-100, 1 ml of TRITON X-100 (Thermo Fisher Scientific, UK) was added

to 99ml of distilled water, next autoclaved and then stored at room temperature to be used.

2.4.5 1 M Tris-HCI (pH8)

For preparing 1 M Tris-HCL, 60.55 g of Tris base (Thermo Fisher Scientific, UK) was dissolved into
400 ml of distilled water and then the mixture was adjusted to pH 8 by adding HCl and measured
by pH meter (HANNA, USA). The volume was completed with distilled water to be 500 ml and then

autoclaved at 121°C for 15 minutes.

2.4.6 0.5 M EDTA (Ethylenediamine tetra-acetic acid, sodium hydroxide) (pH8)

The preparation of 0.5 EDTA was obtained by dissolving 93 g of EDTA (Sigma Aldrich, UK) into 400
ml of distilled water and the mixture then was adjusted to pH 8 by adding sodium hydroxide pellets
(NaOH) (Sigma Aldrich, UK) and the pH was measured by a pH meter. The total volume of the

mixture was completed to be 500 ml and then it was autoclaved at 121°C for 15 minutes.

2.4.7 10 X TBE Buffer (Tris base, boric acid and EDTA buffer)

The preparation of 10X TBE buffer was obtained by dissolving 108 g Tris base (Thermo Fisher
Scientific, UK), 55 g boric acid (Thermo Fisher Scientific, UK) into 800 ml of distilled water. Once the
chemicals were completely dissolved, 40 ml of 0.5 EDTA pH 8 was added and the mixture volume
was adjusted to 1000 ml by adding distilled water. The prepared mixture then autoclaved at 121°C

for 15 minutes.

2.4.8 1 X TAE buffer (1 X Tris-acetate-EDTA buffer)
In order to prepare 1X TAE buffer, 20ml of 50X TAE buffer (National Diagnostics, UK) was diluted
with 980 ml of distilled water. The 1X TAE diluted buffer was used for preparing agarose gel and

filling the gel electrophoresis tanks.

2.4.9 GLYCEROL (80 %)
The preparation of 80% of glycerol was completed by adding 80 ml of glycerol (Thermo Fisher
Scientific, UK) to 20 ml of distilled water. The mixture was autoclaved and stored at room

temperature for using.

2.4.10 Giemsa stain (5%)

Five millilitres of Giemsa stain (Life Technologies, UK) was added into 95 ml of sterile distilled water

and stored at room temperature for one week.
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2.4.11 IRON Il SOLUTION
This solution was prepared by dissolving 0.0027 g of FeCls-6 H,O (Sigma Aldrich, UK) into 10 ml of
10 mM HCI.

2.4.12 Chrome Azurol Sulphate (CAS) SOLUTION
CAS solution was prepared by mixing 0.06 g CAS (Sigma Aldrich, UK) with 50ml of sterile distilled

water.

2.4.13 Hexadecyltrimethylammonium bromide (HDTMA)
Exactly 0.1458 g of HDTMA (H6268, Sigma Aldrich) was dissolved in 80 ml of distilled water.

2.4.14 Sodium hydroxide solution

This solution was prepared by dissolving ten gram of NaOH into 20 ml distilled water.

2.4.15 M9 Minimal medium
To prepare M 9 Minimal Medium, 50 ml of 5XM9 medium, 1mIl 1M MgS0as, 5ml 20% glucose , 50 ul
1 M CaCl2 were mixed in 500 ml distilled and sterilised water (DSW) and then autoclaved at 121°C

for 15 minutes.

2.5 General culture media

2.5.1 Tryptone Soya Agar (TSA)

According to manufacturer’s instruction of TSA (Thermo Fisher Scientific, UK) the media was
prepared by dissolving 40 grams of TSA agar in 1L of distilled water. The mixture was boiled to
completely melt the agar and then autoclaved at 121°C for 15 minutes. The media was cooled to
50°C and then dispensed into petri dishes about 20 ml each. These plates were dried and stored at

4°C to be ready for using.

2.5.2 Trypticase soy broth (TSB)
Exactly 15 grams of TSB (Thermo Fisher Scientific, UK) were dissolved into 500 ml of distilled water.
This mixture was dispensed to 100 ml in separate bottles. These 100 ml bottles were autoclaved at

121°C for 15 minutes and then stored at room temperature.

2.5.3 DRUGGAN-FORSYTHE-IVERSEN (DFI) AGAR Formulation
One litre of distilled water was used to suspend 43 grams of DFI agar (Lab M, UK) and then
autoclaved at 121°C for 15 minutes. The medium was cooled to 50°C and directly dispensed into

petri dishes about 20ml each. The plates were finally stored at 4°C to be used.
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2.5.4 MacConkey agar

To prepare 1 litre, 51.5 grams of MacConkey agar (Thermo Fisher Scientific, UK) were added to 1
litre of distilled water. The mixture was boiled to completely dissolve the powder and then
autoclaved at 121°C for 15 minutes after which it was cooled to 50°C and dispensed into petri dishes

and stored at 4°C until needed.

2.5.5 Violet Red Bile Glucose Agar and Violet Red Bile Lactose Agar
The medium was prepared by dissolving 38.5 grams of agar (Thermo Fisher Scientific, UK) into 1

litre of distilled water. The medium was boiled then cooled to 50°C to be dispensed into petri dishes.

2.5.6 XLD Medium
Fifty-three grams of XLD (Thermo Fisher Scientific, UK) agar was added to 1 litre of distilled water
and heated with frequent agitation until the mixture boiled. The medium was transferred

immediately to a 50°C water bath and then poured into petri dish plates.

2.5.7 Iso-Sensitest agar
Exactly 31.4 g were suspended in 1 litre of distilled water and next the mixture was boiled to
dissolve the agar and then autoclaved at 121°C for 15 minutes. The medium was cooled to 50°C and

dispensed into petri dishes.

2.6 Identification methods and molecular typing

2.6.1 Bacterial strains

Fifty-one clinical Cronobacter strains were used in Chapter 3. The strains had been collected from
patients from two hospitals (Olomouc and Prostéjov), during a 6-year period from May 2007 to
August 2013. This includes strains isolated in the previous study by Holy et al. (2014). Patient
information such as age, sex, clinical presentation, isolated site and date of isolation are given in

Table 2.1.
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Table 2-1 Source of Cronobacter strains used in this study
Strain . Patient Patient Isolation Isolation
Hospital Department .

number age (y) sex date site
1830 Olomouc Paediatrics <1 Male 09/05/2007 Throat swab
1829 Olomouc Paediatrics 1 Male 04/06/2007 Throat swab
1828 Olomouc Paediatrics 2 Male 12/10/2007 Nose swab
1831 Olomouc Paediatrics 3 Male 06/06/2007 Throat swab
1832 Olomouc Paediatrics 3 Female 27/03/2009 Throat swab
1999 Olomouc Paediatrics 3 Male 30/01/2013 Throat swab
2020 Olomouc Paediatrics 5 Female 26/05/2013 Stool
1835 Olomouc Paediatrics 6 Male 30/03/2012 Throat swab
2015 Olomouc Paediatrics 7 Female 16/08/2013 Throat swab
2014 Olomouc Paediatrics 8 Male 08/04/2013 Throat swab
1917 Olomouc Paediatrics 15 Male 28/10/2012 Throat swab
1834 Olomouc Paediatrics 16 Male 31/05/2010 Throat swab
2004 Olomouc Paediatrics 17 Female | 02/03/2013 Throat swab
1827 Olomouc Internal Medicine IlI 76 Female | 09/10/2007 Cannula
1833 Olomouc CMP 5 Male 11/01/2010 Stool
1838 Olomouc AICU 63 Female 10/04/2012 Sputum
1998 Prostéjov Internal Medicine (A) 49 Female | 22/01/2013 Sputum
2008 Prostéjov Internal Medicine (A) 68 Male 12/03/2013 Sputum
2011 Prostéjov Internal Medicine (A) 68 Male 31/03/2013 SN
2006 Prostéjov Internal Medicine (A) 70 Female | 28/02/2013 Sputum
2007 Prostéjov Internal Medicine (A) 70 Female | 06/03/2013 Sputum
2022 Prostéjov Internal Medicine (A) 70 Female | 06/03/2013 Sputum
1842 Prostéjov Internal Medicine (A) 72 Female | 27/06/2012 Sputum
2005 Prostéjov Internal Medicine (A) 73 Female | 24/02/2013 Sputum
2021 Prostéjov Internal Medicine (A) 76 Female | 07/04/2013 Sputum
1841 Prostéjov Internal Medicine (A) 79 Female | 18/06/2012 Sputum
2003 Prostéjov Internal Medicine (A) 83 Male 20/02/2013 Sputum
1915 Prostéjov Internal Medicine (A) 84 Female 18/10/2012 Sputum
1996 Prostéjov Internal Medicine (A) 84 Female 14/01/2013 Sputum
2010 Prostéjov- Internal Medicine (A) 84 Female 12/03/2013 Throat swab
2019 Prostéjov Internal Medicine (A) 87 Male 10/05/2013 Sputum
2001 Prostéjov Internal Medicine (B) 68 Male 29/01/2013 sSoC
2000 Prostéjov Internal Medicine (B) 71 Male 03/02/2013 Rectal Swab
2002 Prostéjov Internal Medicine (B) 77 Male 19/02/2013 Sputum
1916 Prostéjov Internal Medicine (B) 84 Male 06/11/2012 Sputum
2013 Prostéjov Internal Medicine (B) 91 Female | 04/04/2013 Sputum
2012 Prostéjov Internal Medicine (C) 70 Male 04/04/2013 Sputum
2009 Prostéjov Internal Medicine (C) 77 Female 16/03/2013 Tongue swab
1903 Prostéjov | Internal Medicine - ICU 59 Male 24/08/2012 Sputum
1902 Prostéjov | Internal Medicine - ICU 69 Male 21/08/2012 Sputum
1901 Prostéjov | Internal Medicine - ICU 82 Male 15/08/2012 Sputum
1997 Prostéjov ICU 65 Male 21/01/2013 Sputum
1839 Prostéjov ICU 73 Female 12/06/2012 SPEG
1840 Prostéjov ICU 80 Female 19/06/2012 Sputum
1836 Prostéjov Surgery 63 Male 23/05/2012 | Wound swab
1837 Prostéjov Surgery 85 Female | 25/05/2012 | Wound swab
1914 Prostéjov Infectious Diseases 69 Male 02/10/2012 Sputum
2018 Prostéjov Infectious Diseases 72 Male 05/05/2013 Sputum
2016 Prostéjov AICU 27 Male 18/04/2013 Sputum
2017 Prostéjov AICU 27 Male 22/04/2013 Sputum
1995 Prostéjov QOut patient 50 Male 10/01/2013 Sputum

SPEG= Smear from area of percutaneous endoscopic gastrostomy, USC= Urine suction catheter, SOC= swab of
the oral cavity, CMP = Clinical and Molecular Pathology, AICU= Anaesthesiology and Intensive Care Unit.
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2.6.2 Phenotyping

2.6.2.1 Appearance on different media
Five different media were used to observe the appearance of the Cronobacter colonies. These

media were TSA, DFI, XLD, VRBGA and MacConkey agar.

2.6.2.2 APIID32E
Cronobacter isolates were phenotyped using the ID 32E kit (bioMérieux), according to the
manufacturer’s instructions. The resultant phenotypic profiles were compared to the bioMérieux

online database, version 3.0, at https://apiweb.biomerieux.com.

2.6.3 Genotyping
2.6.3.1 Multilocus sequence typing (MLST) and rpoB gene screening

2.6.3.1.1 DNA extraction

DNA was extracted from the target strains using the GeneEluteTM kit (NA2110-1KT, Sigma Aldrich,
UK). The instructions were followed as explained by the manufacturer. The DNA concentration was
confirmed by using a NanoDrop® ND-2000 UV-Vis spectrometer (Thermo Scientific, UK), and the

DNA in accepted concentration was stored at -20°C for 6 months.

2.6.3.1.2 Polymerase chain reaction amplification
Multilocus sequence typing (MLST) was performed as described by Baldwin et al. (2009) and with
consideration of the additional information in Cronobacter PubMLST database

http://www.pubmlst.org/cronobacter. Seven housekeeping genes of Cronobacter were amplified

using the primers; ATP synthase beta chain (atpD), elongation factor G (fusA), glutaminyl-tRNA
synthetase (g/nS), glutamate synthase large subunit (g/tB), DNA gyrase subunit B (gyrB), translation
initiation factor IF-2 (infB), phosphoenolpyruvate synthase A (ppsA) as showed in table 2.2.
Polymerase chain reaction (PCR) amplification product was performed using PCR machine (Techne,
UK). A total volume of PCR reaction was of 20 pl composed of GoTaq® Green Master Mix (Promega,
UK) which diluted with 50% SDW, 2% of primers showed in table and 1 ul of bacterial DNA. Reaction
condition for all the MLST primers was as follows: initial denaturation at 94°C for 2 min; 30 cycles
of denaturation at 94°C for 1 min; primer annealing at 58°C for 1 min; extension at 72°C for 2 min;
followed by a final extension step of 72°C for 5 min. For screening of rpoB gene, Stoop, et al. (2009)
developed and evaluated the conventional PCR rpoB for identification of Cronobacter species and
the screening of rpoB was performed as described by them. PCR machine was used for amplification
of rpoB DNA. GoTaq® Green Master Mix (Promega, UK) was diluted to 50% with sterile distilled
water and 2% of primers showed in table 2 was added. One microliter of DNA of each isolate was

added into 19 pl of master mix with 2% primer and the PCR condition was as following: initial
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denaturation at 94°C for 90 second; 40 cycles of denaturation at 94°C for 10 second; primer
annealing at 55°C for 20 second; extension at 72°C for 50 second; followed by a final extension step

of 72°C for 5 min.

2.6.3.1.3 Confirmation of PCR products by agarose gel electrophoresis

The PCR products were visualised by using 1% agarose gel electrophoresis. The agarose gel was
prepared by dissolving 1% agarose (Thermo Fisher Scientific, UK) in 1X Tris-acetate-EDTA (TAE)
buffer (National Diagnostics, UK). To completely dissolve the agarose in TAE, the mixture was
microwaved until no crystals were seen, the mixture then cooled to 50°C when 0.1 pl/ml of SYBR®
Safe DNA gel stain (Life Technologies — Invitrogen, UK) was added to agarose solution before poured
into a gel tray. Agarose solution into the tray was left to set at room temperature and then placed
in a Cell GT tank (Geneflow; UK) containing 1x TAE buffer. Five microliter of PCR samples were
loaded into well gel beside a 100bp DNA ladder (Promega, UK) to determine the PCR product size.
A run condition of the gel was at 90V for 45 minutes and DNA bands were visualised using ultraviolet

(UV) InGenius® gel documentation system (Syngene, UK).

2.6.3.1.4 Purification and Sequencing of PCR products

To purify the PCR products from other PCR component reactions, MinElute PCR Purification Kits
(Qiagen, UK) were used and the purification was performed as instructed by manufacturer. The
concentration and purity of purified DNA was checked by using Nanodrop 2000 (Thermo Scientific,
UK). The purified DNA for the 7 housekeeping genes, rpoB gene and primers were adjusted to be
in appropriate concentrations for sequencing procedure. Twelve microliter of purified DNA of each
sample for forward and reverse were sent to be sequenced by The Source BioScience

http://www.lifesciences.sourcebioscience.com.

2.6.3.1.5 Analysis of DNA sequence:

After sequencing, the reaction samples were received as FASTA files and GENtle 2.0 beta version
software was used to check the sequence chromatograms. The sequences of both strands of a given
locus were assembled as a contigs by using CAP3 program (Huang and Madan, 1999), and then the
contigs were checked into Cronobacter PubMLST database. The rpoB (637 bp) was aligned with
additional sequences from the Cronobacter PubMLST database in MEGA (Molecular Evolutionary
Genetics Analysis) software version 5.2 using the ClustalW algorithm. RpoB alleles were allocated
numbered profiles according to the Cronobacter PubMLST database. For multilocus sequence
analysis (MLSA), concatenated sequences of the 7 loci MLST (3036 bp total length) were aligned in
MEGA version 5.2 using the ClustalW algorithm. All samples were analysed and checked by using

Cronobacter PubMLST database http://www.pubmlst.org/cronobacter in order to determine their
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order numbers for each gene and consequently to recognise the ST of each isolate. The phylogeny
analysis of the isolates based on the seven housekeeping genes or rpoB gene was performed by
using the MEGA6 (6140226) software to construct and analyse the phylogenetic relationship

between the studied strains.

Table 2-2 Primers used for MLST, rpoB and serotyping

Primer name Prime sequences PCR product
PCR Sequencing size
atpD F CGACATGAAAGGCGACAT CGAAATGACCGACTCCAA 390 bp
R TTAAAGCCACGGATGGTG GGATGGCGATGATGTCTT
fusA F GAAACCGTATGGCGTCAG GCTGGATGCGGTAATTGA 438 bp
R AGAACCGAAGTGCAGACG CCCATACCAGCGATGATG
glnS F GCATCTACCCGATGTACG GGGTGCTGGATAACATCA 363 bp
R TTGGCACGCTGAACAGAC CTTGTTGGCTTCTTCACG
gltB F CATCTCGACCATCGCTTC GCGAATACCACGCCTACA 507 bp
R CAGCACTTCCACCAGCTC GCGTATTTCACGGAGGAG
gyrB F TGCACCACATGGTATTCG CTCGCGGGTCACTGTAAA 402 bp
R CACCGGTCACAAACTCGT ACGCCGATACCGTCTTTT
infB F GAAGAAGCGGTAATGAGC TGACCACGGTAAAACCTC 441 bp
R CGATACCACATTCCATGC GGACCACGACCTTTATCC
ppsA F GTCCAACAATGGCTCGTC ACCCTGACGAATTCTACG 495 bp
R CAGACTCAGCCAGGTTTG CAGATCCGGCATGGTATC
CsO1 F CCCGCTTGTATGGATGTT 364 bp
R CTTTGGGAGCGTTAGGTT
Cs02 F ATTGTTTGCGATGGTGAG 152 bp
R AAAACAATCCAGCAGCAA
Cs03 F CTCTGTTACTCTCCATAGTGTTC 704 bp
R GATTAGACCACCATAGCCA
CsO4 F ACTATGGTTTGGCTATACTCCT 890 bp
R ATTCATATCCTGCGTGGC
Cs05 F GATGATTTTGTAAGCGGTCT 235 bp
R ACCTACTGGCATAGAGGATAA
CsO6 F ATGGTGAAGGGAACGACT 424 bp
R ATCCCCGTGCTATGAGAC
CsO7 F CATTTCCAGATTATTACCTTTC 615 bp
R ACACTGGCGATTCTACCC
Cma01 F AGGGGCACGGCTTAGTTCTGG 323 bp
R CCCGCTTGCCCTTCACCTAAC
Cma02 F TGGCCCTTGTTAGCAAGACGTTTC 394 bp
R ATCCACATGCCGTCCTTCATCTGT
Cmu02 F TGGCTGTCATGGTTTTCTTGC 258 bp
R TAGTTGGCACCATCAACGCC
rpoB F AACCAGTTCCGCGTTGGCCTGG 637 bp
R CCTGAACAACACGCTCGGA

F = forward. R = reverse. Cs = C. sakazakii, Cm = C. malonaticus, Cu = C. muytjensii.

32



Chapter 2 Materials and Methods

2.6.3.2 Molecular serotyping of Cronobacter O-antigens

Cronobacter serotypes were determined using the multiplex polymerase chain reaction (PCR) assay
as described by Jarvis et al. (2011) and Sun et al. (2012). All used primers are shown in table 2.2. In
brief, DNA was extracted as previously described, primers were selected from earlier mentioned
studies and PCR condition was as following; an initial denaturing step at 94°C for 30 s, followed by
35 cycles of 94°C for 10 s, 65°C for 35 s, and 68°C for 15 min, followed by a final 10 min extension
step at 72°C.

2.6.3.3 Pulsed-field Gel Electrophoresis (PFGE)

PFGE was used in order to determine whether there was a relationship between the strains which
were collected from two hospitals and the sites or departments. After slight modification, PFGE of
Enterobacteriaceae was used as described by the PulseNet USA protocol for molecular subtyping
of Escherichia coli 0157:H7, non-typhodial Salmonella serotypes, and Shigella sonnei CDC (2004)
and also by Ribot et al. (2006). In this experiment fifty-one strains of Cronobacter collected from
different clinical sites and at different department of two hospitals, Olomouc and Prostejov
hospitals in the Czech Republic were used. These had been collected and donated by Ondrej Holy

and his group.

2.6.3.3.1 Tris EDTA Buffer (TEB)
TEB was prepared aseptically by diluting 10 ml of 1M Tris pH8 and 2ml of 0.5 M EDTA pH 8 with

988ml distilled water. This buffer was used for making and washing the PFGE plugs.

2.6.3.3.2 Cell Suspension Buffer (CSB)
The preparation of CSB was obtained aseptically by diluting 10 ml of 1 M Tris pH8 and 20 ml of 0.5
M EDTA pH8 with 70ml of distilled water.

2.6.3.3.3 Cell Lysis Buffer (CLB)

CLB was prepared aseptically by diluting 2.5 ml of 1 M Tris pH8 and 5 ml of 0.5 M EDTA pH8 with
42.5 ml distilled water. 1% Sarkosyl NL (N-Dodecanoyl-N-methylglycine sodium salt) (Sigma Aldrich,
UK) was dissolved into the mixture before adding 20 mg/mL of proteinase K (Sigma Aldrich, UK).

2.6.3.3.4 DNA preparation in agarose plugs

Fifty-one Cronobacter strains and a marker strain Salmonella enterica serovar Typhimurium
reference standard H9812 (NTU 732) were screened in this project. About two full loops of
overnight culture on TSA of the isolates and reference strain were individually suspended into cell
suspension buffer and centrifuged at 7000 rpm for 4 minutes. The previous step was repeated two

times and then, using same buffer, an optical density (OD) was adjusted to be between 1.35-1.5 at
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610 nm. Exactly 400 pl of bacterial suspension was allocated into a 1.5 ml Eppendorf tube and
while they were incubated in water bath at 37°C for 10 minutes, 1% agarose gel in TEB was
microwaved for melting and 0.5% SDS was added and the gel was left in 55°C water path. Each
Eppendorf tube was mixed with 25 pl proteinase K and then mixed with 400 pl of TEB agarose and
immediately about 100 pl of mixture was dispensed into five well plug molds. The plugs were
transferred into 15 ml falcon tube contain 5 ml of CLB and incubated in a shaking water bath at
50°C for 2 hours. After the period of incubation, the plugs were washed twice with 15 ml of warmed
sterile distilled water and incubated in shaking water bath at 50°C for 15 minutes. Finally, the DNA
plugs were washed three times into 15 ml warmed TEB in shaking water bath at 55°C for 15 minutes

and stored in 5 ml of TEB at 4°C until needed.

2.6.3.3.5 Digestion and Electrophoresis

Two restriction enzymes Xbal and Spel (Promega, UK) were used for digestion. About 2 millimetres
of each plug was transferred into 2 ml Eppendorf tube contain 2 ul BSA, 20 ul 10X buffer D and 178
pl sterile distilled water and incubated in water bath 37°C for 15 minutes. After the incubation, the
content of tubes was removed and digestion was performed on each plug by adding 2 ul BSA, 20
pl 10X buffer D, 5 ul Xbal enzyme and 173 ul sterile distilled water or 2 pl BSA, 20 pl 10X buffer B, 3
pl Spel enzyme and 175 pl and incubated in water bath at 37°C for 4 hours. 1% agarose gel was
prepared in 100 ml of 0.5XTBE buffer and kept in 55°C water bath. The restricted plugs were then
loaded on a 15-tooth comb (BIO-RAD Laboratory; Belgium). The comb was inserted in the gel tray
and the 1% agarose gel was carefully poured into the gel tray. After the gel solidified, the comb was
removed, it was placed in an electrophoresis cell and covered with 2400 ml of 0.5X TBE buffer. The
used system for PFGE was CHEF-DR Il system (BIO-RAD, Belgium) and it was performed at 14°C, 6V

for 20 hours and initial and final switch was 5 and 50 seconds respectively.

2.6.3.3.6 Staining and Analysis:
The gel was stained with ethidium bromide (Sigma Aldrich, UK) 0.1 pug /ml for 45 minutes, visualised
under UV light and photographed using InGenius® gel documentation system (Syngene, UK). The

DNA band profiles were analysed using BioNumerics software version 7.1 (Applied Maths, Belgium).

2.7 Physiological experiments

2.7.1 Bacterial strains

Following PFGE analysis, six representative strains of the different C. malonaticus pulsetypes were
chosen for further analysis. Another 14 clinical C. malonaticus strains were selected from the
Cronobacter PubMLST database to cover the available STs. Hence a total of 20 C. malonaticus strains

were used in this Chapter as explained in table 2.3.

34



Chapter 2 Materials and Methods

Table 2-3 C. malonaticus strains used in Chapter 4 and 5

Strain ST rpoB O- Source Country Year of Comment
No. antigen isolation
565 7 18 Cmal02 Faecal isolate USA 1973 CPMD
681 7 18 Cmal02 Breast abscess isolate USA 1977 CPMD
688 7 18 Cmal02 Sputum Czech Republic 2004 CPMD
983 7 18 Cmal02 Infant formula Brazil 2007 CPMD
1558 7 18 Cmal02 Faecal isolate Czech Republic Unknown CPMD
1827 7 18 Cmal02 Cannula ( Blood) Czech Republic 2007 Table 2.1
1830 7 18 Cmal02 Throat swab Czech Republic 2007 Table 2.1
1833 7 18 Cmal02 Faecal isolate Czech Republic 2010 Table 2.1
1835 7 18 Cmal02 Throat swab Czech Republic 2012 Table 2.1
2018 7 18 Cmal02 Sputum Czech Republic 2013 Table 2.1
2020 7 18 Cmal02 Faecal isolate Czech Republic 2013 Table 2.1
507 11 20 CmalO3 Faecal isolate Czech Republic 1984 CPMD
512 11 20 CmalO3 Clinical Czech Republic 1983 CPMD
514 11 20 Cmalo3 Clinical Czech Republic 1983 CPMD
15 60 39 CmalO1 Faecal isolate Czech Republic 2003 CPMD
687 60 39 CmalO1 Sputum Czech Republic 2004 CPMD
689 60 39 CmalO1 Faecal isolate Czech Republic 2005 CPMD
1545 84 18 Cmal02 Faecal isolate Czech Republic | Unknown CPMD
685 129 39 Cmal02 Blood isolate USA 1977 CPMD
1569 307 39 CmalO1 Blood isolate USA 2011 CPMD

ST: sequence type. CPMD: Cronobacter PubMLST database.

2.7.2 Utilization of malonate

In this assay malonate PPA Broth (Oxiod, UK) was used. One colony from an overnight TSA plate
was used to inoculate this broth, which was then incubated at 37°C for 24h. A positive result was
interpreted by changing the colour of broth from green to blue or blue green and negative result

showed no colour change.

2.7.3 Utilization of sialic acid

Three types of media were prepared for this experiment; 5X M9 minimal medium (Sigma Aldrich,
UK) without carbon source, minimal medium with glucose and minimal medium with sialic acid. 5X
M9 Minimal medium was prepared by mixing 220 of 1.25% agar technical (Thermo Fisher Scientific,
UK), 25 ml of 5X M9 medium, 500 pl 1 M of MgSO4 and 25 ul of 1 M CaCl,. All solutions were filtered
if needed and then autoclaved at 121°C for 15 minutes before mixed together in total volume of
250 ml. In order to prepare glucose and sialic acid media, 5 ml of 20% glucose or 250 mg of sialic
acid (Sigma Aldrich, UK) was added to the mixture and total volume was completed to be 250 ml.
The three media were dispensed separately into 6 well plates and the plates left for a day to set.
Each strain was carefully streaked on the three wells with the different media and all plates were

incubated at 37°C for 24h.
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2.7.4 Motility Test

Twenty grams of Luria Bertani (LB) broth (Sigma Aldrich, UK) and 0.4% of agar technical (Thermo
Fisher Scientific, UK) were dissolved in 1000 ml of distilled water and then 5 ml of 1% TTC solution
(Triphenyl-tetrazolium chloride) (Fluka, UK) was added, the mixture was autoclaved at 121°C under
15 psi pressure for 15 minutes. After autoclaving, the media was dispensed into petri dishes 30 ml
in each one and left 48 h in room temperature. One colony of fresh TSA culture was inoculated into
5ml of TSB and incubated in shaking incubator at 37°C for 18-20 h. Three microliter of each
overnight culture broth was inoculated into the centre of the petri dish and incubated overnight at

37°C. S. Enteritidis and K. pneumoniae were used as positive and negative control respectively.

2.7.5 Biofilm formation

Eighteen hour TSB cultures were used to inoculate 5 ml of TSB and adjusted to O.D = 0.3 reading at
600nm. In three 96 plates, 600 ul of each inoculated TSB was dispensed into 3 wells (200 pl into
each well) of each 96 well plate. Also liquid infant formula (Cow & Gate Premium 1) was used
instead of TSB to detect and compare the ability of C. malonaticus of forming biofilm in both media.
After measuring the O.D of TSB culture the milk was adjusted to a cell density of an O.D = 0.3.
Loading plates were incubated for 24h at 25°C and 37°C. After 24 hours of incubation the plates
were emptied from the TSB or the milk and washed twice with sterile distilled water (SDW) the
plates then left for 10 minutes at room temperature to dry. Two hundred microliter of 1% crystal
violet (CV) was added to each well and left for 30 minutes after which all the wells were washed
three times with SDW. Finally, 200 ul of absolute ethanol was added to each well and after 15
minutes the content of the plates was transferred into new plates and read using ELx800

absorbance microplate reader (BioTek, UK) at absorbance 600nm.

2.7.6 Acid Resistance

The effect of acid at low pH on C. malonaticus was performed as described by Edelson-Mammel et
al. (2006). One colony from a fresh TSA plate was used to inoculate 5 ml of TSB and incubated in
shaking incubator for overnight at 37°C. To mimic the stomach acid, the pH of a liquid infant formula
(Cow & Gate Premium 1) was adjusted to pH value of 3.5 units with 1 M of hydrochloric acid. Four
millilitres of overnight culture were inoculated into 15 ml of the acidified infant formula, and
distributed into five sterile tubes and incubated in water bath at 37°C. The 5 tubes were used after
0, 15, 30, 60, 90 and 120 minutes to determine viable cells. At specific time, 200 ul of each tube was
transferred and serial diluted in normal saline and plated on TSA plates using the Miles Misra

technique. The TSA plates were incubated at 37°C for overnight before enumeration of cells.
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2.7.7 Metal Resistance

For dilutions 1 M, 0.1 M, 0.01 M and 0.001 M of eight metals were used in this assay. The metals
were copper Il sulphate (Sigma Aldrich, UK) , sodium arsenate (Sigma Aldrich, UK), silver nitrate
(Alfa Aesar, UK), sodium tellurite (Sigma Aldrich, UK), nickel chloride (Thermo Fisher Scientific, UK),
zinc sulfate heptahydrate (BDH chemicals, England), cobalt Il nitrate (Sigma Aldrich, UK) and
cadmium carbonate (Harrington, USA). A TSB overnight culture of strains were used to inculate TSA
agar by swabing the agar surface using a tight zig- zag pattern. Four paper discs were placed on
each plate and 7 ul of each dilution was pipetted on a specific disc in the same plate. All plates were

incubated at 37°C for overnight and any inhibtion zone was measured.

2.7.8 Congo red morphotype

To prepare LB agar without salt, 5 g of tryptone (Thermo Fisher Scientific, UK), 2.5 g of yeast extract
(Melford laboratories, UK) and 7.5 g agar (Thermo Fisher Scientific, UK) were mixed in 500 ml
distilled water and then autoclaved. Congo red solution dye was prepared by dissolving 32 mg of
Congo red powder (Sigma Aldrich, Uk) in 8 ml SDW and the solution was filtered with 0.20um pore
filter. After this, LB agar without salt was cooled to 55°C, 5 ml of filtered congo red solution was

added, gently mixed and dispensed into petri dishes.

2.7.9 Cellulose production

LB agar without salt was prepared as mentioned in 2.7.8 and supplemented with 200 pg/ml
calcofluor white stain (Fluka, UK). The medium was poured in petri dishes and left to dry for 2 days.
The C. malonaticus strains were streaked and incubated either at 37°C or 30°C for 24 h and then

the cellulose production was visualised by using ultraviolet light at 366 nm.

2.7.10 Desiccation stress and determining of sublethaly injured C. malonaticus cells

One colony of each C. malonaticus strain was inoculated into 5 ml of liquid infant formula (Cow &
Gate Premium 1) and incubated in shaking incubator at 37°C for 20 h. The overnight bacterial
growth was diluted to 1:10 using same milk and adjusted a cell density of approximately 10
CFU/ml and 200 pl of the suspension were transferred into 6 well plates. The plates then left for
overnight in a class Il cabinet at room temperature. After desiccation, the content of each well was
resuspended in 2 ml of SDW. The viable counts were determined using Miles and Misra method on
VRBGA as a selective medium and TSA as non-selective medium to define the sublethally injured
cells. The differences in recovery on TSA and VRBGA after desiccation reflect the number of cells

that were sublethally injured during overnight desiccation.
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2.8 Virulence experiments

2.8.1 Bacterial strains

See Section 2.7.1.

2.8.2 Haemolysis on blood agar

TSA was prepared as it was explained in Section 2.5.1; however, when TSA medium cooled to 50 °C,
5% of horse blood (Sigma Aldrich, UK) was added and thoroughly mixed and then dispensed into
petri dishes after which they were stored at 4°C until needed. Staphylococcus aureus NCTC 10788
was used as a positive control for B haemolysis, Streptococcus pneumoniae was used as a positive
control for a haemolysis and Staphylococcus epidermidis was used as a negative control for A
haemolysis. All examined strains were streaked on the horse blood agar and all plates were

incubated at 37°C for 24 h.

2.8.3 Iron siderophore detection

Siderophore detection assay was performed as described by Shin et al. (2001). Two solutions were
used to prepare the Chrome azurolsulphate (CAS) agar. The first solution which is a dark blue liquid
was prepared by using 10 ml of iron Il solution Section 2.4.11, 50 ml of CAS solution Section 2.4.12,
and 40 ml of HDTMA Section 2.4.13 and then autoclaved at 121°C for 15 minutes, (the total volume
of dark solution is 100 ml). The second solution was prepared by mixing 900 ml of DW, 15 g agar,
30.24 g PIPES (Sigma Aldrich, UK) and 12 g NaOH and then autoclaved at 121°C for 15 minutes. After
autoclaving, the first solution was mixed with the second solution and then the media was
dispensed into the petri dishes. Imnmediately before use, 5mm diameter holes were punched into
the agar using 5mm diameter gel plug cutter. The bacterial suspension was prepared by inoculating
five colonies from TSA culture into 10 ml TSB broth containing 200 uM of 2,2 -dipyridyl (Sigma
Aldrich, UK) and incubated at 37°C in shaking incubator at 200 rpm for 20 h. Then the samples were
centrifuged at 5000 rpm for 10 minutes and 70 pl of the supernatant was placed into a specific hole.
The agar was incubated at 37°C for up to 8 hours and observed for the presence of an orange zone
around the hole which indicated that the strain is positive for siderophore production. Yersinia

enterocolitica strain 1880 and PBS were used as positive and negative controls respectively.

2.8.4 Capsule formation

Three types of media were used for detecting the capsule production, VRBGA, VRBA and milk agar.
VRBGA and VRBA were prepared as given in Sections 2.5.5. For preparing milk agar, 800 ml of PCA
(Merck, Germany) was made according to the manufacture instructions. The PCA was cooled in

water bath to 50°C before 200 ml of liquid infant formula (Cow & Gate Premium 1) was added and
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gently mixed and the media then dispensed into petri dishes. All plates were left at room
temperature for drying. The tested strains were streaked on the VRBGA, VRBA and milk agar and
incubated at 37°C for 24 h. C. sakazakii strains 2 and 1 were used as positive and negative controls

respectively.

2.8.5 Protease activity assay

Ten percent skimmed milk powder (Thermo Fisher Scientific, UK) was used to prepare the skimmed
milk solution (SMS) and autoclaved for 5 minutes at 121°C. PCA plate count agar was prepared by
adding 22.5 grams to 1 litre of distilled water and autoclaved at 121°C under 15 psi pressures for
15 minutes. Twenty milliliter of 10 % SMS was aseptically mixed with 980 ml of PCA and then
dispensed into Petri dishes to be stored at room temperature for 2 days. The tested strains were
streaked on the dried plates and incubated at 37°C for 72 h and monitored every 24 h. Bacillus

cereus was used as a positive control while E. coli DH5a NTUCC407 was used as a negative control.

2.8.6 Serum resistance
The assay was conducted as described by Hughes et al. (1982) with a slight modification. A single
colony from a fresh bacterial culture on TSA was grown overnight at 37°C with shaking in 5 m| TSB

broth. This was then diluted 1:10 in new 5 ml TSB broth and thus grown in the same previous

The total number of survived bacterial cells (cfu/ml)
The total number of bacterial cells in inoculum (cfu/ml)

% Survival in serum = X 100

condition for 2 hours to approximately 106 cfu/ml. Forty microliters of culture broth were added to
360 pl of 50% human serum (Sigma Aldrich, UK). Tested strains were compared with positive and
negative control which are Salmonella Enteritidis and Escherichia coli K-12 respectively. The viable
bacterial cells were gained and counted using Miles and Misra technique. All strains were tested in
triplicate and in three independent experiments. Each strain was tested in triplicate on TSA plates,

and the mean results were stated as percent survival of inoculum.

2.8.7 Plasmid profiling using plasmid alkaline lysis method.

SOLUTION I:

In 80 ml of SDW, 50 mM glucose (Sigma Aldrich, UK), 10mM EDTA (Sigma Aldrich, UK), 25 mM Tris
pH 8.0 (Sigma Aldrich, UK) and 50 pg/ml of RNAse (Sigma Aldrich, UK) were mixed and the volume
was added to be 100 ml, next filtered with 0.20 um pore filter. The solution | was freshly prepared
and stored at 4°C.
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SOLUTION II:

Together 1% SDS and 0.2 M NaOH were mixed with total volume of 100 ml of SDW. This solution

was freshly prepared in the same day of the experiment.
SOLUTION lil:

To prepare high salt solutions 3 M of potassium acetate, 147.25 g of potassium acetate (Sigma
Aldrich, UK) were dissolved in approx. 250 ml of SDW. Glacial acetic acid was added to lower the

pH to 5.5. The final volume was brought to 500 m| with SDW.
SOLUTION IV:

TE pH 7.5 solution was prepared from 10mM of Tris (from 1 M pH 7.5 stock) and 1mM EDTA (from
0.5 M, pH 8.0 stock).

One colony of each strain was inoculated into 3 ml of TSB and incubated in shaking incubator at
37°C for 18-20 h. Next day, 1.5 ml of overnight cultures was placed into Eppendorf tubes and
centrifuged at maximum speed for 5 mins. The supernatant media was carefully aspirated without
touching the pellet and tubes were inverted and briefly tapped on paper tissue to dry. Twenty
hundred microliter of cold 4°C solution | were added and tubes were vortexed until the pellet cells
were completely resuspended and there were no clumps of cells remain. From fresh solution I, 200
ul were added and tubes were inverted about 6 times to lyse the cells, in this stage the lysate should
become relatively clear. Same as previous step 200 pl from cold 4°C solution Il were added and
tubes were inverted about 6 times to thoroughly mix the content of tubes, in this stage a dense
fluffy white precipitate should form. Then all tubes were centrifuged at 6000 rpm for 5 min. Five
hundred microliter of supernatant were transferred into fresh tubes to be used for the next step.
One millilitre of cold (-20°C) absolute alcohol was added and tubes were well mixed by inverting
and brief vortexing. To increase the final yield all tubes were incubated at -20°C for 30 mins before
centrifuging the tubes at maximum speed for 15 mins, in this stage a pellet should be readily
observable. The tubes were all decanted from supernatant, inverted and tapped gently on paper
tissue. A hundred microliter of cold (-20°C) 70% alcohol were added to tubes and centrifuged at
maximum speed for 2 mins. All of the 70% ethanol supernatant was carefully removed from pellet
and tubes were left opened for about 5 mins to dry. Finally, the pellet was dissolved in 25 pl of TE
pH 7.5. To detect the plasmid DNA, 0.8% agarose gel was prepared by dissolving agarose (Thermo
Fisher Scientific, UK) into 1X TAE buffer (National Diagnostics, UK) and about 8 pl of each sample
was mixed with 2 ul of loading dye and the sample was then loaded into the agarose gel alongside

the 1Kb DNA ladder (Promega, UK) to determine the size of plasmid. A run condition of the gel was
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at 120v for 120 minutes, the agarose gel was stained with ethidium bromide (Sigma Aldrich, UK)
0.1 pg /ml for 45 min and the DNA bands were visualised using ultraviolet (UV) InGenius® gel

documentation system (Syngene, UK).

2.8.8 Antimicrobial Susceptibility

The assay was performed by using disk diffusion method following the instructions in guidelines,
version 12 — May 2013, described by British Society for Antimicrobial Chemotherapy (BSAC, 2013).
The antimicrobial susceptibility test disks (MAST Group Ltd, UK) included ampicillin 10 pg,
amoxicillin/clavulanic acid 30 pg, cefotaxime 5 pg, ceftazidime 30 pg, ceftriaxone 30 pg, cefuroxime
30 pg, amikacin 30 pg, chloramphenicol 30 pg, ciprofloxacin 5 ug, gentamycin 10 pg, imipenem 10
ug, meropenem 10 pg, nalidixic acid 30 pg, tetracycline 10 pg, trimethoprim/sulfamethoxazole 25
pg, nitrofurantoin 200 pg. About 5 colonies of fresh TSA culture were suspended in 3 ml of SDW
and the OD adjusted to be equivalent to 0.5 McFarland standard (BioMerieux; France) and distilled
1:10 in distilled water. The suspensions were then swabbed onto the entire surface of Iso Sensitest
agar (Thermo Fisher Scientific, UK) with sterile swab after which the antibiotic disks were applied
onto the surface of ISA plates. E. coli 13353 and E. coli 10418 were used as reference strains. The
plates were incubated at 37°C for 20 hours and the diameters of zones of inhibition were measured

and interpreted according to guidelines, version 12 — May 2013, BSAC.

2.9 Investigation of pathogenicity using tissue culture

2.9.1 Bacterial strains

The same C. malonaticus strains as shown in table 2.3 were used in Chapter 5. Salmonella Entertidis
strain number NCTC 3046 358, Citrobacter koseri strain number SMT319 48, Klebsiella pneumoniae
strain ATCC43816, Escherichia coli strain UTI89 were all used as positive controls for Caco-2, HMBEC,
A549 and T24 cell lines respectively and E. coli K12 MG1655 was the negative control for the all cell
lines. A single colony of each tested and control strains was inoculated into 5 ml of TSB and
incubated in shaking incubator at 200 rpm at 37°C for 18 h. Next day, 120 pl of overnight growth
were added to 5 ml of appropriate infection culture media as explained in Section 2.9.3 and
incubated as previous condition for about 2 h to reach the OD of 0.3-0.5 at 600 nm using the
spectrophotometer (JENWAH, UK). The infection medium growth was diluted to obtain a number

of 4x108 cfu/ml which is multiplicity of infection (MOI) 1:100.

2.9.2 Human cell lines
Five human eukaryotic cell lines were used to determine the bacterial adhesion and invasion ability
as shown in table 3. All cell lines were stored in the liquid nitrogen. When a cell line is required, a

vial of an appropriate cell line was taken from the liquid nitrogen and thawed quickly. The content
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of the cell line tube was mixed into 6ml of suitable pre-warmed growth medium, as explained in
Section 2.9.3, in 15 ml falcon tube. The tube was then centrifuged at 1200 rpm for 5 minutes to
harvest the cells. After discarding the supernatant, the cell pellet was re-suspended into 6ml pre-
warmed growth medium and transferred into 25 cm? tissue culture flask. Finally, the flask was
incubated for 48 hours at 37°C with the presence of 5% CO,. After the cell line achieved confluent
monolayer, the medium was decanted out and the cells were detached using 5 ml of TrypLe™
express (Life Technologies, UK). The cell suspension was mixed with 5 ml pre-warmed growth
medium and centrifuged at 1200 rpm for 5 minutes. The supernatant was discarded and the cell
pellet was re-suspended in pre-warmed growth medium and then transferred into a new 75 cm?

tissue culture flask containing 20 ml of pre-warmed growth medium. The cell lines were maintained

and split routinely twice a week to keep continuity of growth.

Table 2-4 Cell lines used in this study.

Cell line Reference code Source
Human colonic carcinoma epithelial cells (Caco-2) ECACC #86010202 | European Collection of Cell Cultures
Human brain microvascular endothelial cells (HBMEC) | #P10354 Inooprot, Spain
Macrophage cell line (U937) ATCCH#CRL-1593.2 | American Type Culture Collection
Human lung carcinoma epithelial cells (A549) ATCC# CCL-185 American Type Culture Collection
human bladder carcinoma epithelial cells (T24) ATCCHHTB-4 American Type Culture Collection

2.9.3 Culture Media for Caco-2, HBMEC, A549 and T24 cell lines

All media were obtained from Sigma Aldrich, UK. Growth medium for Caco-2 cells was Minimum
Essential Medium (MEM), (Sigma Aldrich, UK) with 10% fetal bovine serum (FBS) (Sigma Aldrich,
UK), 1% non-essential amino acid (Sigma Aldrich, UK) solution and 1% Penicillin-Streptomycin
(Sigma Aldrich, UK). HBMEC cells and A549 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma Aldrich, UK) supplemented with 10% FBS (Sigma Aldrich, UK), 1% non-essential
amino acid (Sigma Aldrich, UK) solution and 1% Penicillin-Streptomycin (Sigma Aldrich, UK). T24
cells was grown in McCoy’s 5A Medium (Sigma Aldrich, UK) with 10% FBS (Sigma Aldrich, UK), 1%
non-essential amino acid (Sigma Aldrich, UK) solution and 1% Penicillin-Streptomycin (Sigma Aldrich,
UK). The infection medium for all the above mentioned cell lines was same as the growth medium

but lacking the 1% Penicillin-Streptomycin.

2.9.4 C. malonaticus attachment to human cells
For Caco-2 and HBMEC the cells were grown as described in Section 2.9.2. The adhesion assay was

conducted as displayed by Townsend et al. (2008). The cells were seeded into 24-well plates
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(Sarstedt, Germany) at a concentration of 4x10* cell/well in growth medium and incubated at 37°C
under 5% CO; for 48 h to achieve a confluent monolayer. For T24 cell ling, the cells were seeded in
24-well plates at a concentration of 5x10* cells/well and incubated as previous condition for 24h.
For A549 cell line the cells were seeded at a concentration of 3x10° cells/well and incubated in same
condition for 16 h to achieve a confluent monolayer. After achieving the confluent monolayer, C.
malonaticus and control strains were grown as described in Section 2.9.1. Bacterial suspension was
added to the wells at a concentration of 4x108 cfu /well which is MOI 1:100 and 24-well plates were
incubated at 37°C with 5% CO; for 2 h. After the incubation period, the plates were washed 3 times
with PBS (Sigma Aldrich, UK) and bacterial cells were released by lysing the human cells with 1%
Triton X-100 (Thermo Fisher Scientific, UK). Serial dilution and Miles Misra method on TSA were
performed to determine the overall of viable attached bacterial cells. Finally, the percentage
efficiency of attachment was counted as shown in the following equation.

The total number of attached bacterial cells (cfu/ml)
The total number of bacterial cells in inoculum (cfu/ml)

% efficiency of attachment =

2.9.5 C. malonaticus invasion of human cells

The preparation of cell lines and bacterial infection dose were done as described in the attachment
Section 2.9.4. However, after 3 times washing with PBS the wells were filled with 500 pl infection
media supplemented with gentamicin at a concentration of 125 pg/ml and the plates were
incubated in same condition for 1 h to kill any extracellular bacteria. The plates were washed 3
times with PBS (Sigma Aldrich, UK) and bacterial cells were released by lysing the human cells with
1% Triton X-100 (Thermo Fisher Scientific, UK). Serial dilution and Miles Misra method on TSA were
performed to determine the overall of viable invaded bacterial cells. Finally, the percentage
efficiency of invasion was counted as shown in the following equation.

The total number of invaded bacterial cells (cfu/ml)
The total number of bacterial cells in inoculum (cfu/ml)

100

% efficiency of invasion =

2.9.6 Uptake and persistence of C. malonaticus into macrophage cell line U937

2.9.6.1 Culture media

The macrophage cell line U937 was grown in RPMI medium containing 2 mM L-glutamine, 10 mM
HEPES, and 1 mM sodium pyruvate (Sigma Aldrich, UK). The growth medium was supplemented
with 10% FBS (Sigma Aldrich, UK), 1% non-essential amino acid (Sigma Aldrich, UK) solution and 1%

Penicillin-Streptomycin (Sigma Aldrich, UK) while infection medium was supplemented just with 10%
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FBS (Sigma Aldrich, UK) and 1% non-essential amino acid (Sigma Aldrich, UK) solution. The condition

of incubation was at 37°C under 5% CO,, for 24 h.

2.9.6.2 C. malonaticus uptake and persistence in human macrophages

The experiment was performed as described by Townsend et al. (2007a). The macrophage cells
were seeded into four 24-well plates (Sarstedt, Germany) at a concentration of 4x10* cell/well in
growth medium and incubated at 37°C under 5% CO, for 72 h to achieve a confluent monolayer.
However, before seeding the cells into 24-well plates, the macrophage cell suspension was
supplemented with phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich, UK) at a concentration
of 0.1 pug/ml to ensure cell adhesion. The seeded plates were washed 3 times with PBS before
infected with the determined infection dose. All tested and control strains were prepared as
described previously in Section 2.9.1; however, the infection dose was at a concentration of 4x10°
cfu/ml which is MOI 10. The plates were incubated at 37°C under 5% CO; for 1h and the bacterial
infection medium was replaced with infection medium supplemented with gentamicin at a
concentration of 125 pg/ml and incubated in the same condition for further one hour. Three plates
were washed 3 times with PBS and infection medium with gentamicin at a concentration of 50
ug/ml was added into the wells and incubated for intervals period 24 h, 48 h and 72 h. The infection
medium with gentamicin was changed every day. In different time point Oh, 24 h, 48 h and 72 h,
each plate washed 3 times with PBS and treated with 1% Triton X-100 to lyse the macrophage cells.
Serial dilution and Miles Misra method on TSA were performed to determine the overall of viable
intracellular bacterial cells. Finally, the percentage efficiency of uptake and persistence was

counted as shown in the following equation.
The total number of up taken/persisted bacterial cells (cfu/ml)

% uptake and persistence = - — X 100
The total number of bacterial cells in inoculum (cfu/ml)

2.9.7 Giemsa staining

Visualisation of adhered C. malonaticus cells was performed in 8-well tissue culture slides (BD
Falcon, UK). The cell lines and bacterial strains were prepared as described in Sections 2.9.1 and
2.9.4. After 2 hours of incubation the slides were washed 3 times with PBS and fixed with absolute
methanol for 5 min after which the slides were left in the air to dry. The slides then stained with 5%
of Giemsa stain (Life Technologies, UK) for 15 min. After staining the slides were washed once with
PBS and dried in the air. Finally, the slide was visualised using immersion oil lens of the light

microscope.
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2.10 Genome studies

2.10.1 Genome sequencing

Bacterial DNA was extracted from 1-day old cultures using GenElute bacterial genome kit
(Sigma Aldrich, UK) using the manufacturer’s protocol. A total of 18 C. malonaticus genomes
were sequenced during this project using different versions of illumina (GAIllx, HiSeq and
MiSeq) sequencing technology. All of the strains were sequenced by Exeter Sequencing

Service, Wellcome Trust Biomedical Informatics Hub, University of Exeter, UK.

2.10.2 Prokka genome annotation

The genome annotation refers to the identification and labelling of all the features on a
sequenced genome (Richardson & Watson, 2013). In this study, the genome annotation of
the sequenced C. malonaticus isolates was undertaken using Prokka; a command line
software tool which takes preassembled genomes as input and requires the BLAST+ to be
preinstalled on the Unix system (Seemann, 2014). Nagash Masood, who is a member of our

pathogen research group, has kindly performed this work.

2.10.3 Genome screening of C. malonaticus for virulence and physiological associated
traits
The screening of the presence and absence of interested genes and genome comparison was
performed to reveal the presence of unique genes or regions that may contribute with physiological
orvirulence features. Artemis Comparison Tool (ACT) (Carver et al., 2005) was used for comparative
analysis. The nucleotide sequence of any gene of interest was obtained in FASTA format and the
sequence genes were checked against 20 C. malonaticus genomes using BLAST genome search in
Cronobacter PubMLST database

http://pubmlst.org/perl/bigsdb/bigsdb.pl?page=plugin&name=BLAST&db=pubmlstcronobacter

isolates.

2.10.4 Insilico plasmid profiling by alignment of known size plasmids with C. malonaticus
genomes

Plasmid pESA3 (131 kb) which is regarded as virulence plasmid (Franco et al., 2011a), the large

plasmid (118 kb) of C. sakazakii SP291 (ST4) (pSP291-1) (Power et al., 2013), and the large plasmid

(~126 Kb) of C. malonaticus CMCC45402 ST7 (pCMCC 45402-1) (Zhao et al., 2014) were selected as

reference plasmids. C. sakazakii (NTU6) was used as a reference (plasmid-less strains). These

plasmids were aligned against 20 C. malonaticus genome using Blast Ring Image Generator (BRIG).
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2.11 Statistical analysis

All the conducted experiments in this study have been repeated at least twice. The statistical
analysis was carried out using unpaired t-test and One-way and Two-way ANOVA (GraphPad Prism
Software Version 5.0) to obtain the consistence of the independent experiments. A P value of <0.05,

<0.01 and < 0.001 was considered statistically significant, high significant and very high significant

respectively.
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Chapter 3 Phenotyping and Genotyping Profiles

3.1 Introduction

Cronobacter has been frequently isolated from PIF which has been recognised as a source of
infection in several cases of neonatal Cronobacter outbreaks. Cronobacter has been also isolated
from different clinical sites in hospital laboratories. The number of reported Cronobacter clinical
isolates might not reflect the correct number of infections in hospitals as the major risk has been
just linked to PIF (CDC, 2012b; Kalyantanda et al., 2015; Healy et al., 2010). Several phenotypic and
genotypic methods have been introduced for detection and identification of Cronobacter spp. from
different sources. Currently, there are numbers of phenotypic and genotypic techniques which have
been applied for the detection and identification of Cronobacter spp. (Baldwin et al., 2009; Fei et

al., 2015; Jackson et al., 2016).

The appearance of bacterial colonies on differential or selective media can give an initial
presumptive identification as colonies exhibit a colour change that provides information about their
identity. MacConkey agar which has been used since 1881 was designed for the isolation of Gram-
negative enteric bacteria, differentiate between lactose fermenting and non-fermenting organisms
and was used for the isolation of coliforms and other intestinal pathogens in dairy products and
clinical specimens (Schauer, 2007). In 1962 Mossel et al. modified the MacConkey agar by adding
glucose which is fermented by all of Enterobacteriaceae family. This alternative agar which is known
as Violet Red Bile Glucose Agar (VRBGA) has been recommended for examination of food and
enumeration of Enterobacteriaceae. Xylose lysine deoxycholate agar (XLD agar) is another agar was
developed by Taylor in 1965 for isolation, differentiation and identification of enteric pathogens.
The XLD agar was found to be a selective medium for Salmonella and Shigella which produce red

black colonies and colourless colonies respectively.

For Cronobacter spp., Patrick Druggan designed the Druggan Forsythe Iversen (DFI) agar which is a
chromogenic agar based on the ability of Cronobacter to produce a-glucosidase. This medium was
compared with the traditional Enterobacteriaceae enumeration agar VRBGA by Iversen and
Forsythe, (2004). The results showed that the detection of Cronobacter using DFI medium is more
accurate as the use of VRBGA, the general Enterobacteriaceae selective medium, has some
limitations. DFI agar is now used as a part of the conventional microbiology isolation method which
involves pre-enrichment in BPW, enrichment in EE broth and finally plating onto DFI agar. The
formation of blue green colonies on DFI indicates the organism is more likely Cronobacter spp.;

however, this presumptive identification needs to be confirmed by other methods.
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Presumptive identifications for enteric pathogens have been applied for a long time and several
biochemical investigations are still used (Farmer et al., 1985). For Cronobacter spp. the use of these
identification methods such as API20E or APl ID32E are no longer regarded as reliable in
distinguishing of Cronobacter from other genus. Of these biochemical test, vy et al. (2013) and
Jackson et al. (2016) have subjected Cronobacter strains to the APl 20E and ID32E schemes. Both
studies showed the lack of sufficient robustness for the identification of Cronobacter genus and call
for the need of applying other reliable identification methods. It is worthy to mention that C.
malonaticus was initially considered as a subspecies within C. sakazakii and was differentiated from
C. sakazakii subsp. sakazakii by malonate utilisation test. It was thought that C. sakazakii cannot
utilise malonate while C. sakazakii subsp. malonaticus can (Iversen et al., 2007). However, in 2008,

Iversen and colleagues revealed that a small portion of C. sakazakii strains utilize malonate.

To date, numerous genotypic methods have been developed for the identification and genotyping
of Cronobacter spp. Of these methods 16S rRNA which is used for identification of different
bacterial species (Iversen et al., 2008), RNA polymerase beta-subunit encoding gene (rpoB)
sequences which is proposed as a technique for universal bacterial identification (Adekambi et al.,
2009; Mollet et al., 1997; Stoop et al., 2009), and O-antigen typing which is used to divide species
in different serotypes (Jarvis et al., 2011; Sun et al., 2012; Blazkova et al., 2015). Baldwin et al. (2009)
introduced also a multilocus sequence typing scheme (MLST) which is 7 loci-based screening for
Cronobacter genus. The scheme was initially created to distinguish between closely related species
C. sakazakii and C. malonaticus which could not be distinguished using 16S rRNA. The concatenated
of 7 loci atpD, fusA, gInS, gltB, gyrB, infB and ppsA together give 3036 nucleotides long sequence
which can distinguish between species and separate one species into several sequence types (STs).
The MLST scheme has been proved to be a reliable and robust after being compared with whole
genome analysis (Forsythe et al., 2014). Therefore, the technique was used to widen the knowledge

about Cronobacter diversity and evolution (Joseph and Forsythe, 2012; Joseph et al., 2012b).

Other genetic fingerprinting techniques have been used for epidemiological investigations. These
include random amplified polymorphic DNA (RAPD), BOX-PCR and pulsed-field gel electrophoresis
(PFGE). PFGE is commonly used and considered as a gold standard technique in epidemiological
studies of several pathogenic organisms (Olive and Bean, 1999). The technique is based on the use
of restriction enzymes such as Xbal and Spel to cut the bacterial DNA into several fragments and
then separate these fragments into agarose gel electrophoresis (Caubilla-Barron et al., 2007). The
discriminating results of DNA fragments by gel electrophoresis reveal the association of

environmental or food isolates with clinical incidences, and thus allow to track the infection sources.
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In this chapter, 51 Cronobacter strains which were collected from two hospitals of the Czech
Republic during a 6-year period were studied phenotypically and genotypically to examine their
appearance on different media, test the biochemical responses, identify their species using rpoB
and MLST and finally discriminate them by PFGE. The results would reveal the proportion of C.

malonaticus among this clinical collection. Thus, parts of this chapter have been already published.

3.2 Materials and methods

The methods for this chapter were described previously in Chapter 2 Materials and Methods.

3.3 Results

3.3.1 Appearance on different media

The results of using different culture media as a detection technique are shown in table 3.1. All the
tested strains but one was able to produce the yellow pigment on TSA agar after incubation for 24
hours at 35°C, the exception was strain 2012 which showed light yellow colonies. Colonies of all
strains on MacConkey agar had typical pink colour, and majority of them had mucoid pink colonies
as demonstrating in table 3.1. All tested strains produced yellow colonies on XLD agar and most of
them were mucoid colonies. After growing the strains on VRBGA for 24h at 37°C they all produced
dark pink violet colonies. The same strains which gave mucoid colonies on MacConkey agar and XLD
agar had mucoid colonies on VRBGA agar as well. On DFl agar all strains showed blue green colonies

after 24h at 37°C.

3.3.2 Api32E

The biomedical identification result of strains using Api32E ID is showing in table 3.1. The majority
of strains were identified as Enterobacter sakazakii; however, 48 strains were a 99.9% match to E.
sakazakii and one strain had a 99.4% match to E. sakazakii. Two strains (1838 and 1841) had
different profile identifications. Strain 1838 had a 99.6 match to Pantoea spp. and strain 1841 had

match to Enterobacter cloacae with unacceptable profile.

3.3.3 Malonate utilisation test

In this assay the malonate broth was changed to blue-green colour by all C. malonaticus strains
which indicate the ability of these strains to use malonate as a carbon source. Interestingly,
malonate broth was also changed to blue colour by C. sakazakii 1995 (ST64), and the remaining C.
sakazakii strains showed no ability of using malonate. When bacteria utilize malonate as a carbon
source and ammonium sulfate as a nitrogen source from malonate broth, they produce sodium
hydroxide which thereby results in an alkaline reaction and changes the pH indicator from its

original green colour to blue. However, the formation of the blue green colour by some strains
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might indicate the light production of sodium hydroxide due to weak utilisation of carbon and

n itrogen sources.

Table 3-1 Phenotypic characterisation of Cronobacter isolates using cultural detection methods and api32EID

version 3.0.
Colony appearance
NTU Apl32E ID% TSA 37°C /72h | MacConkey 37°C /24h| XLD 37°C /24h | VRBGA 37°C /24h| DFI 37°C /24h
1827 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1828 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1829 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1830 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1831 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1832 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1833 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1834 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1835 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1836 | E.sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1837 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
1838 | Pantoea sppl| 99.6% yellow pink yellow dark pink violet Blue green
1839 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1840 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1841 | E. cloacae NA yellow pink M yellow M dark pink violet M Blue green
1842 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1901 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1902 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1903 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
1914 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1915 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1916 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1917 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1995 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1996 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
1997 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
1998 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
1999 | E. sakazakii | 99.4% yellow pink yellow dark pink violet Blue green
2000 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
2001 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
2002 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2003 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2004 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
2005 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2006 | E.sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
2007 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
2008 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
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2009 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2010 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2011 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2012 | E. sakazakii | 99.9% light yellow pink M yellow M dark pink violet M light green
2013 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2014 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
2015 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
2016 | E. sakazakii | 99.9% yellow pink M yellow dark pink violet Blue green
2017 | E. sakazakii | 99.9% yellow pink yellow dark pink violet M Blue green
2018 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M Blue green
2019 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
2020 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
2021 | E. sakazakii | 99.9% yellow pink yellow dark pink violet Blue green
2022 | E. sakazakii | 99.9% yellow pink M yellow M dark pink violet M| Blue green
M= mucoid.

3.3.4 RpoB, MLST and serotyping

Using the fusA sequence analysis and comparison with the Cronobacter PubMLST database
identified the 51 strains as primarily C. sakazakii (33/51), followed by C. malonaticus (17/51) and
one C. muytjensii strain. The strains were then further genotyped using the 7-loci MLST scheme.
This supported the species identification-based fusA sequence analysis, and further subtyped the
isolates (Table 3.2). The C. sakazakii strains were from two sequence types; ST4 (32/51, 63 %) and
ST64 (1/51, 2 %). All the C. malonaticus strains were ST7 (17/51, 33 %) and the single C. muytjensii
isolate was ST28 (2 %) (Figure 3.1 and 3.2).

The identification of strains using rpoB sequence analysis and comparison with rpoB sequences in
the Cronobacter PUbMLST database agreed with species designation using fusA allele sequence
analysis (Table 3.2). There were four different rpoB profiles, 1, 18, 35 and 36, which correlated with
their 7-loci sequences types (Figure 3.2 and 3.3). AllC. sakazakii STA and ST64 strains
were rpoB profiles 1 and 35 respectively. The C. malonaticus ST7 strains were rpoB profile 18 and C.

muytjensii ST28 was rpoB profile 36. See table 2 and Figure 3.2 and 3.3 for more information.

Comparison with serotyping profiling showed a strong correlation between some sequence types
and serotypes. O-serotype C. sakazakii O:2 corresponded with C. sakazakii ST4. The association was
not exclusive; however, as C. sakazakii ST64 (strain 1995) was also serotype C. sakazakii O:2. In
addition, the serotype of all (n=17) C. malonaticus ST7 strains corresponded with the two

designated serotypes C. malonaticus O:2 according to the schemes of Jarvis et al. and Sun et al.
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respectively (Jarvis et al., 2011 and Sun et al., 2012). Based on fusA speciation, C. malonaticus O:2

was given as the serotype for these strains (Table 3.2). No serotype could be determined for the C.

muytjensii strain as no PCR products were obtained with either PCR serotyping scheme.

Table 3-2 Speciation and genotyping of Cronobacter spp. from two hospitals

Strain Hospital Species Pulsotype rpoB allele | FusA allele | Serotype Sequence type
1995 Prostéjov | C. sakazakii 15 35 8 CS0:2 ST64
1836 Prostéjov | C. sakazakii 14 1 1 CS 0:2 ST4
1839 Prostéjov | C. sakazakii 13 1 1 CS0:2 ST4
2021 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
2022 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
1901 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
1915 Prostéjov | C. sakazakii 12 1 1 CS0:2 ST4
1996 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
1837 Prostéjov | C. sakazakii 12 1 1 CS0:2 ST4
1841 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
1842 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
2003 Prostéjov | C. sakazakii 12 1 1 CS0:2 ST4
2005 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
2007 Prostéjov | C. sakazakii 12 1 1 CS0:2 ST4
2010 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
2016 Prostéjov | C. sakazakii 12 1 1 CS0:2 ST4
2019 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
2017 Prostéjov | C. sakazakii 12 1 1 CS 0:2 ST4
1902 Prostéjov | C. sakazakii 11 1 1 CS0:2 ST4
1997 Prostéjov | C. sakazakii 11 1 1 CS0:2 ST4
1903 Prostéjov | C. sakazakii 10 1 1 CS0:2 ST4
1998 Prostéjov | C. sakazakii 10 1 1 CS0:2 ST4
2006 Prostéjov | C. sakazakii 10 1 1 CS0:2 ST4
2008 Prostéjov | C. sakazakii 10 1 1 CS 0:2 ST4
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2012 Prostéjov | C. sakazakii 9 1 1 CS0:2 ST4
2013 Prostéjov | C. sakazakii 8 1 1 CS0:2 ST4
1916 Prostéjov | C. sakazakii 7 1 1 CS 0:2 ST4
1840 Prostéjov | C. sakazakii 7 1 1 CS0:2 ST4
2000 Prostéjov | C. sakazakii 7 1 1 CS 0:2 ST4
2001 Prostéjov | C. sakazakii 7 1 1 CS0:2 ST4
2002 Prostéjov | C. sakazakii 7 1 1 CS 0:2 ST4
2009 Prostéjov | C. sakazakii 7 1 1 CS 0:2 ST4
2011 Prostéjov | C. sakazakii 7 1 1 CS0:2 ST4
1828 Olomouc | C. malonaticus 5 18 7 CMa 0:2 ST7
1829 Olomouc | C. malonaticus 5 18 7 CMa 0:2 ST7
1830 Olomouc | C. malonaticus 5 18 7 CMa 0:2 ST7
1831 Olomouc | C. malonaticus 5 18 7 CMa 0:2 ST7
1832 Olomouc | C. malonaticus 5 18 7 CMa 0:2 ST7
1917 Olomouc | C. malonaticus 4 18 7 CMa 0:2 ST7
1999 Olomouc | C. malonaticus 4 18 7 CMa 0:2 ST7
2004 Olomouc | C. malonaticus 4 18 7 CMa 0:2 ST7
2015 Olomouc | C. malonaticus 4 18 7 CMa 0:2 ST7
2014 Olomouc | C. malonaticus 4 18 7 CMa 0:2 ST7
2020 Olomouc | C. malonaticus 4 18 7 CMa 0:2 ST7
1833 Olomouc | C. malonaticus 3 18 7 CMa 0:2 ST7
1834 Olomouc | C. malonaticus 3 18 7 CMa 0:2 ST7
1835 Olomouc | C. malonaticus 3 18 7 CMa 0:2 ST7
1827 Olomouc | C. malonaticus 2 18 7 CMa 0:2 ST7
1914 Prostéjov | C. malonaticus 1 18 7 CMa 0:2 ST7
2018 Prostéjov | C. malonaticus 1 18 7 CMa 0:2 ST7
1838 Olomouc | C. muytjensii 6 36 24 No PCR product | ST28
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2022 C. sakazakii fusA1
2021 C. sakazakii fusA1
2019 C. sakazakii fusA1
2017 C. sakazakii fusA1
2016 C. sakazakii fusA1
2013 C. sakazakii fusA1
2012 C. sakazakii fusA1
2011 C. sakazakii fusA1
2010 C. sakazakii fusA1
2009 C. sakazakii fusA1
2008 C. sakazakii fusA1
2007 C. sakazakii fusA1
2006 C. sakazakii fusA1
2005 C. sakazakii fusA1
2003 C. sakazakii fusA1
g6 | 2002 C. sakazakii fusA1
2001 C. sakazakii fusA1
2000 C. sakazakii fusA1
1998 C. sakazakii fusA1
1997 C. sakazakii fusA1
1996 C. sakazakii fusA1
1916 C. sakazakii fusA1
1915 C. sakazakii fusA1
1903 C. sakazakii fusA1
1902 C. sakazakii fusA1
1901 C. sakazakii fusA1
1842 C. sakazakii fusA1
1841 C. sakazakii fusA1
1840 C. sakazakii fusA1
1839 C. sakazakii fusA1
1836 C. sakazakii fusA1
1837 C. sakazakii fusA1
1995 C. sakazakii fusA8

62

1828 C. malonaticus fusA7
1827 C. malonaticus fusA7
1829 C. malonaticus fusA7
1830 C. malonaticus fusA7
1831 C. malonaticus fusA7
1832 C. malonaticus fusA7
1833 C. malonaticus fusA7
1834 C. malonaticus fusA7
1835 C. malonaticus fusA7
1914 C. malonaticus fusA7
1917 C. malonaticus fusA7
1999 C. malonaticus fusA7
2004 C. malonaticus fusA7
2014 C. malonaticus fusA7
2015 C. malonaticus fusA7
2018 C. malonaticus fusA7
2020 C. malonaticus fusA7

1838 C. muytjensii fusA24

0.005

Figure 3-1 Maximum likehood tree of fusA gene (438 bp) of Cronobacter strains.
The tree was drawn to scale using MEGAG. Five fuseA profiles are shown; fusAl and fusA8 for C. sakazakii, fusA7 for C.
malonaticus, and fusA24 for C. muytjensii.
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2021 C. sakazakii 5T4
2022 C. sakazakii ST4
2017 C. sakazakii ST4
2016 C. sakazakii ST4
2013 C. sakazakii 5T4
2012 C. sakazakii 5T4
2011 C. sakazakii ST4
2010 C. sakazakii ST4
2009 C. sakazakii ST4
2008 C. sakazakii ST4
2007 C. sakazakii ST4
2006 C. sakazakii ST4
2005 C. sakazakii ST4
2003 C. sakazakii ST4
2002 C. sakazakii ST4
100 | 2001 C. sakazakii ST4
2000 C. sakazakii ST4
1998 C. sakazakii ST4
1997 C.sakazakii ST4
1996 C. sakazakii ST4
1916 C. sakazakii ST4
1915 C. sakazakii ST4
1903 C. sakazakii ST4
a8 1902 C. sakazakii ST4
1901 C. sakazakii ST4
1841 C. sakazakii ST4

1840 C. sakazakii ST4
1839 C. sakazakii ST4
1837 C. sakazakii ST4
1842 C. sakazakii ST4
1836 C. sakazakii ST4
2019 C. sakazakii ST4
1995 C. sakazakii ST64

1827 C. malonaticus ST7
1828 C. malonaticus ST7
1829 C. malonaticus ST7
1830 C. malonaticus ST7
1831 C. malonaticus ST7
1832 C. malonaticus ST7
1833 C. malonaticus ST7
1834 C. malonaticus ST7
1835 C. malonaticus ST7
1914 C. malonaticus ST7
1917 C. malonaticus ST7
2018 C. malonaticus ST7
2020 C. malonaticus ST7
1999 C. malonaticus ST7
2004 C. malonaticus ST7
2014 C. malonaticus ST7
2015 C. malonaticus ST7
1838 C. muytjensii ST28

100

0.01

Figure 3-2 Maximum likehood tree of sequence types ( STs) of Cronobacter strains.
This tree based on the concatenated sequences (3,036 bp) of the seven MLST loci and was drawn to scale using MEGAG.
Five ST profiles are shown; ST4 and ST64 for C. sakazakii, ST7 for C. malonaticus, and ST28 for C. muytjensii.
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2019 C. sakazakii ppoB1
2022 C. sakazakii ppoB1
2017 C. sakazakii ppoB1
2016 C. sakazakii ppoB1
2013 C. sakazakii ppoB1
2012 C. sakazakii ppoB1
2011 C. sakazakii ppoB1
2010 C. sakazakii ppoB1
2009 C. sakazakii ppoB1
2008 C. sakazakii ppoB1
2007 C. sakazakii ppoB1
2006 C. sakazakii ppoB1
2005 C. sakazakii ppoB1
2003 C. sakazakii ppoB1
2002 C. sakazakii ppoB1
as | 2001 C. sakazakii ppoB1
2000 C. sakazakii ppoB1
1998 C. sakazakii rpoB1
1997 C. sakazakii rpoB1
1996 C. sakazakii rpoB1
1842 C. sakazakii rpoB1
1841 C. sakazakii rpoB1
1916 C. sakazakii rpoB1
1915 C. sakazakii rpoB1
1903 C. sakazakii rpoB1
1902 C. sakazakii rpoB1
1901 C. sakazakii rpoB1
1840 C. sakazakii rpoB1
1837 C. sakazakii rpoB1
1839 C. sakazakii rpoB1
1836 C. sakazakii rpoB1
2021 C. sakazakii ppoB1
1995 C. sakazakii ppoB35
1834 C. malonaticus rpoB18
1827 C. malonaticus rpoB18
1828 C. malonaticus rpoB18
1829 C. malonaticus rpoB18
1830 C. malonaticus rpoB18

a5

1831 C. malonaticus rpoB18
1832 C. malonaticus rpoB18
1833 C. malonaticus rpoB18
1835 C. malonaticus rpoB18
1914 C. malonaticus rpoB18

a7

1917 C. malonaticus rpoB18
1999 C. malonaticus rpoB18
2004 C. malonaticus rppoB18
2014 C. malonaticus rpoB18
2015 C. malonaticus rpoB18
2018 C. malonaticus rppoB18
2020 C. malonaticus rpoB18
1838 C. muytjensii ppoB36

0.02

Figure 3-3 Maximum likehood tree of rpoB gene (637 bp) of Cronobacter strains.
The tree was drawn to scale using MEGAG. Five rpoB profiles are shown; rpoB1 and rpoB35 for C. sakazakii, rpoB8 for C.
malonaticus, and rpoB36 for C. muytjensii.
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3.3.5 Pulsed field gel electrophoresis (PFGE) of Cronobacter isolates

PFGE analysis of Cronobacter isolates was performed by using the two restriction enzymes Xbal and
Spel (Promega, UK). The bands were separated using a CHEF-DR |l system (BIO-RAD, Belgium) at
14°C, 6V for 20h with initial and final switch of 5 and 50 secs respectively. The DNA band profiles
were analysed using BioNumerics software version 7.1 (Applied Maths, Belgium). Comparison of
the pulsetypes obtained from the PFGE for Xbal and Spel was made by Composite Data combined
compression with average of experiment by the unweighted-pair group method using arithmetic
averages (UPGMA). Less than 95 % of band similarity value was used to consider the isolates to be

non-clonal (Tenover et al., 1995).

PFGE was used to ascertain whether the strains in each sequence type (i.e. C. sakazakii ST4 and C.
malonaticus ST7) could be further distinguished and whether this could be used to profile the
strains from the two hospitals. Using the restriction enzyme Xbal, C. sakazakii strains gave 12 to 17
DNA fragments per strain, whereas C. malonaticus strains gave 8 to 10 bands (Figure 3.4).
Comparable numbers of fragments were obtained using Spel, 14 to 17 bands for C. sakazakii strains
and 14 to 16 bands for C. malonaticus strains. The Xbal restriction enzyme separated the collection
into 16 pulsotypes: ten for C. sakazakii, five for C. malonaticus and one for C. muytjensii, while
the Spel restriction enzyme divided the collection into 14 pulsotypes: eight for C. sakazakii, five
for C. malonaticus and one for C. muytjensii. Combining the PFGE profiles generated with the
restriction enzymes Xbal and Spel grouped the 51 strains into a total of 15 pulsotypes: nine for C.
sakazakii, five for C. malonaticus and one for C. muytjensii. Strains of the same sequence type from
different hospital departments were distinguishable by PFGE and are considered in more detail

below.
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Compsie dats PFGE Spel PFGE Xbal

4
3

Strain no. Species Dept.  Hospital Source Isolation  Age
date.

S 0 2018 Comalonatious  InfectD  Prostejoy  Sputum 050513 72 ST7 PTH

© ] 1914 C.malonaticus InfectD Prostejov Sputum 021012 69 ST7 PT1

I || 1827 C.malonaticus Ml Olomouc Cannula 091007 76 ST7 PT2

| || 1835 C.malnaticus Paed  Olomouwc TS 300312 6 ST7  PT3

il | 1834 C.malonaticus Peed  Oomouc TS 310510 16 ST7 PT3

| 1833 Comalonsticus CMP  Olomows Stool 110110 5 ST7 PI3

| 2020 Comabnaticus Paed  Olomous Stool 260513 5§ ST7  PT4

I 2015 C.malonaticus  Paed  Olomow TS 160813 7 ST7 PT4

1 2014 C.malonaticus Paed  Olomowe TS 080413 B ST PT4

J | 2004 C.malonaticus Paed  Olomouc TS 020313 17 817 PT4

| 1999 C.malonaticus Paed  Olomouc TS 30113 3 ST7 P4

i\ 1917 C.malonaticus  Paed  Olomowc TS 281012 15 ST7 PT4

||| 1832 C.malonaticus Paed  Olomow TS 270309 3 STT PT5

‘=| | | 1831 C.malonaticus Paed  Olomowc TS 060607 3 ST PTS

|} C.malonaticus  Paed  Olomowc  T§ 090507 2m  ST7 PT5

1 C.malonaticus  Paed  Oomowc TS 040607 1 ST7 PTS

] C.malonaticus  Paed  Olomous NS 121007 2 ST7 PTS

C mugtienss  AICU  Ofomouc  Sputm 100412 63  ST28 PT6

C. sakazaki MC Prostejov  ToS 16-03-13 7 ST4  PT7

C.sakazaki  IMB  Prostsjov Spum 190243 77 ST4 PI7

C.saxazaki  IMB  Prostsjov OCS 200113 68 ST4 PT7

C.sakazakii  IMB  Prostejov RS 030213 71 ST4 PT7

C. sakazakii IMB Prostejov  Sputum  06-11-12 84 ST4  PTT

C. sakazaki icu Prostejov  Sputum  19-0612 80  ST4  PT7

C.sakazaki  IMA  Prostsjov USC 310313 68 ST4  PT7

(NNTIAT C.sakazakii  IMB  Prostejov Sputum 040413 91 ST4 PT8

C.sikazaki  MC  Prosejov Spuum 040443 70  ST4 PTR

C.sakazaiii  IMA  Prostejov Sputum 120313 88 ST4 PTI0

C.saxazakll  IMA  Prostefov Sputum 280243 70 ST4  PTI0

C.saxazakl  IMA  Prostsfov Spuwm 220113 49 ST4 PTI0

C.sakazakii  IMICU  Prostejov Sputum 240812 59  ST4 PTI0

C.sakizakii  1CU Prostejov  Sputum 210113 65 ST4 PTH1

C. saxazakii IMICU  Prostejov  Sputum  21-08-12 69 ST PT11

C.sakazaki  IMA  Prostfov Sputum 060313 70 ST4 PTI2

C.sakazakii  IMA  Prostejov Sputum 070413 76 ST4 PTI2

C.sakazakii  AICU  Prostejov Sputum 220413 27  ST4 PTI2

Csakazaki  IMA Prosteiov TS 120313 B84  ST4 PTI2

| ERETIR Y 1 I C.sakazalkd  IMA Prostejov  Sputum  20-0243 B3 ST4  PT12
I i C.sakazaki  IMA Prostejov  Sputum  14-01-13 84 ST4  PTI2
TNy Cosskazski  WHCU Prostsov Sputum 150812 82 ST4 PTI2
R RIS C.sakazaki  IMA  Prostsjov Sputm 270612 72 ST4 PTI2
CRR R i i Csakazakii  IMA  Prostejov Sputm 180612 79 ST4 PTI2
[ | C.sskazakii  Sugery Prostejov WS 250512 85 ST PTi2
d - C.sakazaki  IMA  Prostsfov Sputum 100513 87  ST4  PTI2
L P mamio C.sakazakii  AICU  Prostsjov Sputum 180413 27 ST4 PT12
C.sakpzakii A Prostjov  Sputm 060313 70 ST4 PTI2

rm C.saazad WA Prosieior Spuum 181012 B4 STA PTI
RN C.sakazalki  IMA Prostejov  Sputum  24-0243 73 ST4  PTi2

| G.sakazakii  1CU Prostsiov  SPEG 120612 73 ST4 PT13
R 0l C.sakazaki  Surgery Prosteiov WS 230512 63  ST4 PTI4

e 8 _l C swkazaki  OP Prosteiov  Spuum 100113 50 STB4 PTI5

Figure 3-4 Combined Xbal and Spel PFGE profiles of fifty-one Cronobacter strains.

InfectD = Infection Disease, IMIII = Internal Medicine Ill, Paed Paediatric, CMP = Clinical and Molecular
Pathology department, AICU = Anaesthesiology and Intensive Care Unit, IMA IMB IMC = Internal Medicine ABC,
ICU = Intensive Care UnitOP = Out-Patient, TS = Throat Swab, NS, = Nasal Swab, ToS = Tongue Swab, OCS = Oral
Cavity Swab, RS = Rectal Swab, USC= Urine suction catheter, WS = Wound Swab SPEG = Smear of Percutaneous
Endoscopic Gastrostomy.
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The isolates from Olomouc hospital formed four distinguishable C. malonaticus pulsotypes (PT2 to
5) and one C. muytjensii pulsotype (PT6), which were recovered from different age groups of
patients from four hospital departments. PT2 was one C. malonaticus ST7 strain (1827) isolated in
the Internal Medicine Department from the intravenous cannula of a 76-year-old patient in 2007.
PT3 was composed of three C. malonaticus ST7 strains (1834, 1835, 1833), two of which were
isolated from the Paediatric Department and one was from the Clinical and Molecular Pathology
Department. The three PT3 strains had been isolated over a 2-year period from throat and stool
samples of patients under 16 years of age. The six isolates in PT4 were all C. malonaticus ST7 strains.
Five had been isolated from the Paediatric Department over a 10-month period from throat swabs
and one from a stool sample. The patient ages ranged from 3 to 17 years old. The majority (4/5) of
PT5 strains were isolated from the throat and one from nose from the same Paediatric Department.
These strains were also C. malonaticus ST7 and had been collected over a period of 2 years. The
patient ages ranged from 2 months to 3 years. C. muytjensii ST28 strain 1838 was in a unique
pulsotype (PT6). This strain was isolated in 2012 at the Anaesthesiology and Intensive Care Unit,

from the sputum of a 63-year-old patient.

The isolates from Prostéjov hospital were recovered from seven departments and were clustered
in ten distinguishable Cronobacter pulsotypes (Table3.2 and 3.3). PT1 was the onlyC.
malonaticus pulsotype (strains 1914 and 2018). These were both C. malonaticus ST7 strains which
were isolated from patients’ sputum at the Infectious Disease Department. The collection was over
a 7-month period, and the patients were 69 and 72 years in age. All the remaining isolates were
strains of C. sakazakii, which formed nine pulsotypes (PT7 to 15). Eight of these pulsotypes (PT7 to
14) were composed of 32 strains of C. sakazakii ST4. PT15 was composed of one C. sakazakii ST64
strain (1995). Most of the 15 C. sakazakii ST4 strains in PT12 were isolated from sputum except
strains 1837 and 2010, which were isolated from a wound swab and throat swab, respectively. This
pulsotype was collected over period of about 1 year and the patients’ ages ranged from 27 to
87 years. In PT12, 12 isolates were collected from the Internal Medicine Department, two from the
Anaesthesiology and Intensive Care Unit and one from the Surgery Department. PT13 and PT14
each contained single C. sakazakii ST4 strains; 1839 and 1836, respectively. PT15 contained a
single C. sakazakii ST64 strain (1995). These strains were isolated from a percutaneous endoscopic
gastrostomy smear ICU, wound surgery and the sputum of an outpatient, respectively. The
isolations were over a 7-month period and the patient ages ranged from 50 to 73 years. PT7
consisted of seven C. sakazakii ST4; strains 1840, 1916 and 2002 were isolated from sputum, strain
2000 from rectal swab, strain 2001 from oral cavity swab, strain 2009 from tongue swab and strain

2011 from section catheter. Six of the isolates were collected from the Internal Medicine
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department, and strain 1840 was isolated from an Intensive Care Unit patient (Table 3.2, Table 3.3).
The collection was over a 7-month period and all patients were over 68 years of age. PT8, 9, 10 and
11 consisted of eight C. sakazakii ST4 strains. All these strains except one (1997) were isolated from
sputum at the Internal Medicine Department, whereas strain 1997 was collected from the Intensive
Care Unit. The PT8 strain was isolated in 2013 from a 91-year-old patient. PT9 was isolated in 2013
from a 70-year-old patient. PT10 was collected over a roughly 8-month period and the patient ages

were between 49 and 70 years old. The two strains in PT11 were collected in 2012 and 2013 and

the mean patient age was 67 years (Table 3.4).

Phenotyping and Genotyping Profiles

Table 3-3 number of isolated Cronobacter strains from various hospitals departments.

Hospital Department Number Cronobacter strains isolated
Paediatrics 13
Internal Medicine 1
Olomouc
AICU 1
Pathology 1
Internal Medicine 22
Internal Medicine - ICU 3
Surgery 2
Prostéjov ICU 3
Infectious Diseases 2
AICU 2
Outpatient 1
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Table 3-4 Distribution of Cronobacter species and genotype according to hospital and patient details.

Pulsotype Sex
Cronobacter species | Sequence type | No of isolates (%) Hospital Period of isolation Age (y) Source (n)
(n) Male | Female
12 (15),7 (7) Sputum (24), Wound swab (2),
10 (4), 11 (2) Section catheter (1), Tongue swab (1)
C. sakazakii ST4 32 (63) Prostéjov | 12/06/12-10/05/13 >27 16 16
8(1),9(1), Throat swab (1), Oral cavity (1),
13(1),14 (1) Rectal swab (1), SPEG (1)
C. sakazakii ST64 1(2) 15 (1) Prostéjov | 10/01/2013 50 1 0 Sputum (1)
4(6),5(5)
C. malonaticus ST7 17 (33) Olomouc | 06/05/07-16/08/13 <1-76 12 5 Throat swab (11), Fecal material (2), Cannula (1), Nasal swab (1)
3(3),2(1)
1(2) Prostéjov | 2/10/2012 & 5/05/2013 69 & 72 2 0 Sputum (2)
C. muytjensii ST28 1(2) 6(1) Olomouc 10/04/2012 63 0 1 Sputum (1)
Total 51 6 years 29 22
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GoeBURST analysis showed the range of patient ages and sources with Cronobacter species
(Figure 3.5). C. sakazakii ST4 strains were predominantly sputum samples from adults >70 years in

age, whereas C. malonaticus ST7 were from throat swabs of children <6 years old.

Isolation ste: Sputum=54.9%

ji SDCCQS C. sakazakii =64.7% Patient age: 60-74 =33.3% Isolation site: Throat swab =23.55%
Patient age: 2 70=29.4% Isolation site: Stool =3.95%
C. malonaticus=33.4%
Species Patient age: < 6=17.7% Isolation ste: Wound swab =3.95%
Species:C. muytjensii =1.9% Patient age: 7-18 =9.8% Isolation site: Cannula =1.95%
.| Patient age: 19-59=9.8% Isolation site: Nose swab =1.95%

' Isolation site: Rectal swab =1.95%
Isolation site: SOC =1.95%
Isolation site: SPEG =1.95%
Isolation stte: Tongue swab =1.95%
Isolation ste: SC urine =1.95%

Figure 3-5 GoeBURST analysis of Cronobacter strains.

A; shows the percentage of each identified spicies, each color represent a spcicies (C. sakazakii is green, C. malonaticus
is red, C. muytjensii is blue), and the dominant STs are represented by the circles with larger diameters. B; shows the
percentage of different patient ages. Each color represent a group of age within each ST. C; shows the percentage of
different clinical isolation sites. Each color represent an isolation source within each ST.
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3.4 Discussion

Rapid detection methods help in reducing the risk of the occurrence of the infection incidences by
applying an appropriate treatment strategy and recognising the bacterial source, transmission
route and thus lead to set steps of control measures (Adamsson et al., 2000; Almuneef et al., 2001).
Some phenotypic methods using growth media give a quick presumptive identification of the
infection causes as the bacteria grow with different morphology aspects. Other growth media help
in the identification by inhibiting the growth of some bacterial groups. This preliminary
identification is still confirmed biochemically in some laboratories; however, this has been proved
to be no longer reliable especially with Cronobacter species. Therefore, the using of molecular
typing methods is important to achieve high-accuracy identification (lversen et al., 2007; Baldwin

et al., 2009; Cetinkaya et al., 2013).

The reported Cronobacter infections have primarily concerned with the infants and many of these
cases have been linked to contaminated reconstituted infant formula (van Acker et al., 2001; CDC,
2002; Weir, 2002; Chenu and Cox, 2009); however, other routes appear to exist, as infections occur
in breast-fed infants as well (Bowen and Braden, 2006; Stoll et al., 2004; Ravisankar et al., 2014).
The carriage of the organism by adults (Holy et al., 2014) and the high incidence of UTIs (Patrick et
al., 2014) indicate that the exposure routes to this microorganism still require further elucidation.
The first process of isolation the microorganism from different sources is the use of basic technique
as culture media, these basic techniques are still required before applying the molecular level
techniques as these culture media assist in minimising the anticipated bacteria. In order to have a
wider perspective on the exposure and the identification of Cronobacter, this study phenotyped
and genotyped Cronobacter strains from age-profiled clinical isolates, and extended the previous
study by Holy and his co-authors who reported the incidence of Cronobacter from >45,000 patients

(Holy et al., 2014).

In this study, the colony morphology of all 51 Cronobacter strains was investigated using four
different media. Appearance of the tested colonies on MacConkey agar was in pink colour indicated
the fermentation of lactose in this medium. MacConkey agar is considered as an alternative
enrichment medium to VRBGA as it can differentiate the majority of Enterobacteriaceae family
(Druggan and Iversen, 2009) and is one of widely used media in clinical laboratories. VRBGA is a
selective and differentiation medium that inhibit the growth of Gram positive bacteria and
differentiate the Gram negative to glucose fermenters and non-fermenters organisms. This medium
is used in the enrichment step of DFA Enterobacteriaceae isolation methods (Druggan and Iversen,

2009; Mossel and Ratto, 1970). The Cronobacter strains in this study expressed typical pink colonies

63



Chapter 3 Phenotyping and Genotyping Profiles
surrounded with purple halo. However, majority of colonies were mucoid while strains 1828 to
1835, 1902, 1914, 1915, 1917, 1997, 1999, 2004, 2014, 2015, 2016, 2019, 2020 and 2021 were non-
mucoid. The production of mucoid colonies might be associated to utilisation of carbon sources
result in production of exopolysaccharides (EPS). The production of EPS relies on the use of
carbohydrates as carbon sources, which allow for high productivities and yields. The most
commonly used substrates are sucrose and glucose; however, lactose, xylose and galactose are less
frequently used as many bacteria are unable to use them which result in reduced the production of
EPS (Roca et al.,, 2015). For example, Streptococcus mutans use sucrose to produce a sticky,
extracellular, dextran-based polysaccharide (Busuioc et al., 2009). Cronobacter also secrete EPS
colanic acid which is composed of glucuronic acid, D-glucose, D-galactose, D-fucose and D-mannose
(0-0.8%) (Ogrodzki and Forsythe, 2015). Finally, one strain which is 1838 grew very poorly on
VRBGA, similar poor growth of some strains on VRBGA has been reported by Iversen and Forsythe

(2007).

On XLD agar all tested strains formed yellow colonies and colonies that were mucoid on VRBGA
were mucoid on XLD as well. The selective agent in XLD agar is sodium deoxycholate, which inhibits
the growth of gram-positive organisms. The carbohydrate source is xylose which is fermented by
most enterics except for Shigella species, and these colonies appear red on this medium as a result.
A second differential mechanism for Salmonella is employed by the addition of lysine. Lysine
decarboxylation reverts the pH of the medium to an alkaline condition. To avoid this reversal to a
Shigella reaction, lactose and sucrose are added in excess. The addition of sodium thiosulfate and
ferric ammonium citrate as a sulfur source and indicator, respectively, allows hydrogen sulfide
forming organisms to produce colonies with black centers, under alkaline conditions. The XLD agar
is a selective agar for Salmonella and Shigella; however, it can distinguish some of other enteric
pathogens such as Citrobacter and Escherichia coli by xylose fermentation which leads to the
formation of yellow colonies. On TSA agar the colonies that produce yellow pigment is presumably
identified as Cronobacter spp.; however, different factors such as temperature, light could affect
the expression of this pigment making it an unreliable feature (Druggan and Iversen, 2009; Farmer
et al., 1980; Johler et al., 2009). Nevertheless, all 51 Cronobacter strains were able to produce the
yellow pigment after 24h at 37°C with light yellow colour for strain 2012. Cronobacter form yellow
pigment on TSA because they possess a gene cluster which contained seven genes (crtE-idi-
crtXYIBZ). This cluster is responsible for biosynthesis of carotenoids which involve in the pigment's
carotenogenic nature (Lehner et al., 2006). The 51 Cronobacter strains formed clear blue green
colonies on DFI agar due to a-glucosidase activity. The appearance of the blue-green colonies on

DFl indicates that colonies are more likely to be Cronobacter spp.; however, other bacteria such as
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Buttauxiella nokiae and Escherichia hermanii could form same blue-green colonies which may give
false identification that need further confirmation (Jackson et al., 2014). Although the use of these
media in hospital laboratories does not give a complete reliable identification, it is still essential for
growing and isolation of different bacteria and also for minimising the possible identification of

microorganism in this level.

This study biotyped the 51 Cronobacter strains using API ID32E. The APl scheme is aimed to speciate
the organisms using group of biomedical tests and online database to identify the species. When
this study was undertaken the database did not show the Cronobacter, consequently the positive
result was displayed as E. sakazakii. Nevertheless, all but two of 51 strains were identified as E.
sakazakii with high percentage matching >99.94, the exception was strain 1838 and strain 1841
which were identified as Pantoea spp. and E. cloacae respectively. These strains were genotypically
confirmed later as Cronobacter spp. This false identification was reported also by other studies used

API ID32E scheme (lvy et al., 2013; Jackson et al., 2014.).

It was expected that all C. malonaticus strains utilise malonate; however, C. sakazakii ST64 showed
also ability of utilising malonate. Iversen et al. (2006) extended the E. sakazakii biogroups, which
intilally created by Farmer et al. (1980), to 16 biogroups. They reported that 7 biogroups out of 16
were able to utilise malonate and 4 of these 7 biogroups contain C. sakazakii. However, there was
no more details about which ST of C. sakazakii could utilise this malonate. This lead to test all of C.
sakazakii ST64 strains, which belong to biogroup 5, that available in the Cronobacter MLST
Databases. The results confirmed that all tested C. sakazakii ST64 strains were able to utilise
malonate (Data not shown). Cronobacter PubMLST database provide to the researchers several
facilities such as BLAST genome search as it contains more than 300 Cronobacter genome. Thus, the
malonate utilisation associated genes have been searched and these genes were detected in all C.
malonaticus strains, C. sakazakii ST64 and also in C. sakazakii ST233 and C. sakazakii ST245. ST64
and ST233 belonged to biogroup 5 which contain also different STs of C. malonaticus. These results

confirmed that malonate utilisation feature is shared between both species.

The phenotypic methods, which have been applied in this study, showed some limitations that they
could not be used for correct identifications and could not speciate the strains. Therefore, genotypic
methods are necessary and important in order to achieve a high level of identification. The 51
Cronobacter strains were speciated and genotyped using rpoB gene sequence analysis, 7-loci MLST,
O-antigen typing and PFGE. The results were further analysed using provided information and the

goeBURST software.
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PFGE analysis of isolates revealed that the 35 strains isolated at Prostéjov hospital could be divided
into three groups. The majority (32/35) of strains belonged to C. sakazakii ST4 and were serotype C.
sakazakii O:2. These strains were isolated from various hospital departments during 2012—-2013.
Two other group isolates were also recovered from patients in this hospital. These were two strains
of C. malonaticus ST7 and were serotype C. malonaticus O:2, and were the only strains isolated
from the Department of Infectious Diseases. The remaining strain was C. sakazakii ST64 serotype

0:2, which was isolated from sputum of an outpatient who is 50 year old.

In contrast, fifteen Cronobacter strains isolated from patients at Olomouc hospital were identified
as C. malonaticus and one isolate was identified as C. muytjensii. The C. malonaticus strains
belonged to the identical sequence type 7 and identical serotype C. malonaticus O:2. With two
exceptions, all these strains were from patients at the Department of Paediatrics who had an age
range of 0-18 years. There were two strains from adults, one C. malonaticus from an intravenous

cannula and another which was C. muytjensii from sputum.

Despite the greater discrimination of strains using PFGE than MLST, isolates from patients for whom
there were no known links could not be further differentiated. For example, the C. sakazakii ST4,
pulsotype 12 strains were isolated from 15 adults (aged 27—85 years) between May 2012 and May
2013. This could be due to the reported high clonality of sequence types within C. sakazakii and C.
malonaticus limiting the discriminatory power of PFGE (Joseph et al., 2012b; Forsythe et al., 2014).
This study shows the value of applying MLST to bacterial population studies with strains from two

patient cohorts, combined with PFGE for further discrimination of strains.

The result of this study showed the presence of just one C. malonaticus ST and confirmed the high
clonality between C. malonaticus strains. Therefore, this project was amended as there was not
enough C. malonaticus STs or diversity between strains. Consequently, six C. malonaticus strains
(2018, 1827, 1830, 1835, 1833, 2020), representing the 5 C. malonaticus PTs (PT1 to 5), were
selected from this collection for the PhD stage parallel with 14 C. malonaticus strains from the

Cronobacter PubMLST database (Table 3.5).
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Table 3-5 C. malonaticus strains used in Chapter 4 and 5

Strain ST rpoB O- Source Country Year of Comment
No. antigen isolation
565 7 18 Cmal02 Faecal isolate USA 1973 CPMD
681 7 18 Cmal02 Breast abscess isolate USA 1977 CPMD
688 7 18 Cmal02 Sputum Czech Republic 2004 CPMD
983 7 18 Cmal02 Infant formula Brazil 2007 CPMD
1558 7 18 Cmal02 Faecal isolate Czech Republic Unknown CPMD
1827 7 18 Cmal02 Cannula ( Blood) Czech Republic 2007 Table 2.1
1830 7 18 Cmal02 Throat swab Czech Republic 2007 Table 2.1
1833 7 18 Cmal02 Faecal isolate Czech Republic 2010 Table 2.1
1835 7 18 Cmal02 Throat swab Czech Republic 2012 Table 2.1
2018 7 18 Cmal02 Sputum Czech Republic 2013 Table 2.1
2020 7 18 Cmal02 Faecal isolate Czech Republic 2013 Table 2.1
507 11 20 CmalO03 Faecal isolate Czech Republic 1984 CPMD
512 11 20 CmalO3 Clinical Czech Republic 1983 CPMD
514 11 20 Cmalo3 Clinical Czech Republic 1983 CPMD
15 60 39 CmalO1 Faecal isolate Czech Republic 2003 CPMD
687 60 39 CmalO1 Sputum Czech Republic 2004 CPMD
689 60 39 CmalO1 Faecal isolate Czech Republic 2005 CPMD
1545 84 18 Cmal02 Faecal isolate Czech Republic | Unknown CPMD
685 129 39 Cmal02 Blood isolate USA 1977 CPMD
1569 307 39 CmalO1 Blood isolate USA 2011 CPMD

ST: sequence type. CPMD: Cronobacter PubMLST database.
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Chapter 4 Physiological and virulence traits

4.1 Introduction

C. malonaticus is an opportunistic pathogen that is usually linked to adult infections. However,
recent reports have shown the involvement of this species with neonatal infections (Joseph et al.,
2012b; Hariri et al., 2013; Asato et al., 2013; Holy et al., 2014; Brandao et al., 2015; unpublished
data China). C. malonaticus is a foodborne pathogen that is present in several types of dry food
including PIF, powdered milk and spices. To cause a disease, foodborne pathogens first need to
tolerate diverse conditions such as desiccation, high temperature and high pH in the food and water.
In addition, once these pathogens are ingested, they must be able to survive the exposure to several

host conditions such as stomach acid, bile and mechanisms of the immune system (Boor, 2006).

In this chapter, the experimental work will be focused on investigation of physiological and
virulence traits that might contribute to the pathogenicity of C. malonaticus. In this study 20 strains
of different sequence types of C. malonaticus were used. Six ST7 strains were selected to represent
the 5 pulse types of the previous study in Chapter 3 and an additional 14 C. malonaticus strains
were chosen from the Cronobacter PubMLST database from different countries to represent
different STs (Table 3.5, Chapter 3). Utilisation of sialic acid was tested among used C. malonaticus
strains. In addition, several resistance traits such as acid resistance, heavy metal tolerance,
susceptibility to antibacterial agents and human serum resistance were conducted. Moreover,
biofilm formation, recovery of sublethally dry-injured bacterial cells and production of capsule,

cellulose, haemolysins, siderophore, protease and motility were investigated.

C. malonaticus has been isolated from PIF (Cronobacter PubMLST database) which is considered as
the source of some incidences of Cronobacter neonatal infections. In addition, Cronobacter can
tolerate the desiccation even more than other Enterobacteriaceae (Breeuwer et al., 2003). During
food processing, bacterial cells could be injured due to exposure to different stresses such as drying.
The injured bacterial cells can survive diverse conditions; however, some cellular changes of the
cell wall, cytoplasmic membrane or inner membrane, ribosomes, DNA, RNA, tricarboxylic-acid-cycle
enzymes may occur. Nevertheless, injured cells could repair themselves and multiply in the
reconstituted milk resulting in a restoration of their virulence activity and thus causing illness
(Caubilla-Barron and Forsythe, 2007; Wesceie et al., 2009). Moreover, some sublethally injured
bacteria fail to grow on detection media, which enable them to evade detection and consequently
threaten the health of consumers. Caubilla-Barron and Forsythe, (2007) investigated the generation
of sublethally injured cells during desiccation in PIF using Enterobacteriaceae strains including

Cronobacter strains. However, none of the Cronobacter strains used were recognised as C.
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malonaticus. Therefore, in this study 20 strains of C. malonaticus will be used to examine the

generation of sublethally injured cells during desiccation in PIF.

Itis important for foodborne pathogens to cope with the effect of the acidity of the human stomach
and intestines. Cronobacter has been proven not just to overcome the effect of acidity but also to
grow at low pH up to 4.2 (Johler et al.,, 2009; Alvarez-Orddnez et al., 2014). Furthermore,
Cronobacter spp. have been proven to possess the heavy metal resistance genes, which usually
encoded on the same plasmid with antibiotic resistance genes (Kucerova et al., 2010; Joseph et al.,
2012a); however, limited knowledge is known about this activity. The fact that several of metals
such as copper, silver, zinc, nickel, cobalt cadmium and arsenic are affecting the bacterial growth
by either their toxic action inside or outside the macrophage cells make the investigation of the

ability of C. malonaticus to tolerate or adapt heavy metals important (Osman and Cavet, 2011).

Gram negative bacteria which cause systemic infections need to overcome the action of
complement in human serum (Schwizer et al., 2013); however, Cronobacter spp. vary with respect
to their ability to survive the human serum (Townsend et al., 2007a; Almajed et al., 2016; Sonbol,
2015 unpublished data). Utilisation of sialic acid is an important virulence trait as it enables
pathogenic bacteria to survive more in body sites where sialic acid exist. C. sakazakii has been
proven to be able to utilise sialic acid. Such trait enhance the ability of C. sakazakii to cause systemic
infections (Joseph et al., 2013). The antibiotic resistance due to antibiotic overuse has become a
major clinical and public health problem; however, the overall level of Cronobacter resistance is
considered low compared with other food-borne pathogens (Lee et al., 2012). Yet this issue needs
more consideration. In this study the ability of C. malonaticus strains to tolerate acid, tolerate heavy
metals and resist human serum and antibacterial agents will be studied as they are factors

associated with bacterial pathogenicity.

As a part of this study all strains have been completely sequenced. Therefore, further molecular
investigation will be performed using the 20 genomes of C. malonaticus strains to support the
laboratory results. Two stress response genes which are ompR (which encodes the transcriptional
activator protein OmpR), and rpoS (which encodes the alternative sigma factor S, a subunit of RNA
polymerase), are found to be associated with acid stress response and general stress response
respectively (Stasic et al., 2012; Alvarez-Ordonez et al., 2014). The investigation included also
several factors such as the outer membrane protease cpa, the major outer membrane protein
OmpA, plasmid-encoded proteins TraT, regulator of colanic acid biosynthesis rcsA, siderophore-
encoding gene viuB and envelope stress regulators rcsB, cpxR, which have been reported to be

involved in the bacterial ability to survive the killing activity of human serum (Allen et al., 1987;
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Bogard and Oliver, 2007; Franco et al., 2011a; Miajlovic et al., 2013; Phan et al., 2013). Nan sialic
acid utilisation genes, which have been recognised in Cronobacter by Joseph et al. (2012a), will be
also investigated. Finally, genes, which are associated with metal and antibiotic resistance, will be

investigated as well.

The formation of biofilm by pathogenic microorganisms plays an important role in surviving several
stresses such as drying and antimicrobial agents. Many factors could involve in biofilm formation
on the surface of medical equipments or even infected tissue (Annous et al., 2009). The production
of extracellular materials such as cellulose is reported to play a clear role in biofilm formation as
well as cell-cell aggregation (Hu et al., 2015). Capsular polysaccharides are also found to be involved
in several bacterial activities include biofilm formation, escaping from phagocytosis and adhesion
(Pluschke et al., 1983; Willis and Whitfield, 2013; Jaradat et al., 2014). In addition, expression of
curli fimbriae has been found to facilitate the formation of biofilm and adhesion to host cells (Kim
et al., 2012). Moreover, bacterial flagella which are responsible for motility are an important
physical and virulence factor. Bacterial flagella are thought to have a role in the formation of biofilm
and also involved in other pathogenic activities such as adhesion and invasion (Cruz-Cordova et al.,

2012; Haiko and Westerlund-Wikstrém, 2013).

Several genes that have been found to be associated with some traits are reported. Cronobacter
possess about forty flagellar genes, and these genes will be studied to check the absent and present
of these genes in the used strains (Kucerova et al., 2010, Joseph et al., 2012a). Of these flagellar
genes three genes, flhE, fliD and flgJ, were associated with biofilm formation (Hartmann et al., 2010).
Other genes such as ESA_00281 and ESA_00282, which are hypothetical proteins, were also shown
to be associated with biofilm formation (Hartmann et al., 2010). In addition, genes associated with
the production of curli fimbriae (csgA-g and Ctu_16230), cellulose (bcs) and capsule (K-antigen
cluster and colonic acid genes) will be investigated in this study (Joseph et al., 2012a; Ogrodzki and

Forsythe, 2015).

The study in this chapter was extended to examine other virulence factors that are hypothesised to
be involved in the Cronobacter pathogenicity. These factors included bacterial haemolysin,
protease and siderophore. Bacterial haemolysin is a toxin that damages cell membranes, including
the red blood cells (RBCs), while bacterial protease has the potential to destroy the structural and
functional proteins in host tissue (Goebel et al., 1988; Lantz, 1997; Joseph et al., 2012a; Kucerova
et al., 2010). Microorganisms use iron as an essential element for bacterial metabolism, survival

and bacterial pathogenicity (Negre et al., 2004). Cronobacter is reported to harbour plasmids
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containing two iron acquisition systems which might enable Cronobacter to cause systemic

infections (Franco et al., 2011b).

Six putative genes associated with haemolytic activity (ESA_00102, ESA 00432, ESA_00643,
ESA 02810, ESA_02937 and ESA_03540) have been described in Cronobacter (Joseph et al., 2012a).
In addition, the outer membrane protease zpx and hydrogenase 3 maturation protease hycl are
associated with the proteolytic activity. Two iron acquisition operons, eitCBAD and iucABCD/iutA
have been revealed in previous genome studies (Franco et al., 2011b; Joseph et al., 2012a). Grim et
al. (2012) reported also that Cronobacter possess two transport systems to acquire iron. These
systems are the feoABC and efeUOB systems for acquisition of ferrous and Cronobactin
siderophores (iucABCD-iutA), which encoded on the larger plasmid of C. sakazakii and C. turicensis,
for ferric iron. In addition, five siderophores receptors (FhuA, YncD, FoxA, FhuE, and PfeA) were also
reported into clinical C. sakazakii and C. malonaticus isolates (Grim et al., 2012). Plasmid profiling
will be conducted to determine the number and size of plasmid that could be harboured by tested
strains. In silico plasmid investigation has been conducted in several studies and will be performed
in this study as well (Kucerova et al., 2010; Franco et al., 2011b; Joseph et al., 20123a; Yan et al.,
2015).

4.2 Materials and methods

The methods for this chapter were described previously in Chapter 2 of Materials and Methods.

4.3 Results

4.3.1 Utilisation of sialic acid

All C. malonaticus strains were unable to grow on minimal medium M9 with sialic acid as the only
carbon source. The C. sakazakii strain 658, which was used as a positive control in this assay, was
able to grow on minimal medium M9 with sialic acid which means it was capable to utilize sialic
acid as a carbon source. All strains grew on minimal medium M9 with glucose as the sole carbon

source while there was no growth on minimal medium M9 without any carbon sources.

Further investigations to determine the presence or the absence of the key genes were conducted
by applying genome comparison tools such as BLAST search genome and Artemis comparison tool
(ACT). Genes required for utilisation of sialic acid were reported in Cronobacter spp. (Kucerova et
al., 2010; Joseph et al., 2012a). All tested C. malonaticus strains lack a cluster of essential genes for
sialic acid utilisation. This cluster consists of yhch, nanA, nanK, nanT and nanR. Locus nanC which
also involve in the metabolic of sialic acid was absent in all C. malonaticus strains. However, genes

essential for sialic acid utilisation were present in the positive strain which is C. sakazakii 658 (Table
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4.1). Other genes associated with utilization of sialic acid such as nanE,nagA, nagB, nagC, siaP, siaQ
and siaM were present in all tested strains (Table 4.1). The pathway of sialic acid starts with the
uptake of sialic acid by NanC, in addition to NanT which is a major facilitator superfamily (MFS)
protein in the inner membrane. As soon as the sialic acid enters the cell, it is catabolised by nanA
and converted into phosphoenolpyruvate (PEP) and N-acetylmannosamine (ManNAc). ManNAc is
also converted to N-acetylmannosamine-6-phosphate (ManNAc-6-P) by NanK which is an ATP-
dependent kinase. In this stage, epimerase (NanE) will act on ManNAc-6-P and converted to N-
acetylglucosamine-6-phosphate (GIcNAc-6-P). This is followed by conversion of GIcNAc-6-P by
glucosamine-6-P deaminase (NagB) and GIcNAc-6-P deacetylase (NagA) to form fructose-6-
phosphate which is used and consumed in the glycolytic pathway. Nevertheless, the activity of

these genes is regulated by NanR which is basically a repressor (Severi et al., 2007; Vimr 2013).

Table 4-1 Sialic acid utilization associated genes.

NTU ST Sialic acid utilisation genes
Yhch | nanA | nanK | nanT | nanR | nanC | nanE | nagA | nagB | nagC | siaP | siaQ | siaM

565 7 - - - - - - + + + + + + +
681 7 - - - - - - + + + + + + +
688 7 - - - - - - + + + + + + +
893 7 - - - - - - + + + + + + +
1558 | 7 - - - - - - + + + + + + +
1827 | 7 - - - - - - + + + + + + +
1830 | 7 - - - - - - + + + + + + +
1833 | 7 - - - - - - + + + + + + +
1835 | 7 - - - - - - + + + + + + +
2018 | 7 - - - - - - + + + + + + +
2020 | 7 - - - - - - + + + + + + +
507 11 - - - - - - + + + + + + +
512 11 - - - - - - + + + + + + +
514 11 - - - - - - + + + + + + +
15 60 - - - - - - + + + + + + +
687 60 - - - - - - + + + + + + +
689 60 - - - - - - + + + + + + +
1545 | 84 - - - - - - + + + + + + +
685 129 | - - - - - - + + + + + + +
1569 | 307 | - - - - - - + + + + + + +
658 1 + + + + + + + + + + + + +

All used strains are C. malonaticus except strain 658 which is C. sakazakii. ST sequence type, + Present. — Absent.
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4.3.2 Biofilm formation
The ability of C. malonaticus strains to form biofilms on plastic surfaces was studied using two
different media, TSB and infant formula (IF), at two temperatures; 25°C and 37°C. Figure 4.1 and

Figure 4.2 show the biofilm formation of the 20 strains of C. malonaticus.

Figure 4.1 shows the biofilm formation of the 20 C. malonaticus in TSB medium. In general, all
strains showed an ability to form biofilm in this medium particularly at 25°C comparing with the
control; however, a clear variation between strains was noticed. Some C. malonaticus ST7 strains
such as 1827, 1830, 2018 and 2020 showed more ability to form biofilm than other C. malonaticus
strains in both used temperatures. Strain 507, which belongs to ST11, showed also high ability to
form biofilm in both temperatures. When the medium was replaced with infant formula, the results
were completely changed. As shown in figures 4.1 and 4.2 the preferred temperature for biofilm
formation when TSB was used was not the same when PIF milk was used. One-way ANOVA test was
performed to compare the effect of temperatures. This showed significantly higher biofilm
formation at 25°C (p < 0.05) compared to 37°C when TSB was used. However, when the infant
formula was used biofilm formation at 37°C was dramatically higher (p < 0.001) compared to 25°C.
According to figure, 4.2 all strains showed an ability to form biofilm at 37°C in the infant formula
comparing with the control. Seven strains which are 681, 688, 1827, 2018 (ST7), 507 (ST11), 685
(ST129) and 1569 (ST307) showed the highest amount of biofilm formation above 2 absorbance
units (AU) in IF medium (Figure 4.2). Some strains such as 565, 893 which are ST7 and 687 which is
ST60 formed good values of biofilm in IF when the absorbance was just under 2 AU. The remaining
strains showed modest ability comparing with the high values. At 25°C, though all strain still showed
an ability to form biofilm, there was a variation between strains. Strains 1558, 685 and 1569 formed
the highest values at this temperature (Figure 4.2). Interestingly, in TSB the maximum absorbance

was around 0.5 AU, whereas in IF was up to 3.0 AU.

Two hypothetical proteins (ESA_00281 and ESA_00282) and about three flagellar genes flhE, fliD
and flgJ were reported to have a role in surface adhesion (Hartmann et al., 2010). Genome search

revealed that all of these factors are present in all used C. malonaticus strains.
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Biofilm formation in TSB
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Figure 4-1 Biofilm formation at 25°C and 37°C temperatures in TSB.
Prefered temperature is 37°C. ST7 strains such as 1827, 1830, 2018, 2020 and strain 507, which belongs to ST11 showed

more ability to form biofilm than other strains.

Biofilm formation in formula milk
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Figure 4-2 Biofilm formation at 25°C and 37°C temperatures in infant formula.
Prefered temperature is 37°C. Seven strains which are 681, 688, 1827, 2018 (ST7), 507 (ST11), 685 (ST129) and 1569
(ST307) showed the highest amount of biofilm formation above 2 absorbance units (AU) in IF medium.
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4.3.3 Motility

The motility of C. malonaticus strains was demonstrated by their grown on LB broth supplemented
with 0.4% agar and 0.5% TTC solution, and the diameter of the bacterial growth after overnight
incubation was measured. Figure 4.3 shows the results of this assay, C. malonaticus strains 565,
893, 1827, 2018, 681,507,512,514, 15, 685, and 1569 showed wide range of motility zone diameter.
The highest motility was above 72mm and was shown by C. malonaticus strains 507 (ST11), 893,
681 (ST7), 685 (ST129) and 1569 (ST307). C. malonaticus strains 1830, 1833, 1835 and 2020 (ST7)
demonstrated the lowest motility exactly 4mm which indicates that these strains are non-motile.
The remaining strains of C. malonaticus showed different zone diameter between 19mm and 42mm

(Figure 4.3).

Additional information regarding the presence of flagellar genes that are responsible for flagella
expression and motility was obtained by genomic study (Kucerova et al., 2010, Joseph et al., 2012a).
All strains had the 40 flagellar genes; however, just one gene which is flhC, flagellar regulatory gene,
was found to have different sequences among used strains. As shown in figure 4.3 four strains (1830,
1833, 1835 and 2020) that were non-motile by motility test have similar sequence of flhC. These
four strains showed to be clustered together in Figure 4.4. This indicates that there might be Single
Nucleotide Polymorphism (SNP) changes at fewer positions across the sequences of flhC gene.
Indeed, SNP analysis revealed the presence of nucleotide difference among the gene sequence
(Figure S1). The DNA sequence of flhC gene was translated using MEGA6 software and the result

showed that the non-motile strains share same translated amino acid sequence (Figure 4.5 and

Figure S.4)
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Figure 4-3 Motility of C. malonaticus strains at 37°C, incubated for 18h.
The diameter for the motility zone was measured in millimetres. Four ST7 strains (1830, 1833, 1835 and 2020) are
nonmotile.
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687 fihC ST60
689 fihC ST60
5715 fihC ST60
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Figure 4-4 shows a maximum likelihood tree for DNA flhC gene sequence (582bp).

FIhC one of 40 flagellar genes, for C. malonaticus strains. C. sakazakii 658 and SP291 were added for comparison purpose.
The NTU strains IDs, name of gene and sequence type ST number are shown. The alignment was constructed using MEGAG.
Motile strains are highlighted in blue color, while the nonmotile strains are highlighted in orange color.
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Figure 4-5 shows a maximum likelihood tree for flhC amino acid sequence for C. malonaticus strains.

C. sakazakii 658 and SP291 were added for comparison purpose. The NTU strains IDs, name of gene and sequence
type ST number are shown. The alignment was constructed using MEGA6. Motile strains are highlighted in blue
color, while the nonmotile strains are highlighted in orange color.
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4.3.4 Congo red morphotype

Colony morphology of C. malonaticus strains was studied using Congo red binding assay and their
results are shown in table 4.2. Three colony morphologies were determined; red and dry (RAD),
brown and smooth (BAS) and red and smooth (RAS). The expression of RAD colonies was considered
positive for the Congo red dye binding assay, colonies which expressed RAS was considered as a
weak binding to the Congo red dye and BAS did not show any binding to the Congo red dye (Yan et
al., 2015). The colonies that formed by strains 681, 688, 1558, 1833, 685, 1545 and 1569 were
considered as RAD colonies, while strains 893, 1835 and 2020 formed RAS colonies, and the

remaining strains expressed BAS colonies which indicate there was no binding to the Congo red dye.

4.3.5 Cellulose formation

Calcofluor binding assay was used to detect the expression of cellulose by C. malonaticus strains
and results are shown in table 4.2. In general, results of this assay indicated that all used strains
produced cellulose. However, the ability of cellulose production varies between strains. Strains 681,
893, 1558, 1833, 685 and 1569 grew on calcofluor agar exhibited a strong fluorescence at 366 nm,
while strains 688 and 2018 exhibited a weak fluorescence and the remaining strains exhibited

moderate fluorescence.

4.3.6 Capsule formation

Table 4.2 shows the results of capsule production in three different media VRBGA, VRBA and infant
formula agar. The results clearly showed a variation in the production of capsule within the tested
strains. Therefore, a comparative scales of high, medium, low and non-capsule production are
represented by +++, ++, + and — respectively. As shown in table 4.2 some strains were able to
produce capsular materials on the all three used media; however, there was a variation in the
amount of materials that produced on the used media from some strains. The highest amount of
capsular materials was produced by strains 893, 1827, 2018 (ST7), 507, 514 (ST11) and 685 (ST129)
in all used media whereas strains such as 1830, 1833, 1835, 2020 (ST7), 15, 687, 689 (ST60) and
1569 (ST307) were not able to produce any capsular materials on any of the used media. Strains
565 and 1545 produced medium amount of capsules. The production of capsular materials vary
between growth media. For example, strain 512 (ST11) produced less capsule materials on VRBGA
while the capsule production was remarkably enhanced on the other two types of media. In
addition, some C. malonaticus strains showed to be not able at all to form capsule on some media
whereas on others they produced high amount of capsules. For instance, strains 681, 688 and 1558
(ST7) were not able to produce capsular materials on VRBGA and VRBA while the capsule

production was observed on milk agar.
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Curli fimbriae associated genes have been searched into the genomes of used C. malonaticus strains.
All the analysed genomes have been found to harbour curli fimbriae region which contain CsgA-G
and Ctu_16230 genes. Similarly, cellulose associated genes were searched and the investigation
confirmed the presence of all cellulose biosynthesis genes (bcs genes) in all used strains. In addition,
the genes for capsular polysaccharide assembly and export (ESA_03350-59) that reported by Joseph
et al. (2012a) were investigated using the C. malonaticus genomes (Joseph et al., 2012a). However,
when BLAST analysis was performed to check these ten genes using sequence of C. sakazakii BAA-
894 genes, four strains were found to lack four genes (ESA_03354-57) of the ten genes. These
strains are 15, 687, 689 (ST60) and 1569 (ST307). Nevertheless, Ogrodzki and Forsythe (2015) have
found that the ten genes are homologous to the previously well described K-antigen gene cluster
of E. coli. They found also that this K-antigen gene cluster categorised to three regions. Region 1
and 3 are conserved across the Cronobacter genus, while there are two variants of region 2. The
two variants of region 2 are not identical and differed in their length and GC% content. Therefore,
the capsular profiling scheme, which includes K-antigen and introduced by Ogrodzki and Forsythe
(2015), was also performed in this study. All the ST7 strains showed profile K-antigen 1 (K1) same
profile that reported in the mentioned study. Similarly, the colanic acid (CA) type among used ST7
strains was CA1 (Table 4.2). ST60 and ST307 strains showed K2 and CA2, while ST11 strains showed
K1 and CA2. Interestingly, ST60 and ST307 strains, which showed K2 and CA2 capsular profile, did

not give any mucoid colonies on the used media including milk agar (Table 4.2).
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Table 4-2 Colony morphology, capsule formation of C. malonaticus on different media and capsule profiles. Congo red agar, calcofluor agar, VRBGA, VRBA and milk agar were used.

Congo red agar Calcofluor agar Capsule production Capsular profiles
NTU ST VRBGA VRBA Infant O-antigen type | K-antigen type | Colanic acid type | Cellulose bcs genes
Formula
565 7 BAS ++ ++ ++ ++ 02 K1 CA1 +
681 7 RAD +H+ - - ++ 02 K1 CAl +
688 7 RAD + - - + 02 K1 CAl +
893 7 RAS +++ ++ +++ +++ 02 K1 CAl +
1558 7 RAD +++ - - ++ 02 K1 CAl +
1827 7 BAS ++ +++ +++ +++ 02 K1 CAl +
1830 7 BAS ++ - - - 02 K1 CAl +
1833 7 RAD ++ - - - 02 K1 CAl +
1835 7 RAS ++ - - - 02 K1 CAl +
2018 7 BAS + +++ +++ +++ 02 K1 CAl +
2020 7 BAS ++ - - - 02 K1 CAl +
507 11 BAS ++ ++ +++ +++ 03 K1 CA2 +
512 11 BAS ++ + +++ +++ 03 K1 CA2 +
514 11 BAS ++ ++ +++ +++ 03 K1 CA2 +
15 60 BAS ++ - - - o1 K2 CA2 +
687 60 BAS ++ - - - o1 K2 CA2 +
689 60 BAS ++ - - - o1 K2 CA2 +
1545 84 RAD +++ ++ ++ ++ 02 K1 CAl +
685 129 RAD +++ ++ +++ +++ 02 K1 CAl +
1569 307 RAD +++ - - - o1 K2 CA2 +

ST=sequence type. Colony morphology on Congo red; BAS = brown and smooth (no binding of curli fimbriae to the Congo red agar), RAD = red and dry (strong binding of curli fimbriae to the Congo red
agar), RAS =red and smooth (less strong binding of curli fimbriae to the Congo red agar). Capsule production; - = non-capsule production, + = low, ++ = medium, +++ = high.
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4.3.7 Acid resistance

Twenty strains of C. malonaticus, including eleven strains ST7, three strains ST11, three strains ST60,
one strain ST84, one strain ST129 and one strain of ST307 were investigated for their tolerance to
pH 3.5. Figure 4.6 shows the results for the different C. malonaticus strains. In general, the initial
viable count for all strains was between 5.69 logio CFU/ml and 6.26 logio CFU/ml. Over the 2-hour
period of the experiment the C. malonaticus strains showed a variation in their ability to resist acid
at pH3.5. All C. malonaticus strains ST7, ST11, ST84 and ST307 were able to survive this level of acid
over the 2-hour period. The three strains of ST60 showed resistance to the acid in the first hour of
the time; however, after 60 minutes the viable count cells decreased by about 2 logs at 120 minutes.
Interestingly, the viable count of the strain 685, which is ST129, started to decrease after 30 minutes
of the experiment and continued to decrease to about 3.5 logio CFU/ml at 60 minutes and at 90

minutes this strain could not survive this level of acidity.

Alvarez-Ordonez et al. (2014) reported that the gene ompR, which encodes the osmolarity response
regulator ompR, is a key player in the response of C. sakazakii to acid stress. In this study all tested
strains were found to harbour this gene. The sequence of the ompR gene of the 20 C. malonaticus
strains and 2 C. sakazakii strains was extracted from their genomes and aligned using MEGA6
software to find any differences in the sequences of this gene. The result showed that the sequence
of ompR gene for strain 685 differs from other ompR sequence of other strains. As shown in figure
4.7 strain 685 showed to cluster alone indicating the presence of difference in nucleotide sequence
between the ompR gene of this strain and others. Strain 685 showed to be sensitive to acid at pH
3.5 after 30 minutes. Further SNP analysis for the sequences of this gene revealed the presence of

the difference in some nucleotide positions (Figure S2).

Alvarez-Ordonez et al. (2012) reported also the contribution of rpoS sigma factor in the ability of
Cronobacter to tolerate several stresses. This study suggested a significant positive correlation
between rpoS activity and the ability of bacteria to tolerate the lethal acid, alkaline, osmotic, and
oxidative stress conditions. C. sakazakii strain ATCC BAA-894 (NTU 658) was one of the two sensitive
strains in Alvarez-Ordonez et al. (2012) study. These strains returned their ability to resist acid,
osmotic, and oxidative when complemented with a functional rpoS gene. Loss-of-function mutation
was found in C. sakazakii strain NTU658. Therefore, the sequence of rpoS gene of C. malonaticus
strains and C. sakazakii 658 were aligned using MEGA6 software and a phylogeny tree was
constructed. Interestingly, as shown in figure 4.8, strain 685 which was shown as acid sensitive
strain in this study clustered together with C. sakazakii 658 which showed to have the lowest
capacity to withstand the stress conditions in Alvarez-Ordonez et al. (2012) study. The two

sequences of the rpoS gene of these two strains shared same SNP at position 552. This might
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indicate that the loss-of-function mutation of the rpoS in C. malonaticus strain 685 could be also

present.
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Figure 4-6 Survival of C. malonaticus after the exposure to pH 3.5.

The survival was measured for up to 2 h at 0, 15, 30, 60, 90 and 120 minutes. NTU numbers of C. malonaticus strains with
their representative line are shown in the right of this figure. Strains 15,687 and 689 showed a decrease in the viable
count cells by about 2 logs at 120 minutes. Strain 685 started to decrease after 30 minutes, continued to decrease to
about 3.5 log10 CFU/ml at 60 minutes, and could not survive at 90 minutes.
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Figure 4-7 shows a maximum likelihood tree for ompR gene (720 bp).

OmpR gene is a proposed acid tolerance gene, for C. malonaticus strains. The NTU strains IDs, name of gene and sequence
type ST number are shown. The alignment was constructed using MEGA6. Purpal color = can survive during 2 h, yellow
color = decreased by about 2 logs at 120 minutes, Gray color = could not survive. The blue highlighted strains survived
the acid in very good level over 2 h period. The orange highlighted strains showed resistance to the acid in the first hour;
however, after 60 minutes the viable count cells decreased by about 2 logs at 120 minutes. The grey highlighted strain
could not survive the acid directly after 30 mins.
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Figure 4-8 shows a maximum likelihood tree for rpoS sequence gene (993 bp).

RpoS gene is a proposed stress gene, for C. malonaticus strains. C. sakazakii 658 and SP291 were added for comparison
purpose. The NTU strains IDs, name of gene and sequence type ST number are shown. The alignment was constructed
using MEGAG. The blue highlighted strains survived the acid in very good level over 2 h period. The orange highlighted
strains showed resistance to the acid in the first hour; however, after 60 minutes the viable count cells decreased by
about 2 logs at 120 minutes. The grey highlighted strains, strain 658 could not survive the acid directly after 30 mins and
strain 658, which is C. sakazakii strain, was one of the two acid sensitive strains in Alvarez-Ordonez et al. (2012) study.
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4.3.8 Sublethal Injury and desiccation

Sublethally injured cells of C. malonaticus strains were generated upon desiccation. Figure 4.9
showed the differences between viable cell counts on TSA and VRBGA. The inoculum for tested
strains was around 8 logio CFU/ml. However, all the strains displayed a greater recovery on TSA
(P<0. 05) than on VRBGA agar (Figure 4.9). On TSA the cell recovery ranged from 5.9 to 6.8 logio
CFU/ml with the lowest recovery was showed by strain 685. The cell recovery on VRBGA ranged
from 2.5 to 6.3 logio CFU/m. Strains 1827 and 893 showed the highest cell recovery rate at about
6.3 logio CFU/mI while strain 685 showed the lowest recovery rate at 2.5 logio CFU/ml. The

remaining strains showed recovery ranged from 4 to 5.9 logio CFU/ml on VRBGA.

On the other hand, Figure 4.10 showed the differences between dead cells that were not detected
on TSA and sublethally injured cells that were not detected on VRBGA. The number of dead cells
that were not detected on TSA agar was nearly same among the used strains, which was around 1
logio CFU/mI and strain 685 was around 2 logio CFU/ml. However, on VRBGA agar the number of
undetected cells (sublethally injured cells and dead cells) varied between the used strains. The
highest number of undetected cells (sublethally injured cells and dead cells) was showed by strain
685 at 5.5 logi0 CFU/ml followed by strain 565 at 4 logio CFU/ml. The lowest number of undetected
cells was showed by strain 1827 at 1.5 logio CFU/ml and the number of undetected cells for the

remaining strains was ranged from 2 to around 3 logio CFU/ml.

The differences in recovery on TSA and VRBGA after desiccation reflect the number of cells that
were sublethally injured during overnight desiccation. As shown in table 4.3 the highest number of
sublethal injured cells (3.37 logio CFU/ml) was shown by strain 685 (ST129) followed by strain 565
(ST7) which showed 2.85 logio CFU/ml. In contrast, strain 1827 (ST7) showed the lowest number of
sublethal injured cells which is 0.36 logio CFU/ml (Table 4.3). There was a clear variation among ST7
strains regarding the number of injured bacterial cells; however, less variation was noticed among

ST11 and ST60 (Table 4.3).

Several genes that associated with desiccation and osmotic stress response have been investigated
in the used strains. Genes included the yihUTRSQVO gene cluster, which are essential in metabolism
and in the transport of carbohydrates and glucuronide have been identified as desiccation-related
genes in C. sakazakii SP291 (Grim et al.,, 2013; Yan et al.,, 2013). They reported also the
osmoprotectant ABC transporter genes, including yehZYXW, which play roles in bacterial survival.
Yen et al. (2013) have reported other several genes, which are responsible for the regulation of
osmotolerance. These genes included five osmotolerance regulation genes yiaD, osmY, ompA, agpZ,

and glpF; five genes associated with osmotic stress, namely osmB and osmO, yciT, yciM, and pgpB
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and also periplasmic glucan synthesis genes included mdoC, mdoH, mdoG, mdoD, mdoB, and opgC.
The results of BLAST search of 20 sequenced C. malonaticus showed that all of the strains had all of

these genes.

RpoS is reported to be required for the tolerance to desiccation among E. coli (Stasic et al., 2012).
In Cronobacter, Alvarez-Ordonez et al. (2012) provided an evidence that this gene is important for
the tolerance of C. sakazakii under stress conditions. Strain 685 showed the lowest capacity to
withstand desiccation stress in this study. This strain could have, as shown in the previous section

(4.3.7), loss-of-function mutation of the rpoS.

Recovery of bacterial cells

-
o

.‘E ST/ 5T11 ST|ED ST84 ST129 ST307
§B ———F T T 'I = I-'}'
3
= 61 0 Inoculum
| LG - TSA
L UOCU OO s =
L]
e 2-
o
s
O 00T 0 B B

O N D DDA NS D0 D DA NGO A D D DD

PP PP TS Ve @@

Strains

Figure 4-9 Viable cell counts for C. malonaticus on TSA and VRBGA after desiccation and then reconstitution in IF.
Strains displayed a greater recovery on TSA than on VRBGA agar. The lowest recovery was showed by strain 685 on both
media.
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Dead and sublethally injured cells
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Figure 4-10 The count of undetected bacterial cells on TSA and VRBGA after desiccation and then reconstitution in IF.
The highest number of undetected cells (sublethally injured cells and dead cells) was showed by strain 685 followed by
strain 565.

Table 4-3 Comparison of viable counts for C. malonaticus on TSA and VRBGA after desiccation and then
reconstitution in infant formula

NTU ST Dead and injured cells Dead cells on TSA Sublethal injured
on VRBGA in log CFU/ml in log CFU/ml cellsin log CFU/ml
685 129 5.38 2.01 3.37
565 7 3.93 1.08 2.85
681 7 3.30 1.27 2.02
1558 7 3.10 1.18 1.92
687 60 3.06 1.21 1.86
507 11 2.84 1.19 1.65
689 60 2.79 1.20 1.59
512 11 2.85 1.28 1.57
15 60 2.55 1.17 1.38
514 11 2.69 1.32 1.37
688 7 2.32 1.06 1.26
1569 307 2.65 1.45 1.20
2020 7 2.22 1.19 1.02
1545 84 2.20 1.32 0.88
1835 7 2.07 1.20 0.87
1830 7 1.97 1.18 0.79
2018 7 1.94 1.20 0.74
1833 7 2.03 1.30 0.73
893 7 1.82 1.21 0.62
1827 7 1.48 1.12 0.36
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4.3.9 Metal Resistance

The C. malonaticus strains were subjected to 4 different concentrations; 1M. 0.1M, 0.01M and
0.001M of 8 metals, table 4.4 shows the results of this experiment. All C. malonaticus strains were
sensitive to 1M copper Il sulphate while they were able to resist up to 0.1M concentrations of this
heavy metal. Similar results to copper tolerance were shown with exception of two strains when
same strains were tested against sodium arsenate. The exception strains are 1827 and 15 which
were also sensitive at a concentration of 0.1M. C. malonaticus showed to be sensitive to silver
nitrate at the high 3 different concentrations (1M. 0.1M, 0.01M); however, at the lowest
concentration (0.001M) only 3 strains which are 512, 514, and 15 remained sensitive. For cobalt Il
nitrate, the results indicated that all of the strains were able to resist cobalt Il nitrate at low
concentrations of up to 0.01M. For nickel chloride, although all strains were able to resist at low
concentrations of up to 0.01M, only about 50% of the used strains showed resistance at a
concentration of 0.1M. These strains are 688, 1558, 1827, 1833, 1835, 512, 514, 15, and 685. The
majority of tested strains were sensitive to zinc sulfate heptahydrate at concentrations 1M and
0.1M, and as shown just strains 565, 688, 893, 512, 514, 15, 689 and 1569 were resistant at 0.1M.
C. malonaticus showed to be resistant to cadmium carbonate at all used concentrations. Finally,
without any exception all tested C. malonaticus strains were shown to be sensitive to sodium

tellurite at all concentrations.

The genomes of 20 C. malonaticus strains were screened for detecting the presence of the two
copper and silver resistance associated regions; cusABCFR/silABCER and pcoABCDR (Kucerova et al.,
2010; Joseph et al., 2012a). As shown in table 4.5 five strains were missing both regions, these five
strains showed same susceptibility against copper and silver as other strains which harbour the
both region. Therefore, other associated genes which are cueR, cueO, copA, and cutC that reported
in Salmonella were further screened into the 20 C. malonaticus strains. These four genes were
detected in all tested strains, which might indicate that the genes cueR, cueO, copA, and cutC could
play an important role in the control of these two copper and silver. All strains were screened also
for the presence of tellurite resistance associated genes; terA, terC, terD, terY and terZ. The
screening covered also other tellurate resistence gene tehB, which is reported in C. sakazakii SP291
(Yan et al., 2013). However, all tested C. malonaticus strains, which showed sensitivity to tellurite
metal, lack the presence of tellurite resistance associated genes, terACDYZ. These genes were
reported to be present in C. sakazakii BAA-894 (Joseph et al., 2012a). Nevertheless, tehB was

present in all C. malonaticus strains.

Other genes that have been reported to be associated with arsenic resistance among C. sakazakii

such as the regulatory gene arsR, gene including the arsenic efflux pump protein (arsB) and gene
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encoding the arsenate reductase (arsC) were screened (Masood 2015, unpublished data). The three
genes were detected in all used strains except strain 565 which lack the regulatory gene arsR;
however, the tolerance to arsenic at the highest concentration (1M) was varied. For nickel/cobalt
resistance, gene rcnA, which is encoded into a nickel/cobalt efflux system, was screened, thus just
one C. malonaticus strain which is 1558 was found to harbour this gene. However, all tested strains
showed nearly same tolerance pattern. This indicates that this gene is not involved in the resistance
to nickel or cobalt and this trait could be controlled by involvement of other genes. Moreover, two
genes zntA and cadA genes, which were reported to involve in zinc and cadmium resistance (Perez
et al., 2006; Lutsenko, 2000), were detected in all tested strains (Table 4.5). These two genes could
contribute in the tolerance of C. malonaticus to both zinc and cadmium as this finding is consistent

with the result of laboratory work (Table 4.4)
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Table 4-4 Heavy metal susceptibility in C. malonaticus.

Physiological and virulence traits

5 . - g g 2
s | 4 = 3 3 Z g g 5 2
o F ° & ® i g g
@ ® g z
im 0.1 0.01 0.001 im 0.1 0.01 0.001 iMm 0.1 0.01 0.001 iMm 0.1 0.01 0.001 im 0.1 0.01 0.001 iMm 0.1 m0.01 0.001 im 0.1 0.01 0.001 iMm 0.1 0.01 0.001
565 7 10 0 0 0 13 0 0 0 14 12 12 0 18 12 0 0 17 8 0 0 12 0 0 0 0 0 0 0 46 36 29 10
681 7 10 0 0 0 9 0 0 0 12 13 10 0 19 7 0 0 17 7 0 0 14 8 0 0 0 0 0 0 45 39 32 22
688 7 10 0 0 0 20 0 0 0 11 12 12 0 20 8 0 0 16 0 0 0 19 0 0 0 0 0 0 0 46 36 33 20
893 7 10 0 0 0 12 0 0 0 10 11 10 0 21 12 0 0 18 8 0 0 13 0 0 0 0 0 0 0 47 40 36 18
1558 7 10 0 0 0 11 0 0 0 12 13 10 0 20 7 0 0 17 0 0 0 12 8 0 0 0 0 0 0 47 40 32 22
1827 7 11 0 0 0 33 20 0 0 10 9 8 0 20 7 0 0 17 0 0 0 13 7 0 0 0 0 0 0 43 36 29 21
1830 7 11 0 0 0 23 0 0 0 11 12 8 0 19 11 0 0 18 7 0 0 17 8 0 0 0 0 0 0 43 30 20 15
1833 7 12 0 0 0 13 0 0 0 10 11 9 0 19 9 0 0 18 0 0 0 18 7 0 0 0 0 0 0 45 36 30 15
1835 7 11 0 0 0 22 0 0 0 11 11 9 0 20 7 0 0 17 0 0 0 17 7 0 0 0 0 0 0 40 35 20 17
2018 7 12 0 0 0 19 0 0 0 11 11 9 0 20 8 0 0 16 7 0 0 15 7 0 0 0 0 0 0 44 38 29 20
2020 7 11 0 0 0 25 0 0 0 10 11 7 0 19 11 0 0 18 7 0 0 16 8 0 0 0 0 0 0 41 27 16 11
507 11 11 0 0 0 19 0 0 0 12 13 10 0 20 10 0 0 19 7 0 0 12 7 0 0 0 0 0 0 43 37 27 22
512 11 13 0 0 0 25 0 0 0 13 13 14 10 22 12 0 0 16 0 0 0 25 0 0 0 0 0 0 0 48 45 36 25
514 11 13 0 0 0 30 0 0 0 13 13 12 11 22 11 0 0 17 0 0 0 23 0 0 0 0 0 0 0 50 40 35 25
15 60 11 0 0 0 25 10 0 0 14 13 14 11 19 10 0 0 15 0 0 0 25 0 0 0 0 0 0 0 50 42 35 25
687 60 12 0 0 0 21 0 0 0 12 13 10 0 19 8 0 0 19 9 0 0 14 7 0 0 0 0 0 0 45 37 28 22
689 60 9 0 0 0 26 0 0 0 12 10 9 0 19 11 0 0 17 7 0 0 26 0 0 0 0 0 0 0 50 46 40 25
1545 84 11 0 0 0 14 0 0 0 13 13 11 0 22 10 0 0 19 7 0 0 15 8 0 0 0 0 0 0 43 38 28 22
685 129 12 0 0 0 22 0 0 0 14 14 11 0 18 8 0 0 17 0 0 0 18 10 0 0 0 0 0 0 44 38 31 21
1569 307 10 0 0 0 13 0 0 0 11 11 8 0 19 8 0 0 16 7 0 0 12 0 0 0 0 0 0 0 42 36 30 13

The numbers indicate the diameter zone of growth inhibition in mm.
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Table 4-5 Resistance associated genes for copper and silver, tellurite, arsenic, nickel and cobalt, zinc and cadmium

NTU ST copper and silver resistance associated Other copper associated genes from Salmonella Tellurite Arsenic Nickel and Zinc and
regions in Cronobacter cobalt cadmium
cusABCFR/silABCER pcoABCDR cueR cueO copA cutC terA terC terD terY terZ tehB arsB arsC arsR rcnA zntA | cadA
565 7 + + + + + + - - - - - + + + - - + +
681 7 + + + + + + - - - - - + + + + - + +
688 7 - - + + + + - - - - - + + + + - + +
893 7 + + + + + + - - - - - + + + + - + +
1558 7 + + + + + + - - - - - + + + + + + +
1827 7 + + + + + + - - - - - + + + + - + +
1830 7 + + + + + + - - - - - + + + + - + +
1833 7 + + + + + + - - - - - + + + + - + +
1835 7 + + + + + + - - - - - + + + + - + +
2018 7 + + + + + + - - - - - + + + + - + +
2020 7 + + + + + + - - - - - + + + + - + +
507 11 - - + + + + - - - - - + + + + - + +
512 11 - - + + + + - - - - - + + + + - + +
514 11 - - + + + + - - - - - + + + + - + +
15 60 + + + + + + - - - - - + + + + - + +
687 60 + + + + + + - - - - - + + + + - + +
689 60 + + + + + + - - - - - + + + + - + +
1545 84 + + + + + + - - - - - + + + + - + +
685 129 - - + + + + - - - - - + + + + - + +
1569 307 + + + + + + - - - - - + + + + - + +
658 1 + + + + + + + + + + + + + + + - + +

(+) = present, (-) = absent.
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4.3.10 Iron Siderophore Detection

After the incubation period (up to 8 hours) the orange zones, which formed around the wells, were
measured and the results were represented in millimetre (mm) as shown in figure 4.11. All C.
malonaticus strains showed an ability to produce siderophores. According to the measured halo
zones, strains 681, 1558, 1833, 1835, 2018 2020 507, 687, 689, 1569 produced the highest
siderophore levels above 20mm diameter. The diameter of remaining strains ranged from 12 to 18

mm.

Cronobacter has been reported to possess two transport systems to acquire iron in both structures,
ferric and ferrous. These systems are the feoABC and efeUOB systems for acquisition of ferrous and
Cronobactin siderophores (iucABCD-iutA) for ferric iron. In addition, five siderophores receptors
(FhuA, YncD, FoxA, FhuE, and PfeA) were also reported into clinical C. sakazakii isolates (Grim et al.,
2012). In this study, the tested C. malonaticus strains, which showed ability to produce

siderophores, harbour also the siderophore acquisition systems that reported in Grim et al. study.

Siderophore detection
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Figure 4-11 Iron siderophore production by C. malonaticus using the CASAD assay.
After the incubation period (up to 8 hours), the orange zones were measured and the results were represented in
millimetre (mm).

92



Chapter 4 Physiological and virulence traits

4.3.11 Serum Resistance

Serum resistance for the all investigated strains was determined at four time points Oh, 1h, 2h and
3h. The results of this experiment are shown in Figure 4.12. There was a variation between C.
malonaticus strains in their response to the human serum. C. malonaticus ST7 strains 1827 and
2018 demonstrated a high level of resistance to the human serum over the 4 time points comparing
with other strains, while strains 688, 893 (ST7), 512, 514 (ST11), 15, 687, 689 (ST60), 685 (ST129)
and 1569 (ST307) showed ability to survive over the 4 time points at lower levels. Other strains such
as 565, 681 (ST7), 507 (ST11) demonstrated moderate levels of resistance and were able to survive
over the first 3 time points of incubation. Interestingly, C. malonaticus ST60 strain 687 showed a
decrease in the number of recovered viable cells during the first and second hours of incubation;
however, this number was increased by 2 logs at the last time point. All the remaining C.
malonaticus strains showed no ability to tolerate human serum after one hour comparing with

negative and positive controls.

A study by Franco et al. (2011a) showed that the outer membrane protease Cpa contributes in the
serum resistance activity among Cronobacter spp. However, all C. malonaticus strains which used
in this study showed absence of this factor in their genomes. Nevertheless, some studies stated
that several mechanisms contribute in the resistance to the bactericidal activity of serum
complement (Miajlovic et al.,, 2013; Phan et al.,, 2013). Indeed, several studies reported the
involvement of other factors in the bacterial ability to survive the killing activity of human serum.
These factors are the major outer membrane protein OmpA, plasmid-encoded proteins TraT,
regulator of colanic acid biosynthesis rcsA, siderophore-encoding gene viuB and envelope stress
regulators rcsB, cpxR (Allen et al., 1987; Bogard and Oliver, 2007; Miajlovic et al., 2013; Phan et al.,
2013). Screening for these genes in Cronobacter BLAST confirmed that all the tested strains in this

study possess these factors regardless of their response against human serum.
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Serum resistance
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Figure 4-12 Sensitivity of C. malonaticus to human serum over 3 h of incubation at 37°C.
S. Enteritidis and E. coli K12 were used as positive and negative controls respectively. ST7 strains 1827 and 2018

demonstrated a high level of resistance to the human serum over 3 hours of incubation. While strains 1830, 1833, 1835,
1545 and 2020 were not able to survive directly after being taken up.

4.3.12 Haemolysis on blood agar
The haemolytic activity for C. malonaticus strains was confirmed using TSA agar supplemented with
5% horse blood and the results of this assay showed that all tested strains produced B haemolysis

on TSA horse blood agar.

4.3.13 Protease production
After 72 hours of incubation period at 37°C all C. malonaticus strains demonstrated a positive result

for production of protease activity as a clear proteolysis was detected.

The ability of C. malonaticus to lyse blood and proteins was confirmed also by the presence of
several haemolysin and protease associated genes. Six putative genes associated with haemolytic
activity (ESA_00102, ESA_00432, ESA_00643, ESA_02810, ESA_02937 and ESA_03540) have been
detected in the used genome of the all tested C. malonaticus strains (Joseph et al., 2012a). In
addition, the outer membrane protease zpx that has a role in proteolytic activety was detected in

the all genomes of C. malonaticus strains.

4.3.14 Antimicrobial Susceptibility

Seven antibiotic groups were used to screen the susceptibility of the C. malonaticus strains. These
antibacterial groups were; Penicillins (ampicillin, augmentin), Cephalosporins (cefuroxime,
cefotaxime, ceftriaxone and ceftazidime) Quinolones (ciprofloxacin and nalidixic acid),

Aminoglycosides (gentamicin, amikacin), carbapenems (imipenem and meropenem), Tetracycline
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(tetracycline) and Miscellaneous (chloramphenicol, co-trimoxazole and nitrofurantoin) (Table 4.6).
As shown in the table 4.6, all of the screened strains were resistant to tetracycline. In contrast, all
C. malonaticus strains were susceptible to the remaining antibiotics except to two of them. C.
malonaticus strains 681, 688, 893, 2020, 687, 689, 685 and 1569, which are sequence types 7, 7, 7,
7, 60, 60, 129 and 307 respectively, all showed resistance to chloramphenicol while others showed
susceptibility to the same antibiotic. An intermediate response was detected also against
cefotaxime the third generation of cephalosporin group. The strains that showed an intermediate
response to cefotaxime are 681, 688, 507, 15, 687, 689 and 1569 which are sequence types 7, 7, 11,
60, 60, 60 and 307 respectively.

In addition to the laboratory antimicrobial susceptibility test, multiple drug resistance operons, mar,
was also searched into the genome of C. malonaticus strains. All strains were found to harbour this
multiple antibiotic resistance operon mar, though strains showed susceptibility to the majority of
antimicrobial agents. The presence of the multidrug efflux pump AcrAB, acridine resistance proteins
AB, was also detected among used genomes. The efflux pump AcrAB has been linked with the ability
of E. coli to expel both tetracycline and chloramphenicol (Sun et al., 2014). Therefore, the detection
of resistance to tetracycline and chloramphenicol could be due to the presence of AcrAB pump

system. A summary of the previous results in this chapter is provided in the table Table 4.7 below.
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Table 4-6 Susceptibility of C. malonaticus strains to the agents of antibiotic.

9} o) (e} o o) o o 9] g} o g} g} g} g} ] o o g} g} g}

S - - WL L - I O - - - I -+

Antibiotic groups Antibiotic Disc content g g g g g g §, §, § §, § § § §, § ,§, § § ,§, ,§,
(=] ~N

Penicillins Ampicillin 10 S S S S S S S S S S S S S S S S S S S S
Augmentin 20/10 S S S S S S S S S S S S S S S S S

Cephalosporins Cefotaxime 30 S | | S S S S S S S S | S S | | | S S |
Ceftazidime 30 S S S S S S S S S S S S S S S S S S S S

Ceftriaxone 30 S S S S S S S S S S S S S S S S S S S S

Cefuroxime 30 S S S S S S S S S S S S S S S S S S S S

Quinolones Ciprofloxacin 5 S S S S S S S S S S S S S S S S S S S S
Nalidixic acid 30 S S S S S S S S S S S S S S S S S S S S

Aminoglycosides Gentamicin 10 S S S S S S S S S S S S S S S S S S S S
Amikacin 30 S S S S S S S S S S S S S S S S S S S S

Carbapenems Imipenem 10 S S S S S S S S S S S S S S S S S S S S
Meropenem 10 S S S S S S S S S S S S S S S S S S

Tetracyclline Tetracycline 10 R R R R R R R R R R R R R R R R R R R R
Miscellaneous Chloramphenicol 30 S R R R S S S S S S R S S S S R R S R R
Co-trimoxazole 1.25/23.75 S S S S S S S S S S S S S S S S S S S S

Nitrofurantoin 200 S S S S S S S S S S S S S S S S S S S N

S = susceptibility, OR = resistance = intermediate resistance.
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Table 4-7 Results summary of sialic acid utilization, biofilm formation, motility, congo red, cellulose production, capsule production on milk agar, acid resistance, desiccated injured cells,
sins, protease, in Chapter 4.

production of siderophores, serum resistance, haemol

NTU ST Source Sialic acid Biofilm Motility Congo Cellulose Capsule production Acid Desiccated injured Production of Serum Haemolysins,
utilization Formation in red production on milk agar resistance cells in logs siderophores resistance protease
IF
565 7 Faecal isolate no moderate yes BAS ++ ++ yes 2.85 + Low moderate +
681 7 Breast abscess isolate no high yes RAD +++ ++ yes 2.02 + Low moderate +
688 7 Sputum no high yes RAD + + yes 1.26 + moderate +
893 7 Infant formula no moderate yes RAS +++ +++ yes 0.62 + moderate +
1558 7 Faecal isolate no low yes RAD +++ ++ yes 1.92 + sensitive +
1827 7 Cannula ( Blood) no low yes BAS ++ +++ yes 0.36 + high +
1830 7 Throat swab no low no BAS ++ - yes 0.79 + sensitive +
1833 7 Faecal isolate no low no RAD +++ - yes 0.73 + sensitive +
1835 7 Throat swab no low no RAS ++ - yes 0.87 + sensitive +
2018 7 Sputum no high yes BAS + +++ yes 0.74 + high +
2020 7 Faecal isolate no low no BAS ++ - yes 1.02 + sensitive +
507 11 Faecal isolate no high yes BAS ++ +++ yes 1.65 + Low moderate +
512 11 Clinical no low yes BAS ++ +++ yes 1.57 + moderate +
514 11 Clinical no low yes BAS ++ +++ yes 1.37 + moderate +
15 60 Faecal isolate no low yes BAS ++ - yes 1.38 + moderate +
687 60 Sputum no moderate yes BAS ++ - yes 1.86 + moderate +
689 60 Faecal isolate no low yes BAS ++ - yes 1.59 + moderate +
1545 84 Faecal isolate no low yes RAD +++ ++ yes 0.88 + sensitive +
685 129 Blood isolate no high yes RAD +++ +++ no 3.37 + moderate +
1569 307 Blood isolate no high yes RAD +++ - yes 1.20 + moderate +

ST = sequence type. IF = infant formula. + = able to produce. - = not able to produce. BAS = brown and smooth. RAD= red and dry. RAS= red and smooth. Capsule and cellulose production; - = non-

capsule production, + = low, ++ = medium, +++ = high.
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4.3.15 Plasmid profiling

Plasmid profiling was conducted on the 20 C. malonaticus strains to determine the presence of the
plasmids. C. sakazakii BAA-894 which contains two known size plasmids (pESA2 31 kb and pESA3
131 kb) and C. sakazakii 6 which is plasmid-less strain were used as a reference marker and a
negative control respectively. All C. malonaticus strains have been found to harbour at least one
plasmid (Figure 4.13). The reference strain, which reported to harbour 2 plasmids (pESA2 31 kb and
pESA3 131 kb), shows to have four bands. Strain 6 was used as a negative control as it is a plasmid-

less strain.

In silico plasmid profiling was performed in parallel with laboratory plasmid profiling. Plasmid pESA3
(131 kb) which is regarded as virulence plasmid (Franco et al., 2011a), the large plasmid (118 kb) of
C. sakazakii SP291 (ST4) (pSP291-1) and the large plasmid (~126 Kb) of C. malonaticus CMCC45402
ST7 (pCMCC 45402-1) were selected as reference plasmids. The whole genome of C. sakazakii strain
NTUG6 was also used in this part as a negative control. The reference plasmids were aligned against
20 C. malonaticus genomes using Blast Ring Image Generator (BRIG) (Figure 4.14-A, 4.14-B and
4.14-C). It was important to screen C. malonaticus genomes analysed in this study for the presence
of the content of reference plasmids and to observe if there is any variation among C. malonaticus

regarding the presence of full-length plasmid or present of any missing regions.

The BRIG alignment outcome in figure 4.14-A, 4.14-B and 4.14-C showed that the content of the
three reference plasmids was totally absent in the C. sakazakii 6 which used as a negative control.
This finding is consistent with the result that showed in figure 4.13. In addition, C. malonaticus 688
contained only partial length of pESA3, pSP291-1 and pCMCC 45402-1 plasmids. It showed
homology with only about 65 kb of pESA3 and pSP291-1 plasmids and about 80 Kb of pCMCC 45402-
1 plasmid. Two C. malonaticus strains which belong to clonal complex 7 (CC7), 1558 (ST7) and 1545
(ST84) showed to contain a full length of pPCMCC 45402-1 plasmids which harboured by ST7 strain.
Approximately 10 kb region that harboured by pESA3, consisting of 10 hypothetical proteins and
known as the T6SS system clusters was found to be mostly missing in all of the C. malonaticus strains
Figure (4.14-A). Moreover, Cronobacter plasminogen activator (cpa) and a starvation sensing
protein encoded by the rspA gene which harboured by both pESA3 and pSP291-1 plasmids were
absent in all C. malonaticus strains (Figure 4.14-A and 4.14-B). Interestingly, a complete plasmid-
borne operon for aerobactin synthesis (iucABCD) and arsenic resistance genes which harboured by
the three reference plasmids were found to be present in all C. malonaticus strains as shown in
Figure 4.14. However, the location of the aerobactin synthesis operon and arsenic resistance genes

was not same in the three reference plasmids.
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Figure 4-13 The plasmid profiles of C. malonaticus strains.

The strain C. sakazakii BAA-894 and C. sakazakii 6 which indicated by the red circles were used as reference strains. The plasmid sizes of C. sakazakii BAA-894 had been determined (Kucerova et al.,
2010; Stephan et al., 2011) and strain 6 is plasmid-less strain.
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Figure 4-14 BRIG alignment of the pESA3 plasmid, pSP291-1 plasmid and pCMCC 45402-1 plasmid with C. malonaticus genomes.
(A) The alignment of the pESA3 plasmid (131 kb) with 20 C. malonaticus. (B) The alignment of the pSP291-1 plasmid (120 kb) with 20 C. malonaticus. (C) The alignment of the pCMCC 45402-1 plasmid

(126 kb) with 20 C. malonaticus. The order is from inside to outside as following; rings from 1 to 11 are ST7 ( 565, 688, 681, 893, 1558, 1827, 1830, 1833, 1835, 2018 and 2020); ring number 12 is C.
sakazakii 6 (negative control) ; rings 13 to 15 are ST11 (507, 512 and 514); rings 16 to 18 are ST60 (15, 687 and 689); Ring 19 is ST84 (1545); Ring 20 is ST129 (685) and ring 21 is ST307 (1569).
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4.4 Discussion

Cronobacter, which is a member of Enterobacteriaceae family, has been occasionally reported to
cause severe infections in human. However, these infections sometimes are fatal among neonatal
group. C. sakazakii, C. malonaticus and C. turicensis are the only species that have been linked to
the neonatal infections. Recently, C. malonaticus has been reported more to be an opportunistic
pathogen that can cause life threatening infections among infants (Joseph et al., 2012b; Hariri et
al., 2013; Asato et al., 2013; Holy et al., 2014; Brandao et al., 2015; unpublished data China). To
cause infections, bacteria need to have several characteristics that enable them to overcome many
stresses and possess other virulence factors which could facilitate the cause of infections. To date,
the majority of studies related to physiological and virulence traits of Cronobacter spp. have focused
on C. sakazakii and other species were usually used for a comparative purpose. In this study, 20 C.
malonaticus strains, from various STs, were used to assess their ability to survive different
conditions as well as investigate some of their virulence traits. The putative responsible genes for

all the mentioned traits in this chapter were searched using the available genomes of the 20 strains.

Sialic acid is a carbon source that involve in the pathogenicity of bacteria (Almagro-Moreno and
Boyed, 2009). Sialic acid is present in the important human body sites such as intestine and brain
and thought to play an important role in ability of bacteria to grow in such places where the access
to carbon source such as sialic acid is available and thereby result in causing NEC and meningitis
(Joseph et al., 2013). The utilization of sialic acid has been detected in both clinical and non-clinical
of C. sakazakii strains. Recently some C. turicensis have been recognised as sialic acid utilised
(Joseph et al., 2013; Grim et al., 2013; Hariri 2015, unpublished data). However, all tested C.
malonaticus were not able to utilise this source of carbon. This might limit the ability of C.
malonaticus of causing infections in nervous system like C. sakazakii. However, the finding that C.
malonaticus is not able to utilize sialic acid may not affect the potential of C. malonaticus to cause

disease if other carbon sources present in the same place were the sialic acid is.

Further investigations to determine the presence or the absence of the key genes were conducted
by applying genome comparisons tools such as BLAST search genome and Artemis comparison tool
(ACT). Genes required for utilisation of sialic acid were reported in Cronobacter spp. (Kucerova et
al., 2010; Joseph et al., 2012a). C. malonaticus strains lack a cluster of essential genes for sialic acid
utilisation. This cluster consists of yhch, nanA, nanK, nanT and nanR. Locus nanC which is also
involved in the metabolic of sialic acid was absent in all C. malonaticus strains. However, these

genes which are essential for sialic acid utilisation were present in the positive strain which is C.
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sakazakii 658 (Table 4.1). The absence of the essential genes for sialic acid utilisation is consistent

with laboratory experiment finding which showed C. malonaticus was not able to utilise sialic acid.

In biofilm formation bacterial cells act more as a co-operative living system than as individual cells.
They become more resistant to environmental stresses and antimicrobial agents. This biofilm could
be formed on the surface of medical equipment or even infected tissue (Annous et al., 2009). In this
study, the ability of C. malonaticus strains to form biofilms on plastic surfaces was investigated using
two different media at two temperatures; 25°C and 37°C. The effect of temperature and other
factors such as O,, pH, osmolarity and hydrodynamics on biofilm formation were studied (Romeo,
2008). Indeed, temperature was a crucial factor in biofilm formation as shown in Figure 4.1 and 4.2.
The optimal temperature for biofilm formation was changed according to the used medium. When
TSB was used the optimal temperature was at 25°C, whereas when IF medium was used the optimal
temperature was changed to be at 37°C. The quantity of biofilm that was detected on the two types
of media was higher in IF medium compared with TSB medium among all tested strains (p < 0.001)
(Figure 4.1 and 4.2). These observations indicate that the nutrient type present in milk is important
to enhance the formation of biofilm. Milk nutrients helped the C. malonaticus strains to form a very
big amount of biofilm comparing with TSB nutrients. Indeed, Hood and Zottola, (1997) showed that
nutrients and other components effect the ability of bacteria to adhere to different surfaces. The
ability of C. malonaticus to form biofilm in different conditions make these bacteria become more
resistant to environmental stresses and antimicrobial agents. This will allow C. malonaticus to
survive and expose to human resulting in establishing infection if the bacteria possess mechanisms

to do so.

Different genes have been reported to be associated with biofilm formation. Two C. sakazakii
hypothetical proteins (ESA_00281 and ESA_00282) and about three flagellar genes flhE, fliD and flgJ
were described to contribute to surface adhesion (Hartmann et al., 2010). Although the ability of
strains to form biofilm varied, the genome search revealed the presence of these factors in the all
used C. malonaticus strains. This indicates that some of the detected genes might be inactivated
and not expressed or that the biofilm formation by C. malonaticus strains is influenced by other
factors. Certainly, biofilm formation is affected by some bacterial traits such as motility, curli
fimbriae and production of cellulose and capsular materials (Kim et al., 2012; Hu et al., 2015;
Pluschke et al., 1983; Willis and Whitfield, 2013; Jaradat et al., 2014; Cruz-Cordova et al., 2012;
Haiko and Westerlund-Wikstrém, 2013). These traits were investigated in this study to find if there
is any correlation between such traits and the ability of C. malonaticus to form biofilm. In addition,
the study of some of the above traits was performed also to find any other contributions in the

pathogenicity of C. malonaticus.
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Traditionally, flagella have only been linked to the motility function; however, these organelles are
found to has a role in other important functions such as adhesion to and invasion of host cells even
in indirect way (Haiko and Westerlund, 2013). In Cronobacter, Cruz-Cérdova et al. (2012) found that
the flagellated Cronobacter strains have ability to adhere and invade the human cells as well as elicit
the host immune response. In our study, most of C. malonaticus strains that were used were motile
except for strains 1830, 1833, 1835 and 2020 which are ST7 (Figure 4.3). These four strains were
isolated at same hospital from different departments in different years. However, the results
indicate that this motility was due to the presence and the expression of flagella in motile strains.
Cronobacter harbour about forty flagellar genes, all of them were found in the all used strains.
However, the gene by gene investigation of the forthy flagellar genes revealed the presence of a
difference in the nucleotide sequence of flhC, encoding a regulator of flagellar gene expression,
across used strains. Motility in E. coli is controlled by a master regulator encoded by flhD and fIhC,
which contain the flhDC operon (Gauger et al., 2007). Indeed, a study by Monday et al. (2004) has
found that E. coli 0157:H-nonmotile strains have been shown to contain a deletion in flhC sequence.
Interestingly, strains 1830, 1833, 1835 and 2020 which were non-motile harboured same flhC gene
sequence (Figure 4.4). This indicates that there might be SNP changes at fewer positions across the
sequences of flhC gene. Indeed, SNP analysis revealed the presence of nucleotide difference among
the gene sequence (Figure S.1). Such SNP change could cause a variation in the resulting structure
of the protein, which may affect their functional characteristics. The DNA sequences of this gene
from the 20 used strains were translated using MEGA6 software to check if they have synonymous
or non-synonymous SNPs. The result showed a difference in the produced amino acid sequences
when all motile strains showed transclation of same amino acid sequence while non-motile strains
share same amino acid sequence (Figure 4.5 and Figure S.4). These results suggest the importance

of the flhC gene in the motility of C. malonaticus and might contribute also in their pathogenicity.

The relationship between motility and biofilm formation is complicated to interprete. The inhibition
of motility is believed to be an important event in biofilm formation; motility is required early, but
inhibited later when biofilm is formed (Guttenplan and Kearns, 2013). However, seven strains,
which are 565, 681, 893, 2018 (ST7), 507 (ST11), 685 (ST129) and 1569 (ST307), out of eight that
showed highest range of motility were high biofilm producers in PIF at 37°C. The motility could be

used at the beginning of biofilm formation and inhibited in the advanced stages of biofilm formation.

The morphology of the capsular materials that produced by the selected C. malonaticus strains was
assessed by colony appearance using three different media, VRBGA, VRBA and IF agar. In general,
the production of capsular materials was enhanced when IF was used. For instance, strains 681,

688, 1558 (ST7) did not produce any capsular materials on VRBGA and VRBA; however, their ability
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to produce capsular materials was obvious when streaked on IF agar (Table 4.2). In addition, strain
893 (ST7), strain 685 (ST129) and all ST11 strains produced less capsular materials on VRBGA,;
however, the production was enhanced by using VRBA and IF agar. These findings may confirm the
effect of ingredients of different medium on production of bacterial exopolysaccharides (EPS).
VRBGA medium contains glucose, VRBA contains lactose and IF medium contains lactose and whey.
Therefore, lactose and whey could play an important role in the production of EPS by C. malonaticus.
Indeed, Cronobacter can produce optimal EPS under nitrogen-limited growth conditions and this is
influenced by milk components (Dancer et al., 2009b; Scheepe-Leberkiihne and Wagner, 1986). The
organism has shown an ability to produce a notable extensive mucoid appearance on milk agar

which causes the growth to drip on to the inverted lid (Caubilla-Barron et al., 2007).

There was no correlation between capsule production and biofilm formation for tested strains as
shown in Table 4.2 and Figure 4.1-2. For instance, strains 688 and 1569 produced less or none
capsules respectively, nevertheless those strains were produced more biofilm in IF (Table 4.2 and
Figure 4.2). Similarly, Hurrell et al. (2009a) showed that strains which were not able to produce any
capsular materials produced more biofilm. Although there was no obvious correlation between
capsule production and biofilm formation, capsules are known to play an important role in
resistance to desiccation, serum activity and contribute in avoiding phagocytic killing (Guerry and
Szymanski, 2008; Willis and Whitfield, 2013; Ogrodzki and Forsythe, 2015). Among ST7 strains four
strains, which are 1830, 1833, 1835 and 2020 were not able to produce any capsular materials on
all media, showed no ability to survive human serum (Figure 4.12), or invade and survive different

used cell lines in Chapter 5.

The application of capsular profiling scheme which based on O-antigen, K-antigen and colanic acid
and introduced by Ogrodzki and Forsythe, (2015) revealed the presence of relationship between a
capsular profile and production of capsular materials. For example, strains 15, 687, 689 and 1569
which had O-antigen type 01, K-antigen type K2 and colonic acid type CA2 were not able to produce
any capsular materials on media including milk agar (Table 4.2). These strains seem also to lack four
(ESA_03354-57) of ten capsular polysaccharide assembly and export genes (ESA_03350-59).
Nevertheless, Ogrodzki and Forsythe, (2015) have found that the ten genes are homologous to the
previously well described K-antigen gene cluster of E. coli. They found also that this K-antigen gene
cluster categorised to three regions. Regions 1 and 3 are conserved across the Cronobacter genus,
while there are two variants of region 2. Interestingly, the two variants of region 2 differed in their
length and GC% content. Four other strains (1830, 1833, 1835 and 2020) with capsular profile 02,

K1 and CA1 were not able also to produce any capsular materials; however, other strains with same
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capsular profile showed ability of producing capsular materials particularly on milk agar. This might

indicate that other genes might contribute in the capsule formation.

Cellulose is another extracellular material produced by bacteria. It has been shown to play a role in
interaction between individual bacterial cells, and between bacteria and host cells. This component
is produced by bacteria for the formation of biofilm which impact the effect of chemical and
mechanical action on bacteria (Hu et al., 2015). All tested C. malonaticus strains produced cellulose
in different amounts (Table 4.2). Consistently, all used C. malonaticus strains harboured the bcs
genes which are associated with cellulose synthesis. Although cellulose is one of the major
components of the biofilm matrix in Sa/monella and E. coli, (Da Re and Ghigo, 2006), there was no
correlation between the ability of C. malonaticus to form biofilm and the amount of cellulose that
produced by strains. Curli fimbriae are also extracellular fibres that expressed by bacteria and
involved in the formation of biofilm and mediate the adhesion to host cells (Kim et al., 2012). Congo
red is used to supplement nutrient agar as a selection medium to differentiate between curli-
producing bacteria and non-curliated bacteria (Reichhardt et al., 2015). In this study, the Congo red
binding assay was conducted to assess the expression of curli fimbriae. All C. malonaticus strains
were confirmed to have curli fimbriae region which consist of CsgA-G and Ctu_16230 genes. When
bacteria express curli and cellulose, they display red and dry colony morphology on Congo red agar
plates (Bokranz et al., 2005; Jonas et al., 2007). Accordingly, not all C. malonaticus strains were able
to express the curli fimbriae. ST11 (507, 512, 514), ST60 (15, 687, 689) strains produced BAS
colonies while ST84, ST129 and ST307 produced RAD colonies. The morphology of ST7 colonies vary
in three forms which are BAS, RAS and RAD. Nevertheless, the finding showed no association
between the morphology of C. malonaticus colonies on Congo red and biofilm formation. A study
by Kim et al. (2012) using RT-PCR showed a strong correlation between the expression of curli
fimbriae and biofilm formation among Enterobacter strains. Such technique could be performed in

the future to confirm whether the same phenomena is present among Cronobacter or not.

When the food borne pathogen such as Cronobacter is ingested with food, they are exposed to the
stomach acid which could affect the survival of the ingested pathogens. The human stomach acid
ranges between pH 1.5 and 6 with consideration to the type of ingestion food (Hurrell et al., 2009b).
To mimic this environment of the stomach acid the IF media was adjusted to 3.5 pH. The majority
of C. malonaticus strains showed ability to survive IF at 3.5 pH over 2 hours of incubation (Figure
4.6), with the exception of strain 685 which could not survive after 30 minutes. All C. malonaticus
ST7 and ST11 and ST84 and ST307 showed ability of surviving this condition. A previous study
confirmed that Cronobacter has a great ability to survive at low pH values of about 3.5 (Edelson-

Mammel et al., 2006). Only ST60 strains declined by more than 2 logs at 2 hours. This was shown in
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a study by Edelson-Mammel et al. (2006) when some of Cronobacter strains declined by one log.
However, just one strain which belongs to ST129 showed no ability to survive directly after 30
minutes of incubation. The results of this study indicate the potential of C. malonaticus strains,
which showed ability to survive the stomach acidity, to invade intestinal cells and cause diseases.
OmpR is a gene known to play an important role in the response of C. sakazakii to acid stress
(Alvarez-Ordonez et al., 2014). This gene was detected in all used C. malonaticus strains; however,
strain 685, which was sensitive to acid after 30 mins, has a unique sequence of this gene (Figure
4.6). The analysis of ompR genes showed the presence of SNP difference in 685 gene, such SNP
differences may alter the functional characteristics of this gene (Figure S.3). However, the in silico
trascription of the DNA sequence showed that these SNPs are synonymous changes. This required
further laboratory investigation by using protein analysis techniques to confirm wiether this gene
is translated or not. RpoS sigma factor, which is suggested to play an important role in the tolerance
of Cronobacter to acid, osmotic, and oxidative stresses (Alvarez-Ordonez et al., 2012) is also
detected in all C. malonaticus strains. Interestingly, strain 685 which showed sensitivity to acid
effect directly after 30 minutes could lose the function of rpoS gene due to the presence of SNP
change that shared with C. sakazakii strain NTU658 (Figure 4.8, S.4). C. sakazakii NTU658 has been
showed to lose the function of rpoS gene and therefore it become a sensitive strain to different
stresses include acid (Alvarez-Ordonez et al., 2012). Alvarez-Ordonez et al. (2012) suggested a
significant positive correlation between rpoS activity and the bacterial tolerance to lethal acid,
alkaline, osmotic, and oxidative stress conditions. Similarly, there could be a strong correlation
between this defect in the sequence of rpoS gene and the sensitivity of C. malonaticus strain 685

to the effect of acid.

PIF has been found to be one of the most important Cronobacter infection source among neonatal
age. Some bacteria are hardly detected from PIF when they are sublethally injured due to exposure
to dry stress. Therefore, to protect the consumers from this product, it is important to study the
detection of sublethal injury bacteria. In this study, 20 C. malonaticus strains were subjected to dry
stress and then recovered using two type media, VRBGA and TSA. The study showed the effects of
two microbiological media, TSA and VRBGA, on cell recovery after desiccation. As shown in Figure
4.9 the recovery of all C. malonaticus strains showed decrease comparing with the number of
inoculum bacteria. However, the number of undetected, dead and sublethal injured bacterial cells,
from VRBGA was higher than from TSA (P<0. 05) (Figure 4.10). Interestingly, strain 685 showed the
highest number of sublethal injured cells (3.37 log10 CFU/ml) (Table 4.3). Exceptionally, this strain
was not able to survive when it was exposed to acid stress (Figure 4.6). In contrast, strain 1827 (ST7)

showed the lowest number of sublethal injured cells which is 0.36 log10 CFU/ml. In general, there
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was a clear variation among ST7 strains regarding the number of injured bacterial cells; however,

less variation was noticed among ST11 and ST60.

Desiccation can damage bacterial cell membrane during drying which could reduce the viable cell
count of the recovered bacteria (Gardiner et al., 2000; Ramos et al., 2001). Many factors affect the
recovery of bacteria after desiccation such as media composition and capsule formation. The PIF,
which is used during desiccation experiment in this study, contains different substances such as
lactose, milk fat, and proteins. Such components could provide bacteria with protection during milk
drying (Lian et al., 2002; Caubilla-Barron and Forsythe, 2007). In addition, during the formulation
process of PIF, osmotic protection could be also provided by milk components to the present
bacteria and this will enhance the ability of bacteria to survive desiccation (Lian et al., 2002;
Caubilla-Barron and Forsythe, 2007; Osaili and Forsythe, 2009). Moreover, sublethal injured
bacterial cells can repair cellular damage and recover their normal characteristics including
virulence factors (Wesche et al., 2009). Thus sublethal injured C. malonaticus strains in this study
could repair their normal traits which allow them to cause infections. In addition, the findings in
this study confirm the possibility of false negative results in the detection of C. malonaticus in PIF
or other dry food, which is potentially dangerous to the health of consumers. However, to
overcome such drawback, BPW is used in the first step when Enterobacteriaceae is detected in PIF

or other foods to repair and proliferate the sublethal damaged cells.

Several genes that reported by Yen et al. (2013) for their association with desiccation and osmotic
stress response have been detected in the all C. malonaticus strains. These genes included the
yihUTRSQVO gene cluster, the osmoprotectant ABC transporter genes, including yehZYXW, which
play roles in bacterial survival, osmotolerance regulation genes yiaD, osmY, ompA, aqgpZ, and glpF,
osmotic stress genes, osmB and osmO, yciT, yciM, and pgpB and also periplasmic glucan synthesis

genes included mdoC, mdoH, mdoG, mdoD, mdoB, and opgC (Yen et al., 2013).

RposS is also reported to be required for the tolerance to desiccation among E. coli (Stasic et al.,
2012). In addition, Alvarez-Ordonez et al. (2012) showed the importance of this gene in the
tolerance of Cronobacter to acid, osmotic, and oxidative. This gene was found in all used C.
malonaticus strains; however, the sequence of this gene in strain 685 which showed the lowest
capacity to withstand desiccation stress in this study was different from the other rpoS sequences
in other strains (Figure 4.8). As shown in section 4.3.7 and discussed previously a SNP change has
been detected and shared in both rpoS sequences of C. malonaticus 685 and C. sakazakii NTU658.
Such SNPs may alter the functional characteristics of the rpoS genes. Therefore, this difference

could be a default which makes this gene as an inactive gene resulting to make this strain to be a
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vulnerable to desiccation. However, the variation of the used strains in their ability to tolerate
desiccation could be controlled by other genes such as cellulose biosynthesis and colanic acid
exopolysaccharide genes which could also play a role in resistance against dry and desiccant

conditions (Grim et al., 2013).

Bacteria have an ability to control the metal homeostasis which could help the survival of pathogens
into macrophages (Reva and Bezuidt, 2012). Some metals such as copper, zinc, iron, nickel and
cobalt, manganese are essential in the structure of bacterial proteins, nonetheless these heavy
metals could be toxic for bacteria even at low concentrations (Osman and Cavet, 2011). In this study
the tolerance of C. malonaticus to eight heavy metals that might contribute in the bacterial
virulence abilities or the bacterial growth was investigated. All tested strains showed an ability to
tolerate or adapt the majority of metals at different concentrations (Table 4.4). Nevertheless, C.
malonaticus strains were sensitive to sodium tellurite at all used concentrations, which indicates
that tested strains do not have an efficient mechanism for adaptation or tolerance of this metal.
Indeed, the BLAST searches revealed the absence of tellurite resistance associated genes terACDYZ
in all C. malonaticus strains (Table 4.5). This indicates that terACDYZ genes are involved in the
resistance to tellurite in C. malonaticus. In contrast, all of tested strains were able to tolerate
cadmium at all used concentrations (Table 4.4). The cadA gene, which was reported to be involved
in cadmium resistance (Perez et al., 2006; Lutsenko, 2000), was detected in the all tested strains

(Table 4.5).

Pathogenic bacteria have an ability to control heavy metal homeostasis which help them to survive
the killing action of macrophages (Reva and Bezuidt, 2012). The control of heavy metals such as
copper and zinc are involved in the ability of the pathogenic microorganisms to survive into
macrophages. Copper levels are reported to increase and zinc levels decrease in macrophages that
exposed to cytokines and other mediators of inflammation. Therefore, bacteria need to have
mechanisms for sensing and rapidly adapting the flux of metals and ensure the delivery of the exact
metal to metal-requiring proteins (Osman and Cavet, 2011). In this study, C. malonaticus strains
showed an ability to adapt these two metals in three concentrations (0.001, 0.01 and 0.1) and could
not adapt them in the highest concentration (1 M) (Table 4.4). This indicates the presence of
homeostasis and resistance mechanisms for copper and zinc in C. malonaticus strains which could
improve the ability of C. malonaticus to survive the actions of macrophages. The genome study
reveals the presence of the responsible genes for the copper and zinc resistance in the all used
strains (Table 4.5). C. malonaticus showed also, in this study, the ability to control other metals such
as arsenate, silver, nickel and cobalt. These metals have been reported to have roles in virulence of

pathogenic bacteria such as Salmonella and Yersinia (Vasishta et al., 1991; Neyt et al., 1997; Tan et
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al., 2006). The ability of C. malonaticus to control the homeostasis and adaptation of such toxic
metals could enable them to survive different killing actions such as bactericidal activity of
macrophages. Indeed, metal resistance genes for arsenate, silver, nickel and cobalt are present in
the all C. malonaticus strains (Table 4.5). Arsenic resistance genes were also detected in the big
plasmids of the used strains as shown in figure 4.14. Noticeably, not all strains that showed the
ability to resist or adapt heavy metals were able to survive macrophages in Chapter 5. This is more

likely due to contribution of different factors in such activity.

Iron is an essential element that incorporates in the composition of the bacterial proteins and in
several bacterial activities (Negre et al., 2004). In the human body, the availability of iron is limited
by iron-binding proteins. This iron-sequestering property is associated with the prevention of the
growth of pathogenic bacteria (Rooijakkers et al., 2010). In addition, the stimulation of the immune
response during infections, resulting in removal of the iron from the blood circulation and human
cells (Collins, 2008). Moreover, in aerobic conditions, where oxygen is present, the availability of
iron is extremely limited for bacteria. To acquire iron in such environments, microorganisms secrete
high-affinity iron chelating compounds such as siderophores which help bacteria to survive. In this
study, as shown in figure 4.11, all C. malonaticus strains were able to produce siderophores which
indicates that C. malonaticus could acquire iron in iron-limited environments in human body. Grim
et al. (2012) reported that Cronobacter possess two transport systems to acquire iron, ferric and
ferrous. These systems are the feoABC and efeUOB systems for acquisition of ferrous and
Cronobactin siderophores (iucABCD-iutA) which is encoded on the larger plasmid of C. sakazakii
and C. turicensis for ferric iron. In addition, five siderophores receptors (FhuA, YncD, FoxA, Fhuk,
and PfeA) were also reported into the clinical C. sakazakii and C. malonaticus isolates (Grim et al.,
2012). In this study, all of these iron transport systems and receptors have been detected in the
used C. malonaticus strains. Moreover, the in silico analysis of plasmid profiling, as shown in figure
4.14, confirmed the presence of siderophore genes (iucABCD). These iron acquisition systems are

more likely to be responsible for such trait in all C. malonaticus strains in this study.

The Gram negative bacteria which cause systemic infections need to overcome the mechanisms of
killing by serum components and the action of human complement in human serum. In this study
some C. malonaticus showed the ability of surviving human serum. For example, two ST7 strains,
1827 and 2018, demonstrated a high level of resistance to human serum (Figure 4.12). In addition,
other C. malonaticus strains that belong to several STs displayed different levels of serum resistance.
The involvement of bacterial outer membrane proteins and protease in resistance to human serum
has been confirmed (Lambris et al., 2008; Schwizer et al., 2013). For Cronobacter spp., Franco et al.

(2011a) suggested that cpa (plasminogen activator) may have an important role in serum resistance.
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However, a recent study showed a variation in the ability of some C. sakazakii strains, which possess
the cpa, to survive in human serum (Almajed and Forsythe, 2016). Another recent study used C.
sakazakii strains by Hana Sonbol did not find a clear correlation between the presence of cpa and
serum resistance. In her study, two C. sakazakii strains, which were serum resistant, were also
lacked cpa gene (Sonbol, 2015 unpublished data). Such findings indicate the contributions of other
bacterial outer membrane structures and secretions such as OmpA, LPS, capsules and others in the
survival of bactericidal activity of human serum. Indeed, several studies reported the involvement
of other factors such as the major outer membrane protein OmpA, plasmid-encoded proteins TraT,
regulator of colanic acid biosynthesis rcsA, siderophore-encoding gene viuB and envelope stress
regulators rcsB in the bacterial ability to survive the killing activity of human serum (Allen et al.,
1987; Bogard and Oliver, 2007; Miajlovic et al., 2013; Phan et al., 2013). It was found that all tested
strains in this study possess these factors regardless of their response against human serum.
However, some genes could be present as a silent gene without any expression. Moreover, four
ST7 strains (1830, 1833, 1835 and 2020) showed no ability to survive human serum. These strains
were non-motile and not able to produce any capsular materials (Table 4.2), which indicates that
capsule and flagella might play important roles in resistance to human serum. Certainly, the
expression of exopolysaccharide colanic acid and the K2 capsule in E. coli showed a protective role
against the effect of human serum (Buckles et al., 2009; Miajlovic et al., 2013). In addition, serum
resistance and expression of the bacterial surface such as phase | flagellin (f/iC) have been found to
be facilitated by O-antigen capsule of S. Typhimurium. This was confirmed when the constructed
O-antigen capsule-deficient mutants in S. Typhimurium showed reduced resistance to the

bactericidal activity of human serum (Marshall and Gunn, 2015).

Interestingly, Schwizer et al. (2013) reported that strains not expressing the highly immunogenic
type 1 fimbriae may survive during exposure to human serum. It is worth mentioning that all tested
C. malonaticus strain in this study lack the presence of type 1 fimbriae; however, these structures
are important for pathogenicity of E. coli (Teng et al., 2005). In general, the ability of some C.
malonaticus strains to survive the human serum in this study indicates that this species can cause
bacteraemia or systemic infections. Strains such as 688, 893, 1827, 2018, 512, 514, 15, 687, 689,
685, 1569 were able to survive human serum up to 3 hours. Three of these strains (685, 1569 and
1827) were isolated from blood and one of these three (1569) was associated with a fatal meningitis

case. This indicates that C. malonaticus could cause bacteraemia and systemic infections.

Other virulence factors such as bacterial haemolysins and protease have been detected among the
tested C. malonaticus strains. These activities are important virulence factors in bacterial disease.

Bacterial haemolysin is a toxin that can lyse red blood cells (RBCs) and there are three different
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feature effects by haemolysins, which are  haemolysis, a-haemolysis and y-haemolysis (Goebel et
al., 1988). While bacterial protease, such as zinc-containing metalloprotease encoded by zpx, has
potential to destroy the structural and functional proteins in host tissue, cell damage was occurred
by Cronobacter zinc metalloprotease which noticed to induce the rounding of the Chinese hamster
ovary (Lantz, 1997; Kothary et al., 2007). All tested strains were able to lyse the RBCs of horse blood;
the activity was determined as type B haemolysis. In addition, the strains also degraded the milk
protein which was used in this study. Consistently, six putative genes associated with haemolytic
activity (ESA_00102, ESA_00432, ESA_00643, ESA_02810, ESA_02937 and ESA_03540) have been
detected in the used genome of the tested C. malonaticus (Joseph et al., 2012a). In addition, the
presence of proteolytic activity associated gene such as zpx was confirmed. These genes could play
important roles in the previous mentioned traits. The presence of such virulence traits indicates the

possible occurrence of serious destruction in human tissue during C. malonaticus infections.

Antimicrobial susceptibility was performed against eight antibacterial agents for all tested strains
(Table 4.6). All strains showed susceptibility to quinolones, aminoglycosides and carbapenems
groups though C. malonaticus strains harbour multiple drug resistance operon, mar. In contrast all
the tested strains were resistant to tetracycline and 40% of them were resistant to chloramphenicol
(Table 4.6). This resistance against tetracycline and chloramphenicol among Cronobacter was
reported previously (Nazarowec-White and Farber, 1999; Kilonzo-Nthenge et al., 2012; David et al.,
2013). This resistance could be due to the presence of the multidrug efflux pump AcrAB which was
detected among used genomes. The efflux pump AcrAB has been linked with the ability of E. coli to
expel both tetracycline and chloramphenicol (Sun et al., 2014). In contrast to Lai, (2001) results who
reported the presence of ampicillin resistance among Cronobacter, the results in this study have
not detected any resistance to ampicillin. However, about 35% of C. malonaticus strains showed
intermediate resistance to cefotaxime which is one of the third-generation of cephalosporins,
related to penicillin. Thus, in 2014 Pan and co-authors reported that about 10.2% of the tested
Cronobacter strains in their study were resistant to cefotaxime (Pan et al., 2014). These results

raised concerns about the possible emerging resistance against B-lactamase antibiotic group.

Kucerova et al. (2010) reported the first genome sequence of Cronobacter strain which is C.
sakazakii BAA-894 with the presence of two plasmids, pESA3 (131 kb) and pESA2 (31 kb). The pESA3
and another large plasmid pCTU1 (138 kb) of C. turicensis 23032 were studied more by Franco et al.
(2011b) who found that these two plasmids contain similar virulence genes such as iron acquisition
systems. Some genes of pESA3 and pCTU1 plasmids were screening among 229 Cronobacter strains
from different species, resulting in the presence of these genes in 97% of screened strains. Other

large plasmids were reported in C. sakazakii SP291 and C. malonaticus CMCC4502 with size 118 kb
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and 126.5 kb respectively (Power et al., 2013; Zhao et al., 2014). In this study plasmid profiling was
performed on 20 C. malonaticus strains including two C. sakazakii strains BAA-894 and 6 which used

as a reference marker and a negative control respectively.

As shown in figure 4.13, all of the strains contain at least one plasmid. Although, the figure shows
the appearence of more than one band in the same lane for the majority of lanes, these bands could
be present as supercoiled and open circle bands. Therfore, because of the limitations of the used
simple method, it was impossible to exactely specify how many plasmids are contained by the srains,
or detect an accurate size of the plasmids. The used strains could contain more than one plasmid
as this was confirmed in Cronobacter in previous studies (Kucerova et al., 2010; Power et al., 2013;
Zhao et al., 2014), and some of these plasmids are very large. Such large plasmids were detected
previously in C. malonaticus CMCC45402 by Zhao and colleagues when found that two circular
plasmids sized ~ 126,5 kb and ~ 55,9 kb were harboured by this strain (Zhao et al., 2014). large
plasmids with size around 126,5 kb, are believed to harbour two arsenic 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 (Franco et al., 2011b; Yan et al.,
2015). In addition, plasmids with size around 50 kb reported to harbour metal resistance traits such

as pCTU3 (53.8 kb) (Joseph et al., 2012a).

The contents of the large plasmids of C. malonaticus strains were more investigated by in silico
method. Three known large plasmids which are plasmid pESA3 (131 kb) that is regarded as a
virulence plasmid (Franco et al., 2011), the large plasmid (118 kb) of C. sakazakii SP291 (ST4)
(pSP291-1) and the large plasmid (~126 Kb) of C. malonaticus CMCC45402 ST7 (pCMCC 45402-1)
were used as reference plasmids. The whole genome of C. sakazakii strain 6 was also used in this
part as a negative control. As shown in figure 4.14 the content of the three reference plasmids was
totally absent in the negative control. This finding is consistent with the laboratory result that
showed in figure 4.13. Interestingly, C. malonaticus 688 contained only partial length of pESA3,
pSP291-1 and pCMCC 45402-1 plasmids; It showed homology with only about 65 kb of pESA3 and
pSP291-1 plasmids and about 80 Kb of pCMCC 45402-1 plasmid (Figure 4.14). In contrast, two C.
malonaticus strains, which belong to clonal complex 7 (CC7), 1558 (ST7) and 1545 (ST84) showed
to contain a full length of pCMCC 45402-1 plasmid which harboured by ST7 strain (Figure 4.14-C).

Approximately 10 kb region that harboured by pESA3 plasmid, consisting of 10 hypothetical
proteins and known as the T6SS system clusters was missed in all C. malonaticus strains (Figure

4.14-A). This region was missed also in the majority of C. sakazakii strains which were used by
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another research (Masood, 2015 unpublished data). Moreover, Cronobacter plasminogen activator
(cpa) and a starvation sensing protein encoded by the rspA gene which harboured by both pESA3
and pSP291-1 plasmids were absent in all C. malonaticus strains (Figure 4.14-A and 4.14-B).
Interestingly, a complete plasmid-borne operon for aerobactin synthesis (iucABCD) and arsenic
resistance genes which harboured by the three reference plasmids were detected in all C
malonaticus strains as shown in Figure 4.14. However, the location of the aerobactin synthesis

operon and arsenic resistance genes was not same in the three reference plasmids.
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Chapter 5 Pathogenicity of C. malonaticus

5.1 Introduction

Cronobacter is an emergent opportunistic pathogen that causes infections in both infants and
adults. In infants, it can cause necrotising enterocolitis (NEC), bacteraemia and meningitis with
mortality rates ranged from 40% to 80 % and survivors often suffer from neurological disorders
(Bowen and Braden, 2006; Caubilla-Barron et al., 2007; Mullane et al., 2007; van Acker et al., 2001;
Hariri et al., 2013; CDC, 2016). In adults particularly who are immunocompromised and elderly,
Cronobacter causes bacteraemia, pneumoniae, urinary tract infections, wound infections,
osteomyelitis and splenic abscess (Tamigniau et al., 2015; See et al., 2011; Jimenez and Gimenez,
1982; Healy et al., 2010). Figure 5.1, which obtained from Healy et al. (2010), confirms that
Cronobacter spp. is bacterial etiologic agents that can cause neonatal incidence such as meningitis,
bacteraemia and necrotizing enterocolitis. In addition, other clinical symptoms include pneumoniae,
sepsis; foot ulcers, wound infections, osteomyelitis, and splenic abscesses were reported in adults

(Fig. 1b).

It is known that C. sakazakii, C. malonaticus and C. turicensis are the only species associated with
clinical incidence and particularly with neonatal infections so far (Stephan et al., 2010; Holy et al.,
2014). Recently C. malonaticus has been more reported to be responsible for several neonatal
infections in different countries, and some of these infections end with a fatal outcome. These
reports have put C. malonaticus to be the second agent of neonatal infection risks among the genus
of Cronobacter after C. sakazakii (Hariri et al., 2013; Asato et al.,, 2013; Brandao et al., 2015;

unpublished data China).
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Figure 5-1 Colonisations, symptoms, and incidence of occurrence as a percentage of total Cronobacter infections.
(a) in children and infants (36 cases) and (b) cases in adults (19 cases). Data collected from 3 studies from. Numbers are presented in
percentages. From Healy et al. (2010).
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To cause disease, pathogenic bacteria utilise a number of mechanisms in human hosts. Adhesion,
invasion and surviving of the host cells are shown to be some of these machnisms (Wilson et al.,
2002). Pathogens of Enterobacteriaceae family such as Salmonella, Shigella and E. coli have proved
to be able to adhere, invade and survive within host cells and subsequently cause several of
infections (Formal et al., 1983; Torres, 2004). For Cronobacter the ability to adhere and invade the
host cells such as different epithelial and brain endothelial cells is an essential pathogenic factor for

causing infectious diseases (Almajed and Forsythe, 2016).

Cronobacter is considered as a food-borne pathogen that firstly colonises and invades the intestinal
cells from where it can disseminate and cause systemic infections. C. sakazakii was used to examine
the ability of this microorganism to adhere and invade intestinal cells and brain cells as well as to
survive the macrophages. This was studied using Caco-2, HBMEC and macrophages U937 cell lines
(Mange et al., 2006; Townsend et al., 2007a; Townsend et al., 2008; Giri et al., 2012). Recently
Almajed and Forsythe, (2016) studied the virulence potential and pathogenicity of C. sakazakii
clinical isolates and their ability to overcome host physical barriers and evade host immune
response. The study showed that C. sakazakii clinical isolates were able to invade and translocate
through Caco-2 and HBMEC cell lines and to persist and multiply within macrophages and microglial

cells (Almajed and Forsythe, 2016).

Recent reports have shown that the majority of Cronobacter strains isolated from humans were
from urinary tract and respiratory systems (Patrick et al., 2014; Chapter 3). However, to our
knowledge, no in vitro research exists confirming the ability of Cronobacter to cause infections in
such sites. Mammalian tissue culture assays are appropriate methods for investigating the bacterial
adhesive and invasive abilities. Human urinary T24 cell line and human respiratory A549 cell line
have been used to investigate the adhesive and invasive properties. Some studies on E. coli (the
most common causative pathogen in adult UTI) have shown the capability of this pathogen to
invade T24 cell line (Meier et al., 1996; Croxall et al., 2010). Similarly, other studies investigated the
ability of some respiratory pathogens to invade the A549 cells when they confirmed the ability of
these pathogens to invade this cell line (Giannouli et al., 2013; Pracht et al., 2005; Ahmed et al.,
2014). Nevertheless, there is no known previous study investigating the ability of Cronobacter to

adhere or invade these cell lines.

A number of virulence factors have been identified in Cronobacter. These virulence factors have an
essential role in the adhesion, invasion and distribution of the organism in the human host. Bacterial
fimbriae or pili are filamentous appendages which help bacteria to adhere to the surface of the host

cells thus allowing them to colonise and establish successful infections (Soto and Hultgren, 1999).
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Joseph et al. (2012a) described about ten putative fimbrial gene clusters in Cronobacter (Joseph et
al., 2012a). It has been also confirmed that the outer membrane protein A (OmpA) of Cronobacter
contributes in the colonisation of the gastrointestinal tract (GIT) (Kim et al., 2010). Moreover, it was
demonstrated in C. sakazakii that the outer membrane proteins ompA and ompX involved in the
basolateral invasion of enterocyte like human epithelial cells (Kim et al., 2010). The entry of
Cronobacter into HBMEC requires the expression of ompA and depends on microtubule
condensation in these cells (Singamsetty et al., 2008). This could facilitate the invasion of human

intestinal cells and invasion of the brain endothelial cells to cause meningitis (Franco et al., 2011a).

Several intramacrophage survival associated genes have been described in Cronobacter and other
pathogen bacteria. The PhoP/PhoQ regulatory system of S. Typhimurium and Y. pestis and their
regulated genes including mgtB and pmrABE were shown to play an essential role for survival in
macrophage phagosomes (Ernst et al.,, 1999; Grabenstein et al., 2006). In addition, gsrA of Y.
enterocolitica has been found to provide protection against oxidative stress killing by macrophages
(Yamamoto et al., 1996). SodA gene encoding for superoxide dismutase has been also reported to
be associated with macrophage survival in Cronobacter (Townsend et al., 2007a). This gene is
involved in resistance to the early oxygen-dependent bactericidal mechanisms of phagocytes in
Salmonella (Tsolis et al., 1995; Cox et al., 2003). Two other genes, betB, encoding betaine-aldehyde
dehydrogenase, and the sensor rcsC, which act as a senser of RcsC/YojN/RcsB regulatory system,
have been also found to be associated with macrophage survival in Brucella and Salmonella

respectively (Lee et al., 2014; Mouslim et al., 2004).

In this chapter, the adhesive and invasive abilities of 20 clinical C. malonaticus strains (Page 63,
Table 3.5) to human intestinal epithelial cell line, Caco-2, human brain microvascular endothelial
cell line, HBMEC, human lung epithelial cell line, A549 and human bladder epithelial cell line, T24
as well as the ability of these strains to survive the U937 macrophages were investigated. The

experiments were conducted to help shed further light on the pathogenicity of C. malonaticus.

5.2 Materials and methods

The methods for this part were described previously in Chapter 2 of materials and methods.

5.3 Results

5.3.1 Attachment to Caco-2 Intestinal Epithelial Cells
A standard adhesion assay was conducted to assess the adherence ability of C. malonaticus strains
to epithelial Caco-2 cells. Figure 5.2 below shows the attachment ability of the selected C.

malonaticus strains. S. Enteritidis and E. coli K12 were used as positive and negative controls
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respectively for comparative purpose. All strains showed the ability to adhere to Caco-2 cells;
however, there was a variation between strains. Strain 688, which is ST7, demonstrated the
greatest ability to adhere to Caco-2 cells (P<0.05). In contrast, strain 565 which is also ST7 showed
the lowest ability to adhere to this cell line. The ability of adherence to Caco-2 cells was confirmed
using Giemsa stain protocol, and three different patterns of adhesion were determined. Figure 5.3

shows three representative strains for the three different patterns of adhesion.
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Figure 5-2 C. malonaticus attachment assay using Caco-2 cells, after 2-h of incubation.

S. Enteritidis and E. coli K12 were used as positive and negative controls, respectively. The attachment is shown as % of
the initial inoculum. The asterisks above the bars indicate statistically significant differences between the positive,
negative and tested strains in this experiment (P<0.05).

Figure 5-3 Three representative C. malonaticus strains show the three patterns of adhesion to Caco-2 cells.

(A) Shows aggregative adherence where the bacteria covered all around the cells (strain 685). (B) Localised adherence
where the bacterial clusters attached to the cells in specific locations (strain 688) which demonstrated the highest
attachment level. (C) Non-specific adherence pattern (strain 565).
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5.3.2 Invasion into Caco-2 Intestinal Epithelial Cells

The selected C. malonaticus strains, as shown in page 63 table 3.5, were further examined for their
ability to invade the Caco-2 cells and gentamicin protection assay was applied. The majority of
strains were able to invade the Caco-2 cells; however, there was a clear variation between strains
in their ability to invade the Caco-2 cells (Figure 5.4). Strains 2018, 1827 and 1569 showed the most
significant invasion among the tested strains (P<0.05), whereas strains 1830, 1833, 1835 and 2020
did not invade these cells. Some strains; such as 514, 565, 893 and 512; were moderate and the

rest were low.
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Figure 5-4 C. malonaticus invasion assay using Caco-2 cell line over 3 h of incubation.

S. Enteritidis and E. coli K12 were used as positive and negative controls respectively. The invasion is shown as % of the
initial inoculum. The asterisks above the bars indicate statistically significant differences between the positive, negative
and tested strains in this experiment (P<0.05).

5.3.3 Attachment to Human Brain Microvascular Endothelial Cells (HBMEC)

Figure 5.5 shows the adherence ability of the selected C. malonaticus strains to HBMEC cell line. In
this assay C. koseri and E. coli K12 were used as reference strains for the cell line and for
comparative purposes. Comparing to the negative control, all strains were able to adhere to this
endothelial cell line. The strain, which demonstrated the greatest adherence, was strain 685, which
belongs to ST129. Strains 1827, 2018 and 688, which are ST7, also demonstrated high level of
adhesion to this cell line. In addition, strains 1545, 1558, 2020 and 514 showed a moderate
adherence level and the rest of used strains were similarly low in their ability to adhere the HBMEC

cells line. The adherence ability of C. malonaticus strains to HBMEC was confirmed by microscopic
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examination. Subsequently, four patterns of adhesion by used C. malonaticus strains were detected.

Figure 5.6 shows four representative strains for the four different patterns of adhesion.
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Figure 5-5 C. malonaticus attachment assay using HBMEC cell, after 2 h of incubation.

C. koseri and E. coli K12 were used as positive and negative controls respectively. The attachment is shown as % of the
initial inoculum. The asterisks above the bars indicate statistically significant differences between the positive and tested
strains in this experiment (P<0.05).

Figure 5-6 Four representative C. malonaticus strains show the four patterns of adhesion to HBMEC cells.

(A) Shows aggregative adherence where the bacteria covered all around the cells (strain 685) which demonstrated the
highest attachment level. (B) Localised adherence where the bacterial clusters attached to the cells in specific locations
(strain 2018). (C) Diffused adherence where the bacterial cells surround the cell (strain 1558). (D) Non-specific adherence
pattern (strain 15).
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5.3.4 Invasion into Human Brain Microvascular Endothelial Cells (HBMEC)

As C. malonaticus strains showed the ability to adhere to HBMEC cells, this could indicate the ability
of used strains to invade these human blood brain barrier endothelial cells. Consequently, the
gentamicin protection assay to kill all extracellular bacteria was conducted to confirm the ability of
bacterial cells to invade after being attached. C. koseri and E. coli K12 were used as positive and
negative controls respectively to compare them with tested strains. Figure 5.7 below shows the
ability of the 20 C. malonaticus strains with the positive and negative controls to invade the HBMEC
cells. Four of five strains which showed an obvious ability to invade these cells belong to ST7 and
one belongs to ST307 which was isolated from a fatal neonatal case. Comparing with reference
strains, strains 1558, 1827 and 2018 which are ST7 showed significantly the highest invasion levels
(P<0.05). Strains 1569 (ST307) and 565 (ST7) showed also high level of invasion. In contrast, four
ST7 strains which are 1830, 1833, 1835 and 2020 showed no ability to invade the HBMEC cells,
whereas strain 893 which is ST7 showed very low ability of invasion. The remaining strains showed

moderate ability to invade the HBMEC cell line.
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Figure 5-7 C. malonaticus invasion assay using HBMEC cell line over 3 h of incubation.

C. koseri and E. coli K12 were used as positive and negative controls respectively. The invasion is shown as % of the initial
inoculum. The asterisks above the bars indicate statistically significant differences between the positive, negative and
tested strains in this experiment (P<0.05).
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5.3.5 Attachment to A549 Lung Epithelial Cells

Although C. malonaticus has been linked to adult infections such as pneumonia, no evidence has
been shown to confirm this hypothesis. Therefore, the human lung epithelial cells A549 were used
to investigate the ability of C. malonaticus to adhere these lung cells. In addition, K. pneumoniae
and E. coli K12 which are positive and negative controls respectevely were used in this assay. Figure
5.8 below shows the result of this assay when the used strains showed an ability to adhere to A549
cells. Remarkably, six C. malonaticus strains (688, 1558, 685, 1827, 2018 and 1835) showed higher
adhesion levels than K. pneumoniae which is the positive control for this cell line (P<0.05). Five of
these six high adhesive strains belong to ST7 and one belongs to ST129. Two other ST7 strains which
are 1833 and 2020 strains showed also high levels of adhesion comparing to the reference strains,
while all the rest of the tested strains displayed moderate or low ability of adherence to this cell
line. The Giemsa stain assay was used here to confirm the adherence ability of tested cells to A549
cells (Figure 5.9). Three different patterns of adhesion were displayed as shown in figure 5.9 by

three representative strains.
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Figure 5-8 C. malonaticus attachment assay using A549 cell line after 2-hour incubation.

K. pneumoniae and E. coli K12 were used as positive and negative controls respectively. The attachment is shown as % of
the initial inoculum. The asterisks above the bars indicate statistically significant differences between the positive, and
tested strains in this experiment (P<0.05).
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Figure 5-9 Three representative C. malonaticus strains show the three patterns of adhesion to A549 cells.

(A) Shows aggregative adherence where the bacteria covered all around the cells (strain 685) which demonstrated high
attachment level. (B) Localised adherence where the bacterial clusters attached to the cells in specific locations (strain
688) which demonstrated high attachment level. (C) Non-specific adherence pattern (strain 15).

5.3.6 Invasion into A549 Lung Epithelial Cells

Invasion assay is an important examination to confirm the ability of C. malonaticus strains to invade
the human lung cells A549. Gentamicin protection assay was used to kill any extracellular bacteria
and find the number of invading bacteria into this cell line. Same reference strains that used in
attachment assay were also used in this experiment. Interestingly, four ST7 strains (565, 1827, 1558
and 2018) showed very high ability to invade A549 cells, when one was similar and three were
higher than positive control (P<0.05) (Figure 5.10). Two ST11 strains (507 and 514) showed high
invasion level comparing to the reference strains. Once again, four ST7 strains (1830, 1833, 1835
and 2020) were shown as not able to invade this cell line comparing with non-invasive control. The
rest of tested strains showed moderate levels of invasion which is considered as a modest level

comparing to the highest invasive C. malonaticus strains (1827, 1558 and 2018).
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A549 invasion
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Figure 5-10 C. malonaticus invasion assay using A549 cell line over 3 h of incubation.

K. pneumoniae and E. coli K12 were used as positive and negative controls respectively. The invasion is shown as % of the
initial inoculum. The asterisks above the bars indicate statistically significant differences between the positive, negative
and tested strains in this experiment (P<0.05).

5.3.7 Attachment to T24 Urinary Bladder Epithelial Cells

In this assay T24 human bladder cells were used to investigate the ability of selected C. malonaticus
to adhere to these cells. E. coli UTI89 and E. coli K12 were used as positive and negative controls
respectively in this assay. Figure 5.11 shows the adhesion ability of 20 C. malonaticus strains with
the reference strains. Five strains from which one belongs to ST129 (685) and four belong to ST7
(688, 1558, 1827 and 2018) showed the highest levels of adherence comparing to other used C.
malonaticus strains (P<0.05). A moderate level of attachment showed by ten tested strains, three
of them are ST7 (1833, 1835 and 681), three are ST11 (507, 512 and 514), two ST60 (687 and 15),
one ST307 (1569) and one ST84 (1545). The remaining strains showed low attachment levels
comparing to the reference strains. Microscopic examination of C. malonaticus-infected T24 cell
line was applied to confirm the adherence ability of the organism (Figure 5.12). Consequently, three
different patterns of the adhesion are displayed, which are shown in figure 5.12 with three

representative strains.
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Figure 5-11 C. malonaticus attachment assay using T24 cell line after 2-hour incubation.

E. coli UTI89 and E. coli K12 were used as positive and negative controls, respectively. The attachement is shown as % of
the initial inoculum. The asterisks above the bars indicate statistically significant differences between the positive,
negative and tested strains in this experiment (P<0.05).

Figure 5-12 Three representative C. malonaticus strains show the three patterns of adhesion to T24 cells.

(A) Shows aggregative adherence where the bacteria covered all around the cells (strain 685) which
demonstrated high attachment level. (B) localised adherence where the bacterial clusters attached to the cells in
specific locations (strain 2018) which demonstrated high attachment level. (C) Non-specific adherence pattern
(strain 15).
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5.3.8 Invasion into T24 Urinary Bladder Epithelial Cells

The investigation of the ability of the selected C. malonaticus strains to invade the human bladder
T24 cells was accomplished by using the gentamicin protection assay. Figure 5.13 shows the results
of this assay. The majority of tested strains showed an ability to invade the bladder cells. Thirteen
strains showed the ability to invade these bladder cells similar or even higher than the positive
control. Three ST7 strains (1558, 1827 and 2018) displayed the highest invasion levels among all
used strain (P<0.001). In addition, 10 strains that belong to ST7 (681 and 565), ST11 (507, 512 and
514), ST60 (15, 687 and 689), ST84 (1545) and ST307 (1569) invaded this cell line similar or higher
than reference strain (P<0.05). The same strains that showed no ability to invade previous cell lines
showed no ability to invade this cell line as well, and strains 688, 685 and 893 were able to invade

in moderate levels compering to other tested strains.
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Figure 5-13 C. malonaticus invasion assay using T24 cell line over 3 hours of incubation.

E. coliUTI89 and E. coli K12 were used as positive and negative controls respectively. The invasion is shown as % of the
initial inoculum. The asterisks above the bars indicate statistically significant differences between the positive and tested
strains in this experiment (P<0.05).

5.3.9 Adhesion associated genes

Bacterial fimbriae or pili are filamentous appendages which help bacteria to adhere to the surface
of the host cells thus allowing them to colonise and establish a successful infection (Soto and
Hultgren, 1999). Joseph et al. (2012a) described about ten putative fimbrial gene clusters in

Cronobacter (Joseph et al., 2012a). The genomes of the 20 strains were screened using Web ACT
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and Cronobacter BLAST. C. malonaticus strains possess 7 of 10 regions as complete regions and 3
regions were partially present (Table S1, S2). In E. coli curli fimbriae have been associated with
adhesion to the host cells (Doran et al., 1993; Olsen et al., 1993; Cordeiro et al., 2016). A complete
curli fimbrial gene cluster (ctu_16160-230) that was reported in the genome of C. turicensis z3032

(Joseph et al., 2012a), is harboured by C. malonaticus strains.

5.3.10 Invasion associated genes

Numbers of invasion-associated genes have been searched across the selected genomes. These
genes are ompA, ompX, apaH, ygdP, ppk1, ibeB and Hfq. All of these genes have been detected in
the used strains regardless of their invasion ability. Recently, some studies have proposed several
virulence associated genes in Cronobacter. These genes were upregulated during the intraction of
Cronobacter with host cells. Table 5.1 showed a list of the proposed virulence genes and more
details regarding these genes are providing in the discussion. As there was a clear variation
regarding the invasion ability of used strains and this variation was detected even among the same
STs such as ST7. Representative strains of high invasive and low invasive of ST7 strains were selected
for further genome investigations. Strains 565, 1558, 1827 and 2018 were selected to represent the
high invasive ST7 strains and strains 1830, 1833, 1835 and 2020 were selected to represent the low
invasive strains (Table 5.2). The genome comparison study using the genome of the selected strains
revealed the presence of 93 gene differences between the selected strains. Four genes have been
detected in the hight invasive strains but not in the low invasive strains. These genes are,
Oacetyltransferase_OatA (Cmal_1827_00922) and more three hypothetical_proteins
(Cmal_1827_00918, Cmal_1827_00919, Cmal_1827_00007). More investigation using gene-by-

gene analysis among selected genomes revealed further significant findings.

Fifty-five recognised genes and 17 hypothetical proteins were detected to have different sequences
between high and low invasive strains. The comparison of the sequence of these genes exposed
some Single Nucleotide Polymorphism (SNP) changes at fewer positions across the sequence of the
genes. In the most of these genes, the high invasive strains (656, 1558, 1827, 2018) possess same
SNPs change in their genes and similarly the low invasive strains (1830, 1833, 1835, 2020) share
same SNPs change. The DNA sequences of virulence related genes were translated using MEGA6
software to check if they have synonymous or non-synonymous SNPs. The analysis revealed that
two putative virulence genes which are Betaine aldehyde dehydrogenase (BetB) and a protein that
specifically targets CsrB and CsrC (CsrD) have non-synonymous SNPs. Figures 5.14, 5.15 and S.5, S.6
showed the DNA sequences and amino acid sequences of BetB respectively while figures 5.16, 5.17

and S.7, S.8 showed the DNA sequences and amino acid sequences of CsrD respectively. However,
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strain 685 showed to have a shorter size of BetB gene. Therefore, it was excluded from translational

analysis.

Table 5-1 Proposed virulence genes in Cronobacter in recent studies.

Gene Function of gene Possible role in virulence Reference
Chaperone Hsp60, GroEL heat shock protein Involves in the adhesion and Duetal.,
invasion of host cells 2015
Molecular chaperone Hsp90, HtpG heat shock protein Cope with various stress Duetal.,
conditions during infection 2015
ATP-dependent chaperone protein, part of stress-induced multi-chaperone Virulence-related functions Duetal.,
ClpB system 2015
GTP-binding protein, TypA interaction with the ribosomes in a GTP Virulence regulator Duetal.,
dependent manner 2015
Flagellar biosynthesis protein, FliC major protein of bacterial flagella Plays crucial roles in the adhesion Duetal.,
and invasion into host cells 2015
Putative virulence factor, SrfC putative virulence factor Remain unclear Du et al.,
2015
glpD, encoding glycerol kinase lipid metabolism genes Involves in the invasion and Jing etal.,
adherence of host cells 2015
glpQ, encoding glycerophosphoryl lipid metabolism genes Involves in the invasion and Jing etal.,
diester phosphodiesterase adherence of host cells 2015
mltD, encoding membrane-bound lipopolysaccharide and outer memberance Enhances lethality in zebra fish Jing etal.,
lytic murein transglycosylase D associated genes 2015
IpxP, encoding palmitoleoyl lipopolysaccharide and outer memberance Contributes in invasion across Jing etal.,
transferase involved in biosynthesis associated genes blood-brain barrier 2015
of lipid A
yidC, encoding membrane protein lipopolysaccharide and outer memberance Roles in resistance to host cell Jing etal.,
insertase YidC associated genes antimicrobial responses 2015
eptB, encoding lipopolysaccharide and outer memberance Contributes in invasion across Jing etal.,
phosphoethanolamine transferase associated genes blood-brain barrier 2015
involved in biosynthesis of lipid A
surA, encoding peptidyl-prolyl cis- lipopolysaccharide and outer memberance Involved in the maturation of Jing etal.,
trans isomerase SurA associated genes ompA 2015
Osmolarity sensory histidine kinase, membranous proteins Influence bacterial biofilm | Yeetal., 2015
EnvZ formation and flagella motility
LPS-assembly lipoprotein, LptE membranous proteins Immunogenicity with host cells Ye et al., 2015
putative multidrug resistance protein, membranous proteins Contributes in resistince to host Ye et al., 2015
MdtD defences
Osmotically inducible protein OsmY membranous proteins Associated Ye et al., 2015
with virulence behavior
DNA protection during starvation protection during starvation Enhance oxidative stress Ye etal., 2016
protein, Dps resistance and virulence
S-ribosylhomocysteinelyase, LuxS synthesis of autoinducer 2 (Al-2) Contributes in the invasion Ye et al., 2016
ATP-dependent Clp protease, ClpC stress tolerance Contributes to adhesion and Ye et al., 2016
invasion
ABC transporter substrate-binding substrate-binding proteins Increases virulence gene Ye et al., 2016
proteins expression
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Figure 5-14 A maximum likelihood tree for DNA betB gene sequence (1473 bp) for C. malonaticus strains.

The NTU strains IDs, name of gene and sequence type ST number are shown. The alignment was constructed
using MEGAG6. The four highlighted strains 1830, 1833, 1835 and 2020 are non-invasive strains. The non-
highlighted strains invade the used cell lines in different levels.
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Figure 5-15 Maximum likelihood tree for betB amino acid sequence for used strains.

The NTU strains IDs, name of gene and sequence type ST number are shown. The alignment was constructed using MEGA6.
The four highlighted strains 1830, 1833, 1835 and 2020 are non-invasive strains. The non-highlighted strains invade the
used cell lines in different levels.
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Figure 5-16 Maximum likelihood tree for DNA csrD gene sequence (1941 bp) for C. malonaticus strains.

The NTU strains IDs, name of gene and sequence type ST number are shown. The alignment was constructed
using MEGAG6. The four highlighted strains 1830, 1833, 1835 and 2020 are non-invasive strains. The non-
highlighted strains invade the used cell lines in different levels.
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Figure 5-17 a maximum likelihood tree for csrD amino acid sequence for C. malonaticus strains.

The NTU strains IDs, name of gene and sequence type ST number are shown. The alignment was constructed
using MEGAG6. The four highlighted strains 1830, 1833, 1835 and 2020 are non-invasive strains. The non-
highlighted strains invade the used cell lines in different levels.
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5.3.11 Uptake and Persistence into Macrophage Cell Line (U937)

The human macrophages are part of the immune system. They were used to examine the capability
of the selected C. malonaticus strains to survive, persist and replicate after being engulfed by the
phagocytic cells. C. koseri and E. coli K12 were used as positive and negative controls respectively.
After one hour of incubation the bacterial cells were taken up by macrophage cells; however, the
uptake was not in the same levels for all tested strains (Figure 5.18). After 24 hours of incubation,
five ST7 strains (2018, 1827, 688, 681, and 1558), one ST60 strain (687), one ST128 strain (685) and
one ST307 strain (1569) showed an obvious ability to survive and replicate within the U937 cells.
After 48 hours of incubation, the survival and replication statuses were not same as after 24 hours,
just five of the used strains continued to replicate. The majority of these strains belong to ST7 (2018,
1827, 688 and 681) and one strain belongs to ST307 (1569) (P<0.05). Also the ST60 strain (687)
showed to be able to persist in the macrophages in the same level as after 24 hours. Strain 685
(ST129) and 1558 (ST7) which showed a dramatic increase after 24 hours to around 40%, decreased
also dramatically after 48 hours to less than 20%. One more ST7 strain (893) showed a modest
ability to survive and replicate into the U937 cells over the 48 hours. Two more ST60 strains (15 and
689) also showed modest abilities to persist within the macrophage cells over 48 hours of
incubation. The rest of used strains were not able to persist or replicate when they were either not

taken up or killed. A summary of the results in this chapter is shown in the Table 5.2.
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Figure 5-18 Uptake, persistence and replication of C. malonaticus strains in U937 cells over 72 hours of incubation.

C. koseri and E. coli K12 were used as positive and negative controls respectively. The survival is shown as % of the initial
inoculum. The asterisks above the bars indicate statistically significant differences between the strains in this experiment
(P<0.05).
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5.3.12 Macrophage survival associated genes

A group of genes were found to be associated with bacterial survival into macrophages. The
PhoP/PhoQ regulatory system of S. Typhimurium and Y. pestis and their regulated genes including
mgtB and pmrABE were shown to play an essential role for survival in the macrophage phagosomes
(Ernst et al., 1999; Grabenstein et al., 2006). In addition, gsrA of Y. enterocolitica has been found to
provide protection against oxidative stress killing by macrophages (Yamamoto et al., 1996). SodA
gene encoding for superoxide dismutase has been also reported to be associated with macrophage
survival in Cronobacter (Townsend et al., 2007a). This gene involved in resistance to the early
oxygen-dependent bactericidal mechanisms of phagocytes in Salmonella (Tsolis et al., 1995; Cox et
al., 2003). All of these genes have been detected in all used C. malonaticus strains regardless of

their ability to survive into macrophages.

Four other phagocytosis resistance-associated genes have been investigated in this study. One of
these is YjcC gene which regulates the oxidative stress response in Klebsiella pneumoniae (Huang
et al.,, 2013). In addition, Lu et al. (2010) demonstrated that (d)NTP pyrophosphohydrolase-
encoding mazG is a potent NTP-PPase and this activity is required to keep the full capacity of the
mycobacteria to respond to oxidative stress. Moreover, betB gene, which is highly expressed during
infections, has been suggested to affect the phagocytic pathway in human phagocytes (Lee et al.,
2014). Finally, Mouslim et al. (2004) confirmed the role of rcsC gene in macrophage survival for
Salmonella when they found that its mutant was phagocytized less efficiently by macrophages and
it was defective for invasion of non-phagocytic cells and survival within macrophages. All of these

genes were also detected in the 20 used strains and more detailes are provided in discussion section.
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Table 5-2 Results summary of attachment, invasion and phagocytosis survival of Caco-2, HBMEC, A549, T24 and U937 cell lines.

Strain ST Source Caco-2 HBMEC A549 T24 Survival in macrophages| Assessment of
Attachment Invasion Attachment Invasion Attachment | Invasion Attachment | Invasion pathogenicity

1827 7 blood high high high high high very high high very high | persisted + replicated high
2018 7 sputum high high high high high very high high very high | persisted + replicated high
1569 307 blood high high low moderate low moderate | moderate high persisted + replicated high
1558 7 faeces moderate low moderate high high very high high very high | persisted moderate
565 7 faeces moderate moderate low moderate low very high low high low persisted moderate
681 7 breast abscess | moderate low low low moderate moderate | moderate high persisted + replicated moderate
688 7 sputum high low high low high moderate | high moderate | persisted + replicated moderate
507 11 faeces high low low low low high moderate high low persisted low

512 11 clinical high moderate low low moderate moderate | moderate high low persisted low

514 11 clinical high moderate moderate low moderate high moderate high low persisted low

15 60 faeces high low low low low moderate | moderate high persisted low

687 60 sputum high low low low low moderate | moderate high persisted low

689 60 faeces moderate low low low low moderate low high low persisted low

1545 84 faeces high low moderate low moderate moderate | moderate high low persisted low

685 129 blood high low high low high moderate | high moderate | persisted low

893 7 infant formula | moderate moderate low very low low moderate low low persisted low

1830 7 throat swab high not able low not able moderate not able low not able killed very low
1833 7 faeces high not able low not able high not able moderate not able low persisted very low
1835 7 throat swab high not able low not able high not able moderate not able killed very low
2020 7 faeces high not able moderate not able high not able low not able killed very low
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5.4 Discussion

Cronobacter is an opportunistic pathogen that causes different diseases in all age groups. The ability
of bacteria to cause infections depends on the contribution of a number of virulence factors such
as attachment, invasion and evading the immune system. In this chapter, the potential virulence of
20 C. malonaticus strains was investigated. Five human cell lines, which are Caco-2 cells
(representative of intestinal site), HBMEC cells (representative of BBB), U937 cells (representative
of immune system), A549 cells (representative of lower respiratory tract), and T24 cells
(representative of urinary tract) were used. The first three cell lines were used to investigate the
potential ability of C. malonaticus to cause NEC, bacteraemia and meningitis. The fourth and fifth
cell lines were utilised to investigate the potential ability of C. malonaticus to cause pneumonia and

UTI, these infections might also lead to systemic infections.

Recent reports have confirmed the involvement of C. malonaticus in the neonatal infections and
some of these infections were fatal (Hariri et al., 2013; Asato et al., 2013; Brandao et al., 2015;
unpublished data China). NEC and meningitis are the most common Cronobacter serious clinical
features among neonates (van Acker et al., 2001; Hariri et al., 2013; CDC, 2016). The majority of the
previous studies were focused on C. sakazakii to investigate the ability of Cronobacter to cause
these infections (Mange et al., 2006; Townsend et al., 2007a; Townsend et al., 2008; Almajed and
Forsythe, 2016). However, Giri et al. (2012) used 23 Cronobacter strains to investigate their ability
to attach and invade the human intestinal INT407 and Caco-2 cells and HBMEC cells, two of these
strains were environmental isolates of C. malonaticus. In this study 20 clinical C. malonaticus strains
with different STs were selected to investigate the ability of this species to be potentially able to
cause NEC and meningitis. All but one of the used strains were isolated from clinical sites such as
blood (685, 1569, 1827), breast abscess (681), upper and lower respiratory tracts (687, 688, 1830,
1835, 2018), faeces (15, 507, 565, 689, 1545, 1558, 1833, 2020) and unknown clinical source (512,
514). The exceptional is ST7 strain 893, which was isolated from PIF and was selected to represent

the PIF C. malonaticus isolates (Page 63, table 3.5).

The adhesion to the human host cells is an essential step for Cronobacter pathogenicity. The ability
of 20 C. malonaticus strains to adhere to Caco-2 and HBMEC cell lines are shown in Figures 5.2 and
5.5. All C. malonaticus strains showed the ability to adhere to the Caco-2 and HBMEC cells,
indicating that these strains have virulence potential. The majority of strains adhered to Caco-2 cells
at high levels and five strains were moderate in their ability to adhere to this cell line. Some strains
such as 688, 1827, 2018 (ST7) and 685 (ST129) showed higher levels of adhesion to HBMEC cells

(P<0.05). These four strains demonstrated also high levels of attachment to Caco-2 cell line
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indicating that these strains could have potential to invade the both cell lines. The obtained results
for Caco-2 in this study agreed with the results found by a previous PhD student who used a group
of C. sakazakii strains (Almajed 2015, unpublished data). However, Townsend et al. (2008)
confirmed also the ability of C. sakazakii strains to adhere the Caco2, but the adherence levels of
these strains were slightly lower than the adherence level that showed by C. malonaticus strains in
this study. Almajed confirmed also the ability of the C. sakazakii strains to adhere to the HBMEC
cell line, but the attachment levels for these strains were also slightly lower when compared with
C. malonaticus attachment level in this study (Almajed 2015, unpublished data). This difference in
the adherence ability could be due to the possessing of C. malonaticus to some adhesion factors

such as curli fimbriae.

Seven fimbrial regions have been detected in the used C. malonaticus strains. A curli fimbrial gene
cluster (ctu_16160-230) is one of these regions. Curli fimbriae are reported to have an important
role for adhesion to the host cells in E. coli (Doran et al., 1993; Olsen et al., 1993; Cordeiro et al.,
2016). Therefore, this region could be associated with the adhesion to host cells in C. malonaticus
as well. The ability of C. malonaticus to adhere to used cell lines has been confirmed in this study
(Figure 5.2, 5.5, 5.8, 5.11) although, there was a variation between tested strains. This variation
indicates that not only curli fimbriae was associated with the adhesion activity and there might be
other bacterial traits were involved, or some of fimbrial genes were not expressed making the
adhesion function of this region not active in low adhesive strains. This required transcriptomic

studies to confirm whether these genes are expressed or not.

Attachment is the first step of the interaction of pathogens with the host surfaces after which
bacteria can colonise and cause disease by toxin secretion and host cell invasion (Wilson et al.,
2002). Therefore, the C. malonaticus strains were further investigated for their ability to invade the
Caco-2 and HBME cell lines. The ability of C. sakazakii to invade the Caco-2 and HBMEC cell lines
was assessed in some studies (Townsend et al., 2008; Giri et al., 2012; Almajed and Forsythe, 2016).
Their results confirmed the ability of C. sakazakii strains to invade these cell lines in different levels.
The invasion of neonatal intestinal cells by bacteria such as Cronobacter could lead to the
occurrence of NEC which is a leading cause of morbidity and mortality in premature infant (Remon
et al., 2015). Moreover, once Cronobacter cross the human intestinal epithelial cells, they will have
access to the blood stream and the central nervous system (CNS) which leads to the occurrence of

neonatal bacteraemia and meningitis (Mittal et al., 2009; Lee et al., 2011).

The majority of C. malonaticus strains showed ability to invade the Caco-2 cells in different levels

(Figure 5.4 and Table 5.2). Although, strains 1830, 1833, 1835 and 2020 which are ST7
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demonstrated high level of adhesion to this cell line (Figures 5.2), they were not able to invade this
cell line (Figures 5.4). This suggested that there was no correlation between the adherence and
invasion ability. Strains 1830 and 1835 were isolated from upper respiratory tract while strains 1833
and 2020 were isolated from faeces. The highest invasion levels were showed by strains 1827 and
2018 (ST7) and strain 1569 (ST307) (P<0.05). Interestingly, these high invasive strains 1827, 2018
and 1569 demonstrated same adherence pattern which is localised adherence (LA). This suggests
that the adherence pattern might play an important role in the ability of the pathogenic bacteria to
invade host cells. Strains 1827 and 2018 were isolated from blood and sputum respectively and
were noticed to cluster together in the PFGE analysis in figure 3.4, Chapter 3. Strain 1569 is a fatal
C. malonaticus strain which was isolated from neonatal blood in the USA. The route of the infection
of this strain was proposed to be through contaminated water which could be used in the
reconstitution of PIF that fed the CDC fatal case with. Thus the high invasion level into Caco-2 that
showed by this strain in this study supports the story that this strain could be ingested with milk
and started its infection journey from the intestines. Similar to this strain, strains 1827 and 2018
(ST7) which showed a very high level of invasion into Caco-2 could cause the same infection with
the same outcome if they ingested by such infant. Strains 565, 1558 (ST7), 512 and 514 (ST11)
showed moderate invasion levels, whereas the other strain showed low invasion levels. There is a
strong agreement between the invasion results in this study with the invasion results that obtained
by Townsend et al. (2008) and Almajed and Forsythe, (2016) who used C. sakazakii strains. This
agreement indicates that C. malonaticus has ability to invade intestinal cells similarly like C.

sakazakii.

With regard to the assessment of the ability of C. malonaticus strains to invade the HBMEC cells,
same strains (1830, 1833, 1835, 2020) that were unable to invade the Caco-2 cells, were also
incapable to invade the HBMEC cells (Figure 5.7 and Table 5.2). Noticeably, only one strain, 2020,
showed high ability of adherence to HBMEC though it could not invade this cell line. Similar to the
invasion result of the Caco-2 cells, same ST7 strains 1827 and 2018 showed very high invasion levels
into HBMEC cells (P<0.05). In addition, strain 1558 (ST7) showed the highest invasion level among
all tested strains (P<0.01). This strain displayed intermediate level for Caco-2 invasion and was
isolated from faeces. Noticeably, strain 1558 was the only strain displayed completely different
adherence pattern which is diffused adherence (DA) to HBMEC, though it showed locolised
patteren (LA) pattern to Caco-2 cells. In addition, ST7 strains (1827 and 2018) demonstrated same
adherence pattern that shown with Caco-2 cells, LA. Two strains 1569 (ST307) and 565 (ST7)
demonstrated also high levels of invasion into HBMEC; however, these two strains showed low

adhesion levels to HBMEC cells (Figure 5.4 and Table 5.2). The adherence pattern of CDC 1569 and
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656 strain was also LA pattern either to HBMEC or Caco-2 cells. The ability of CDC strain 1569 to
invade Caco-2 and HBMEC cells and to tolerate human serum confirms the responsibility of this
strain for a fatal case of meningitis in <1-month infant in Wisconsin, the USA. In this study, other C.
malonaticus strains such as 565, 1558, 1827 and 2018 which belong to ST7 were evidently able to
invade both Intestinal cells (Caco-2) and human brain cells (HBMEC). This suggested that these
strains can cause similar infections as CDC 1569 strain did. Strains 565 and 1558 were isolated from
faeces of unknown age patients and they could cause serious infections especially if they were
isolated from infants. Strains 1827 and 2018 were isolated from 76 and 72-year old patients
respectively; however, the outcome of them was not reported. These particular two strains, 1827
and 2018, demonstrated a very high ability of invasion into Caco-2 and HBMEC cells as well as an
ability to tolerate human serum. This indicates that they could cause serious infections among
neonates, particularly who is suffering from impaired immunity. The rest of tested strains showed
low levels of invasion into HBMEC. Moreover, the invasion results of HBMEC assay were compared
to the results obtained by Almajed and Forsythe, (2016) who used C. sakazakii strains; however,
some C. malonaticus strains in this assay showed similar high invasion levels that showed by C.
sakazakii strains in the comparative study. This indicates that C. malonaticus can cause also serious

infections such as meningitis similarly like C. sakazakii.

Cronobacter has involved in many other infections such as pneumonia and UTI (Lai, 2001; Bhat et
al.,, 2009; Healy et al., 2010). However, the ability of Cronobacter to adhere and invade the
respiratory and urinary cells was not investigated before. The A549 respiratory cell line and the T24
urinary cell line were used to investigate the ability of 20 C. malonaticus to adhere and invade these
cells for the first time in this study. Figure 5.8 and 5.11 showed the assessment of the adherence
abilities of C. malonaticus strains to A549 and T24 cells. All tested strains showed ability to adhere
A549 cells in different levels (Figure 5.8). Six strains showed adherence abilities higher than positive
control (P<0.05), five of these strain are ST7 (688, 1558, 1827, 1835, 2018) and one strain is ST129
(685). Three of these strains (688, 1835 and 2018) were isolated from lower respiratory tract, while
two strains (1827 and 685) were isolated from blood and one strain (1558) was isolated from faeces.
The majority of these six strains displayed LA pattern to A549 cells, strain 685 showed AA pattern
and strain 1835 showed NSA pattern. Other two ST7 strains which are 1833 and 2020 showed high
level of adhesion comparing with reference strains, whereas the other strains displayed moderate
levels of adherence. With referencing to the adhesion to the T24 cells, all tested strains
demonstrated an ability to attach to this cell line (Figure 5.11). Strains 685 (ST129), 688, 1558, 1827,
2018 (ST7) showed the highest levels of adhesion among C. malonaticus strains (P<0.05). These five

strains showed also very high adhesion levels in A549 adhesion assay. Interestingly, the same

136



Chapter 5 Pathogenicity of C. malonaticus

adherence patterns were demonstrated by these high adhesive strains in both cell lines. Strain 685
ST (129) showed AA pattern while strains 688, 1558, 1827 and 2018 (ST7) showed LA pattern. Low
levels of attachment were showed by strains 565, 893, 1830, 2020 (ST7) and 689 (ST60), whereas
the rest of strains were moderate in their adhesion levels. Interestingly, the values of adhesion to
T24 cells, which derived from human bladder, was very high comparing with A549 cells. This was
noticed also in a study by Martinez et al. (2000) when E. coli adhere very well to bladder epithelial
cells (about 50 %). The invasion values were also very high comparing with other used cell lines. E.
coli and C. freundii showed very high invasion values when bladder cell lines were used; however,
same bacteria showed also very low values of invasion, comparing to T24 cells, when Caco-2 cells

were used (Meier et al.,1996; Martinez et al., 2000).

As the tested strains showed a clear ability to adhere the A549 and T24 cells, the gentamicin
protection assay was conducted to assess the invasion ability of same strains. Not all strains that
highly attached were highly invasive and vice versa. As shown in figure 5.10, four ST7 strains (1830,
1833, 1835 and 2020) were not able to invade the A549 cells, these strains showed same ability in
the previous invasion assays using Caco-2 and HBMEC cells. In contrast, other four ST7 strains (1558,
1827, 2018, 565) showed the highest levels of invasion when the invasion levels were equal or even
higher than the positive control (P<0.05). Interestingly, strains 1558, 1827, 2018 and 656
demonstrated LA adhesion pattern to A549 cells, suggesting once again that the type of adherence
might affect the invasion abilities. It is obvious that strain 565 which showed high invasion level was
moderate in its ability to attach the A549 cells. In addition, strains 507 and 514 which belong to
ST11 showed high invasion level, though their attachment levels were moderate. Other strains such
as strains 685 and 688 attached to A549 cells at high level; however, their invasion levels were
moderate. These observations confirm again that there was no direct correlation between adhesion
and invasion abilities. The remaining strains showed moderate invasion levels. These results
confirm the ability of Cronobacter in general and C. malonaticus in particular to cause pneumonia.
According to this, lower respiratory isolates such as 687, 688 and 2018 might be isolated from
patients who were infected with pneumonia. However, the clinical presentations and the final
outcomes for these patients are not available. Also of importance is that, the ability of C.
malonaticus to adhere and invade the respiratory cells A549 in this study is consistent with the
reports that have already showed the responsibility of Cronobacter for a considerable number of
pneumonia cases (Healy et al., 2010; Patrick et al., 2014). Also in Chapter 3, figure 3.5, about 78 %
of the used clinical collection was isolated from upper and lower respiratory tract and about 55%

was isolated from the lower respiratory site.
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Although, none of tested strains were isolated from urinary tract, the majority of these strains
showed the ability to invade the T24 urinary cell line (Figure 5.13). The urinary cell line T24 was
used based on the fact that the UTl is the most common infection caused by Cronobacter and these
infections count more than 60% among elderly people (Patrick et al., 2014). Nevertheless, the same
four ST7 strains (1830, 1833, 1835 and 2020) that were not able to invade the previous cells showed
no ability to invade T24 cells too. In contrast, three ST7 strains (1558, 1827, 2018) which showed
very high level of invasion into A549 showed also to be the highest invasive strains into T24 cell line
(P<0.01). These three strains showed also same adhesion pattern which is LA. This pattern of
adhesion, LA, was demonstrated by the majority of high invasive strains into all used cell lines, these
results indicate there could be a relationship between the adhesion patterns and invasion of the
epithelial cells. Certainly, Livrelli et al. (1996) have found that localized-adhesion isolates were
involved in severe infections. All strains which belong to ST11, ST60, ST84 and ST307 showed high
ability to invade the T24 cells when compared with reference strains (P<0.05). Similarly, ST7 strains
681, 565, 688 showed high level of invasion into the T24 cells (P<0.05), whereas strain 893 showed
moderate levels of invasion. C. malonaticus strains clearly demonstrated an ability to adhere and
invade the T24 cells which indicates that they are causative agents of UTI if they have an

opportunity to colonise urinary tract.

A group of invasion-associated genes such as ompA, ompX, apaH, ygdP, ppkl, ibeB and Hfg were
examined for their presence in the used C. malonaticus genomes. Kim et al. (2010) proposed that
outer membrane protein A (ompA) and outer membrane protein X (ompX) could play a crucial role
in the invasion of the human intestinal cells (Kim et al., 2010). OmpA protein has been found also
to promote the invasion ability to HBMEC in vitro (Singamsetty et al., 2008; Mohan Nair et al., 2009).
The association of ygdP and apaH in bacterial invasion was tested by Ismail et al. (2003). The
disruption of these genes individually or together in S. Typhimurium clearly reduced the ability of
the intracellular invasion of human HEp-2 epithelial cells (Ismail et al., 2003). Furthermore, ygdP
gene in E. coli K1 suggested to has a role in the invasion of the HBMEC cells (Badger et al., 2000).
Polyphosphate kinase 1 (PPK1), which is an enzyme that catalyse the polymerisation and
degradation of polyphosphate chains resulting in producing energy in the form of ATP
(Achbergerova and Nahalka, 2014) is another gene involve in bacterial invasion. It has been found
that the deletion of PPkl in E. coli K1 led to a decrease in the attachment and invasion of HBMEC
(Peng et al., 2012). IbeB, which is synonymous to cusCin Cronobacter, has been found to contribute
in the BBB invasion in E. coli K1 (Wang et al., 2012). Kucerova et al. (2010) have identified the
complete cation efflux system cusA, cusB, cusC, cusF, and its regulatory gene cusR in Cronobacter

isoltaes that involved in neonatal infections (Kucerova et al., 2010). The role of Hfg, which is known

138



Chapter 5 Pathogenicity of C. malonaticus

as an RNA chaperone, in the invasion ability of pathogenic bacteria is also confirmed in several
studies. The deletion of this gene reduced the invasion ability in E. coli and Salmonella (Simonsen
et al., 2011; Sittka et al., 2007). In addition, Kim et al. (2015) investigated the role of hfg in C.
sakazakii, their result confirmed the role of this gene in the invasion ability of C. sakazakii into Caco-
2 cells. In the absence of Hfg, the invasion, survival and hydrogen peroxide resistance ability of C.
sakazakii was attenuated. Therefore, it was suggested that hfg participates in the regulation of
several genes that involve in the virulence of C. sakazakii (Kim et al., 2015). All C. malonaticus strains
in this study (n=20) were confirmed positive for ompA, ompX, apaH, ygdP, ppkl, ibeB and Hfq
though these strains vary in their invasion ability into Caco-2, HBMEC, A549 and T24 cells (Figure
5.4,5.7,5.10, 5.13). This variation indicates that these genes may not contribute in invasion ability

of C. malonaticus or that some of these genes are silent in some strains.

Interestingly, a recent study by Du et al. (2015) used proteomic analysis identified about 89 proteins;
however, their analysis suggested the involvment of 11 proteins in the pathogenicity of C. sakazakii.
Six of these proteins are detected in the C. malonaticus strains in this study (Table 5.1). These
proteins are; chaperone Hsp60, GroEL; molecular chaperone Hsp90, HtpG; ATP-dependent
chaperone protein, ClpB; GTP-binding protein, TypA; Flagellar biosynthesis protein, FliC; Putative
virulence factor, SrfC and TerADEXZ (Du et al., 2015). The TerADEXZ which are known as tellurium
resistance associated genes, were not detected in the C. sakazakii isolates that were associated with
neonatal meningitis (Joseph et al., 2012a), which indicates that these genes may not essential in
pathogenicity of Cronobacter. Another study by Jing et al. (2015) determined the transcriptome
profile of C. sakazakii ATCC BAA-894 after being interacted with HCT-8 human colorectal epithelial
cells (Jing et al., 2015). In this study, lipid metabolism genes such as glpD, encoding glycerol kinase
and g/pQ, encoding glycerophosphoryl diester phosphodiesterase, were upregulated (Table 5.1). In
addition, lipopolysaccharide and outer memberance associated genes such as m/tD, encoding
membrane-bound lytic murein transglycosylase D, IpxP, encoding palmitoleoyl transferase involved
in biosynthesis of lipid A, yidC, encoding membrane protein insertase YidC, eptB, encoding
phosphoethanolamine transferase involved in biosynthesis of lipid A, and surA, encoding peptidyl-
prolyl cis-trans isomerase SurA were also upregulated (Jing et al., 2015). More novel potential
virulence factors that inviolve in pathogenicity, of Cronobacter, such as adhesion and invasion have
been identified using proteomic analysis by Ye et al. (2015;2016). In 2015, membranous proteins
such as envZ, IptE, MdtD and OsmY (Table 5.1), were upregulated in the virulent C. sakazakii isolate
but not in the attenuated strain (Ye et al., 2015). In 2016, they also identified more four potential
virulence factors (Table 5.1), DNA protection during starvation protein Dps, S-

ribosylhomocysteinelyase LuxS, ATP-dependent Clp protease ClpC, and ABC transporter substrate-
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binding proteins, which are thought to involve in the virulence of C. sakazakii through enhancing
bacterial adhesion, invasion as well as tolerance to environmental stresses and host immune
response (Ye et al., 2016). The upregulated genes that mentioned in Du et al. (2015), Jing et al.
(2015) and Ye et al. (2015,2016) studies have been also detected in the C. malonaticus strains in
this study. These genes could be also upregulated during the interaction of C. malonaticus with the
used cell lines and subsequently contribute in thier pathogenicity, particularly adhesion and
invasion. Therefore, proteomic analysis using C. malonaticus strains from this study are required to

reveal more facts regarding the pathogencity of C. malonaticus.

More interesting is that the variation of invasion ability of used strains was noticed even among
same STs. For example, among ST7 strains, strains 565, 1558, 1827 and 2018 showed to be high
invasive strains into all cell lines (Caco-2, HBMEC, A549 and T24). In contrast, ST7 strains 1830, 1833,
1835 and 2020 were not able to invade the same cell lines. Therefore, these ST7 strains were
selected for further genomic investigations in order to explore any difference in their virulence

genes.

The genome search of the selected strains revealed the presence of about 93 gene differences
between the high and low invasive strains. Four genes have been detected in the highest invasive
strains but not in low invasive strains. These genes are, O-Acetyltransferase_OatA
(Cmal_1827_00922) and more three hypothetical_proteins (Cmal_1827 00918, Cmal_1827 00919,
Cmal_1827_00007). The role of OatA, in bacterial pathogenicity have been investigated in several
studies. OatA, a Peptidoglycan O-Acetyltransferase, was confirmed to have a role in bacterial
pathogenicity such as limiting innate immune responses and promoting bacterial survival in the
infected host (Aubry et al., 2011). These four genes could play an important role in the
pathogenicity of the C. malonaticus strains and they could have played an essential role in the ability

of ST7 high invasive strains to invade the used cell lines.

The gene by gene investigations among selected genomes revealed further significant findings.
Fifty-five recognised genes and 17 hypothetical proteins were detected to have different DNA
sequences inside high and low invasive strains. The comparison of the sequence of these genes
exposed some Single Nucleotide Polymorphism (SNP) changes at fewer positions across the
sequences of the genes. In the most of these genes, the high invasive strains (656, 1558, 1827, 2018)
possess same SNPs change in their genes and similarly the low invasive strains (1830, 1833, 1835,
2020) share same SNPs change. These SNPs can cause a variation in the resulting structure of the
protein which may affect their functional characteristics. In this study, such alteration in functional

properties of a protein may enhance the virulence potential of the high invasive C. malonaticus
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strains. The DNA sequences of virulence related genes were translated using MEGA6 software to
check if they have synonymous or non-synonymous SNPs. The analysis revealed that two putative
virulence genes which are betaine aldehyde dehydrogenase (BetB) and protein that specifically

targets CsrB and CsrC (CsrD) have non-synonymous SNPs (figures 5.14 - 5.17, S.6, S.8).

Betaine aldehyde dehydrogenase (BetB) is an efficient osmotic regulator which contributes in
catalyzing the oxidation of betaine aldehyde to glycine betaine (Kempf and Bremer, 1998). Some
studies have suggested the role of BetB during invasion, intracellular trafficking, and multiplication
in the host cells (Velasco-Garcia et al., 2005; Lee et al., 2014). The upregulation of this gene has
been detected in C. sakazakii after the intraction of this organism with human intestinal cells HCT-
8 (Jing et al., 2015). In this study BetB might be also upregulated by high invasive strains and played

a role during the intraction of C. malonaticus with used cell lines.

The activity of carbon store regulator A (csrA), the global regulatory protein that involve in
regulation of several genes encluding virulence genes, is regulated by two noncodons RNAs, CsrB-
C. However, in E. coli the global regulatory RNAs CsrB-C require GGDEF-EAL protein (CsrD) for their
decay through an RNase E-mediated pathway. It is likely that the CsrD—RNase E-mediated decay
pathway operates in many Gram-negative bacteria and broadly influences metabolism, motility,
guorum sensing, interactions with host cells, and virulence factor expression (Suzuki et al., 2006;
Vakulskas et al., 2015). Therefore, CsrD could also play similar role in C. malonaticus which is
resulting in affecting of several traits including its pathogenic characteristics. Thus the difference in
the sequence of these genes, betB and csrD, between high and low invasive strain could have a role

in the difference of their ability to invade the used cells.

The majority of C. malonaticus strains were able to persist within human macrophages over 72
hours of incubation (Figure 5.18 and Table 5.2). Four ST7 C. malonaticus strains (1830, 1833, 1835
and 2020) were either not taken up or they were rapidly killed following macrophage uptake. These
strains showed also no ability to invade Caco-2, HBMEC, A549 and T24 cell lines. Potential
pathogenic bacteria show ability to survive and multiply within macrophages. ST7 strains 681, 688,
1827 and 2018 in addition to 1569 (ST307) were able to survive and multiply significantly during
the 48 hours compared to other C. malonaticus strains (P<0.05). These five strains were isolated
from breast abscess, sputum, blood, sputum and blood respectevily. This suggests that these
particular strains possess virulence mechanisms to tolerate the bactericidal activities within human
macrophage cells and use them as a vehicle to invade the other organs of human body. Our results
particularly for strains 1827, 2018 and 1569 correlate the virulence potential of these strains with

the attachment and invasion, as they were invasive strains for both Caco-2 and HBMEC cell lines.
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This suggests that these strains could be able to establish a successful infection and has the required
tools for this process including overcoming phagocytic killing. Interestingly, strain 1569 is a clinical
strain that was responsible for a fatal meningitis infection in the USA (Hariri et al., 2013). The
macrophage survival findings in this study are the first confirmation of the ability of C. malonaticus
to survive and multiply within macrophages. However, previous studies investigated and confirmed
the ability of C. sakazakii strains to survive and replicate within human macrophages (Townsend et

al., 2007a; Townsend et al., 2008; Almajed and Forsythe, 2016).

The survival and multiplication of C. malonaticus within macrophages help these bacteria to use
phagocytic cells as a vehicle to reach other body organs such as the human brain. Phagocytic cells
are attracted by some of cytokines which are secreted from infected tissue accordingly the infected
tissue become permeable. This allows the phagocytic cells, which contained the invading organism,
to migrate to the infection site and subsequently help to increase the number of bacteria. Moreover,
C. malonaticus strains 1827, 2018 and 1569, which showed ability to invade Caco-2 and HBMEC
celles and showed ability to survive and multiply within macrophages, were also serum resistant
(Figure 4.12). The presence of these traits could enhance the ability of these strains to avoid the
host immune response and cause bacteraemia, which finally could help them to migrate through

the BBB endothelial cells and cause meningitis.

Several intramacrophage survival associated genes have been detected in the genome of the 20 C.
malonaticus strains. The PhoP/PhoQ regulatory system of S. Typhimurium and Y. pestis and their
regulated genes including mgtB and pmrABE were shown to play an essential role for survival in
macrophage phagosomes (Ernst et al., 1999; Grabenstein et al., 2006). PhoP/PhoQ belong to a
family of regulatory proteins which is affected by the environmental change to activate the
transcription of genes through phosphotransfer machanism. Thus PhoQ is an environmental sensor
while PhoP is a transcriptional activator. In the low Mg?* concentration environment, PhoQ
promotes the phosphorylated state of the PhoP protein which directly regulates the transcription
of several genes that are necessary for the pathogenicity of Salmonella including macrophage
survival and other physiological activities in Salmonella (Vescovi et al., 1997; Groisman, 2001).
Genes such as mgtA and mgtB which are encoding Mg* transporters are also regulated by
PhoP/PhoQ system which allow bacteria to grow at limited concentrations of Mg?* (Soncini et al.,
1996). At low pH the PhoQ-mediated PhoP phosphorylation is also occured, and transcription levels
of the PhoP-activated genes are increased in acidic conditions (Perez and Groisman, 2007; Prost et
al., 2007). Moreover, antimicrobial peptides promote also the expression of a subset of the PhoP-
regulated genes through the PhoP and PhoQ proteins (Bader et al., 2005). In Salmonella, the

pmrA/B, which are PhoP-regulated genes, play also a role in the modification of the outer
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membrane structure by changing the structure of the lipid A of LPS to provide protection against

the effect of antimicrobial peptides (Ernst et al., 1999).

Y. pestis require also the PhoP-regulated genes for modification of LPS and adaptaion of low Mg?*
levels which mediates the survival into macrophages. These genes involve also in preventing the
delivery of cathepsin D, an acid-acting macrophage lysosomal protease that kill bacteria, to its
vacuole in macrophages (Bewley et al., 2011). In addition, it has been shown that gsrA (global stress
requirement) of Y. enterocolitica provide protection against oxidative stress killing by macrophages
(Yamamoto et al., 1996). It is a stress protein that act to prevent the accumulation of the abnormal
stress peptides which form toxin effect in the periplasmic space. It has been shown that the
mutation of the gsrA gene in Y. enterocolitica made this organism unable to survive within
macrophages due to being sensitive to the oxidative stress actions into macrophages (Yamamoto
et al., 1996). Moreover, superoxide dismutase, SodA, gene is involved in protection of bacteria
against phagocytosis when the first contact occurs at the surface of the phagocyte (Tsolis et al.,

1995; Cox et al., 2003).

For C. malonaticus, it could be proposed that the actvation of PhoQ after exposure to low Mg?*
concentration as a phagocytic defense mechanism, oxidative stress and low pH could lead to the
phosphorylation of PhoP. This will activate the expression of PhoP-regulated genes such as pmrABE
and mgtB. In this stage C. malonaticus will have an opportiunity to acquire Mg?* and avoid the killing
action of antimicrobial peptides. This will be accompanied by more protection against oxidative
stress killing action as C. malonaticus harbour the gsrA and sodA which are responsible for
superoxide dismutase production. Such complete protection mechanism might be used by C.
malonaticus to survive the phagocytic killing action of macrophages. However, in this study all
tested strain were positive for the genes that are required for the intramacrophage survival.
Nontheless, some strains were killed directly after being uptaken and displayed low survival and
replications within macrophages. These strains might have contained genes which are not
functional genes or other genes could contribute in the intramacrophage survival. Therefore, the
previous proposed mechanism required further investigation particularly at the functional genome

level by using transcriptomic studies to confirm whether these genes are expressed or not.

Four other phagocytosis resistance-associated genes have been investigated in this study. One of
these is YjcC gene which regulates the oxidative stress response in Klebsiella pneumoniae (Huang
et al., 2013). In addition, Lu et al. (2010) demonstrated that (d)NTP pyrophosphohydrolase-
encoding mazG is a potent NTP-PPase and this activity is required to keep the full capacity of the

mycobacteria to respond to oxidative stress. Bacterial susceptibility to oxidative stress could
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contribute to reduced virulence and intramacrophage survival of Cronobacter (Townsend et al.,
2007a). However, deletion of mazG in Mycobacterium tuberculosis reduced survival in
macrophages as well as in the spleen of infected mice (Lyu et al., 2013). Moreover, betB gene, which
is highly expressed during infections, has been suggested to affect the phagocytic pathway in
human phagocytes (Lee et al., 2014). Transcriptome analysis of C. sakazakii ATCCBAA-894 by Jing
et al. (2015) revealed the upregulation of betB after the ineraction with intestinal epithelial cell line
HCT-8. Finally, Mouslim et al. (2004) confirmed the role of rcsC gene in macrophage survival for
Salmonella when they found that its mutant was phagocytized less efficiently by macrophages and
it was defective for invasion of non-phagocytic cells and survival within macrophages. Accordingly,
the mazG, BetB and yjcC could be present as active genes in strains 681, 688, 1569, 1827 and 2018,
whereas rcsC gene which attenuated the virulence of Salmonella could be present as a silent gene

in these strains.
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6.1 Conclusion

Cronobacter malonaticus is a member of the genus Cronobacter which is considered an

opportunistic pathogen. C. malonaticus has been recognised to be more associated with adult

infections, whereas the closely related species C. sakazakii has been reported to be responsible for

several serious neonatal infections. Therefore, research has been focused on C. sakazakii to

investigate its physiological and virulence traits. However, the significance of C. malonaticus has

recently increased since it was documented to be involved in several severe neonatal infections.

Unlike previous Cronobacter studies, this study is mainly focused on C. malonaticus to investigate

its physiological and virulence characteristics that enable this species to survive different stresses

and cause adult and neonatal infections.

>

In the first part of this study a unique clinical collection of Cronobacter strains were used.
The collection has been isolated from about eight different departments in two hospitals
of the Czech Republic and isolates were collected from different clinical sites over a 6-year
period. As the majority of the collected strains were isolated from adults, it was
hypothesised that most of these strains could possibly be C. malonaticus. Also some strains
were collected from the same department, thus it is worthy to study if there is any
relatedness between strains. Therefore, a number of phenotypic and genotypic
identification techniques have been applied to answer some questions such as 1) is C.
malonaticus the predominant species among this collection, 2) is there any link between
age group and a specific species, 3) is there any relatedness between strains, and finally 4)

the study will find the effectiveness of each technique.

The use of some media such as TSA, VRBGA and DFl in laboratories does not give a complete
reliable identification; however, they are still essential for growing and isolation of different
bacteria and also for minimising the possible identification of microorganism in this level.
Other phenotypic methods which have been applied in this study such as API ID32E showed
also some limitations that confuse the user to reach a correct identification and could not
speciate the strains. Therefore, genotypic methods such as rpoB, MLST, O-antigen and PFGE
were applied. The 51 strains were predominated by C. sakazakii ST4 (63 %, 32/51) and C.
malonaticus ST7 (33 %, 17/51). These had been isolated from throat and sputum samples
of all age groups, as well as rectal and faecal swabs. There was no apparent relatedness

between the age or gender in patients and the Cronobacter species. There was almost

145



Chapter 6 Conclusions and future directions

complete agreement between O-antigen typing and rpoB gene sequence analysis and MLST
profiling. The majority (42/51) of strains were from the respiratory system (i.e. throat swabs
and sputum samples) and only three were from faeces, two from wound, one from blood
and one from urine. Despite the high clonality of Cronobacter, PFGE profiles differentiated
strains within each sequence type into 15 pulsotypes. This study shows the value of
applying MLST to bacterial population studies with strains from two patient cohorts,

combined with PFGE for further discrimination of strains.

» The second part of the study focused on comparative physiological and virulence related
tests of 20 strains of different sequence types of C. malonaticus. Six ST7 strains were
selected to represent the 5 C. malonaticus pulse types of the first part of this study and an
additional 14 C. malonaticus strains were chosen from the Cronobacter PubMLST database

from different countries to represent different STs.

As shown in figure 4.1 and 4.2 temperature was a crucial factor in biofilm formation, in
addition to nutrient type present in milk is important in enhancement of biofilm formation.
Capsules, cellulose and curli fimbriae were not confirmed to have a role in biofilm formation.
Just four C. malonaticus strains, which are 1830, 1833, 1835 and 2020 were not able to
show any movement activity. These strains share same DNA nucleotides and amino acid

sequences for flhC gene.

In general, though there was a variation in capsule production between used strains,
production of capsule was enhanced when IF was used. These findings may confirm the
effect of ingredients of different medium on production of bacterial exopolysaccharides.
The production of such capsular materials could be important in desiccation persistence,
serum resistance and macrophage evasion (Ogrodzki and Forsythe, 2015). All C
malonaticus showed an ability of producing cellulose in different amounts. Although C.
malonaticus possesses curli fimbriae associated genes not all C. malonaticus strains were

able to express the curli fimbriae.

The majority of C. malonaticus strains showed the ability to survive low pH (3.5 pH) over 2
hours of incubation. Just ST60 strains declined by more than 2 logs at the last time point of
incubation. While just one strain, 685, which belongs to ST129 showed no ability to survive

directly after 30 minutes. Although the ompR and rpoS genes were detected in all C.
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malonaticus, strain 685 showed to have different nucleotide sequence of these two genes.

This difference could effect the function of these genes and thus this strain become less

tolerant to the acidic environment.

The recovery of sublethally injured C. malonaticus strains was decreased comparing with

the number of inoculum bacteria. However, the number of non-detected bacteria on

VRBGA was higher than on TSA. This reflects the differences in composition between the

two culture media. Interestingly, the lowest recovery of injured cells was showed by strain

685. Exceptionally, this strain was not able to survive acidic stress after 30 minutes. This

strain was shown to have different nucleotides sequence of two genes, ompR and rpoS,

that associated with stress response. In general, C. malonaticus has been frequently

isolated from PIF and other dry and desiccated environments (Cronobacter MLST Pub

Databases) which suggest that C. malonaticus can survive the dry conditions. Such a trait

could make this microorganism a potential pathogen from dry sources such as PIF.

Some metals such as copper, zinc, iron, nickel and cobalt, manganese are essential in the

structure of bacterial proteins; nonetheless these heavy metals could be toxic for bacteria

even at low concentrations (Osman and Cavet, 2011). All tested strains showed an ability

to tolerate or adapt the majority of the used metals at different concentrations.

Nevertheless, C. malonaticus strains were sensitive to sodium tellurite at all used

concentrations. This susceptibility was explained when all strains were confirmed in this

study to lack the genes associated with tellurite resistance, terACDYZ. Pathogenic bacteria

have an ability to control heavy metal homeostasis which help them to survive the killing

action of macrophages. The control of heavy metals such as copper and zinc are involved

in the ability of pathogenic microorganisms to survive into macrophages (Reva and Bezuidt,

2012). Noticeably, not all strains that showed ability to resist or adapt heavy metals were

able to survive macrophages. This is more likely due to contribution of different factors in

such activity. The iron acquisition system encoded in the genome of the sequenced of the

C. malonaticus strains, along with the ability of these strains to produce iron siderophores

in vitro, are important to maintain its growth in vitro. This might also enhance its growth in

vivo, and enable C. malonaticus to acquire iron in iron-limited environments in the human

body which will support its growth and pathogenicity.
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Gram-negative bacteria which cause systemic infections need to overcome the

mechanisms of killing by serum components and the action of the human complement in

the human serum. In this study, despite the fact that some C. malonaticus strains were

sensitive to human serum as well as rapidly killed by phagocytes, some other strains such

as 688, 1827, 2018 (ST7) and 1569 (ST307) were serum tolerant and were able to survive

and multiply within macrophages in the laboratory assays. This allows C. malonaticus to

enhance their ability to grow in the bloodstream and thus this could be an advantage of

causing bacteremia. Moreover, C. malonaticus was able to produce haemolysins and

protease. The presence of such virulence factors indicates the possible occurrence of

serious destruction in the human tissue during infections.

Though C. malonaticus strains harbour multiple drug resistance operon, mar, C.

malonaticus strains showed susceptibility to quinolones, aminoglycosides

carbapenems groups. In contrast, all strains were resistant to tetracycline and 40 % of them

were resistant to chloramphenicol. About 35% of C. malonaticus strains showed

intermediate resistance to cefotaxime which is one of the third-generation of

cephalosporins, related to penicillin.

Plasmid profiling was performed, using simpe experiment, on 20 C. malonaticus strains

including two C. sakazakii strains BAA-894 and 6, which used as a reference marker and a

negative control respectively. All of the strains contain at least one plasmid. However,

because of the limitations of the experiment, it was impossible to determine the numbers

and sizes of the plasmids.

» The third part of this study concentrated on the pathogenicity of the same strains that were

used in the second part. The results in Figures 5.4, 5.7, 5.18 and Table 5.2 confirm that C.

malonaticus is potentially capable of causing serious infections such as NEC, bacteraemia

and meningitis. Two ST7 strains which are 1827 and 2018 were always high in their ability

to invade and survive the Caco-2, HBMEC and macrophage cells (Table 5.2). Moreover,

these two strains were resistant to human serum as shown in Chapter 4, resulting in

bacteremia. These strains were isolated from blood and sputum respectively and were

clustered together when PFGE was performed in Chapter 3. The CDC strain 1569 (ST307)

which was isolated from the blood of a fatal neonatal case showed also significant results

when it was able to invade Caco-2 at high level, invade HBMEC at moderate level and
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survive the human macrophages over the 72 hours of incubation and replicate during the
48 hours (Table 5.2). This strain showed also moderate levels of serum resistance in Chapter
3. The result of the CDC strain 1569 confirm its responsibility for the fatal neonatal case in

the USA.

Table 5.2 showed a summary of the ability of the C. malonaticus strains to adhere and
invade the A549 respiratory and the T24 urinary cells. The two ST7 strains 1827 and 2018
which showed significant results when tested against Caco-2, HBMEC and macrophages
showed also notable invasion results when they tested against A549 and T24. In addition,
strain 1558 (ST7) showed also remarkable invasion levels into A549 and T24 cells (Table
5.2). However, majority of the tested strains showed higher ability to invade respiratory
and urinary cells than other used cells. This might explain why C. malonaticus more
associated with adult infections than neonatal infections. It's noteworthy that four ST7
strains (1830, 1833, 1835 and 2020), which were not motile and not able to produce any
capsular materials, were always not able to invade the used cell lines or survive the
macrophages, although they were isolated from throat and faeces. This indicates that C.
malonaticus could colonise the human intestine and throat without having abilities to cause

infections, presuming that they inhabit the human body as normal flora.

Finally, the results of this study proved the ability of C. malonaticus to overcome several
stresses that could be faced either in the general environments such dry and acids or in
host body such as acids, action of serum and toxic effects of metals. In addition, C.
malonaticus showed a great ability to invade and survive different human cell lines. These
findings, taken together, confirm the potential of C. malonaticus to cause serious infections

in neonates or adults.
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6.2 Future directions

This study is the first research focused on C. malonaticus; it has extended our knowledge about
physiological and virulence traits of Cronobacter in general and provides a new knowledge about C.
malonaticus in particular. However, more researches should be continued on this species include

the following areas.

e Performing gene expression study such as RNA-Seq transcriptome analysis of some genes
that thought to be responsible for physiological and virulence traits and to confirm the

presence of silent genes.

e Performing proteomic studies to investigate the synthesis of virulence proteins.

e Detection of pro-inflammatory IL-1B, TNF-q, IL-6, and IL-8 and anti-inflammatory IL-10 and

IL-4 cytokines, and NF-KB production by Caco-2 and HBMEC cells on high and low invasive

C. malonaticus exposure.

e Assessment of the ability of the high invasive C. malonaticus to translocate through

different cell lines such as Caco-2 and HBMEC.

e Study of apoptosis in vitro due to C. malonaticus, as this is an important mechanism

contributing to the development of diseases.

e Epidemiological studies in the hospital to detect the real number of C. malonaticus

infections.
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Figure S.1 Manual curation of the flhC gene sequence alignment. The figure above represents the cropped
segments of the screen shots combined as one image showing only the sections where variations in the flhC gene
sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP) changes in C.
malonaticus strains.
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Figure S.2 Manual curation of the translated protein sequence of flhC gene. The figure above represents the
cropped segments of the screen shots combined as one image showing only the sections where variations in the
fIhC protien sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP)
changes in C. malonaticus strains.
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Figure S.3 Manual curation of the ompR gene sequence alignment. The figure above represents the cropped

segments of the screen shots combined as one image showing only the sections where variations in the ompR

gene sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP) changes in
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C. malonaticus strains.
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Figure S.4 Manual curation of the rpoS gene sequence alignment. The figure above represents the cropped

segments of the screen shots combined as one image showing only the sections where variations in the rpoS gene

sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP) changes that
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Species/wbrv GrFETFTTTXTTXRIXTNTSNY L B B A R R R ]
1. 1569 pews st307  NNAEENENAENEANERETERERCATEETAERTERTRCRATERRATEAT]
2. 1ss8 bers_sT7  HENAR AEERETEEEE HEEATERTEEERTERATATEET
3. 681_betB_ST7 HigaE

4. 565_betB_ST7? EfEAE

5. 1545_betB_sTe4_  ANEEE

6. 893_betB_ST7 EfEAE

7. 688_betB_ST7 HTEAE

8. 1827_betB_ST7 EEBAE HEE

9. 2018 _betB_ST7 iR HEERI
10. 1830_betB_sT7_ M BEEl
11. 1833 _betB_sT? & BEf|
12. 1835_betB_5T? & BEmI
13. 2020_betB_ST? & BER|
14. 507 _betB_sT11 B BER|
1S. 514 betB sT11 & BETl
16. 512 betB sT11 & BEmi
17. 689 vecs sTeo  HEEA IIIIIIl lIlIIIlIIIlIIII BEERI
18. 687 vers_steo  KERNEERERATARNEEAETEEERERTEETRCEATERTACARTERNTATEER]
19. 15 vecs sTeo  HERNEERERATERAEERETEREREREEETRCHTEATREARTERATATRERI

Figure S.5 Manual curation of the betB gene sequence alignment. The figure above represents the cropped
segments of the screen shots combined as one image showing only the sections where variations in the betB
gene sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP) changes in
C. malonaticus strains.

Species/Abbrv GETTTTT I T T T T N T T T N I I T I T T T A T AT AT AT AT AN T AN T AN RN

1. 1569_betB_ST307 BavlzvEBaBveB¥ErE
z. 1558 _betB_ST7 [ | | B BavlzvEBaBvioB¥EAE
3. 681_betB_ST7 avirviBaBvoB¥EAR:
4. 565_betB_ST7 | N | | BavBrvEBaBvioBREAE
5. 1545 _betB_ST84_ BavlzvEBABvLBEEAE
6. 893_betB_ST7 | BN | B BavizvEBABvLBE%AE
7. 688_betB_ST7 avlrvEBaBviBER AR
8. 1827_betB_ST7 [ ] B BavlzvEBrBveoB¥EnE
9. 2018_betB_ST7 BavirvEBaBviBERAB
10. 1830_betB_ST7_ [ | | B BavirvEBaBviB¥EAE
11. 1833_betB_ST? avirviBaBviE¥EAR:
12. 1835_betB_ST7 EEEN: o BR:vE | BavlzvEBABvLBEEAR:
13. 2020_betB_ST7 BavlzvEBABvLBEEAE:
14. 507_betB_ST1l | IS | B BavlzvEBaBveBE%AE
15. 514 betB_ST1l avirviBaBviBrzag
16. 512_betB_ST1l [ ] i BavirvEBaBviB¥EAE
17. 689_betB_ST60 BavirvEBaBviBERAR
18. 687_betB_$T60 BavirvEBaBviBERAR:
15. 15_betB_ST60 EERE:vE:vEE BV LBFRAR:

Figure S.6 Manual curation of the translated protein sequence of betB gene. The figure above represents the
cropped segments of the screen shots combined as one image showing only the sections where variations in the
betB protien sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP)
changes in C. malonaticus strains.
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DNASequences {Ttanslated Protein Sequences |

Species/Abbrv Group Name R R R
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. 1830_csrD_ST7

. 1833_csrD_ST7
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Figure S.7 Manual curation of the csrD gene sequence alignment. The figure above represents the cropped
segments of the screen shots combined as one image showing only the sections where variations in the csrD gene
sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP) changes in C.
malonaticus strains.
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Figure S.8 Manual curation of the translated protein sequence of the csrD. The figure above represents the
cropped segments of the screen shots combined as one image showing only the sections where variations in the
csrD protien sequence was observed. The black arrows point towards the Single Nucleotide Variations (SNP)
changes in C. malonaticus strains.
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Table S.1 Fimbrial regions in C. malonaticus.

NTU ST Region 1 Region 2 Region 3 Region 4 Region 5
ESA_01970-73 ESA_01974 ESA_01975 ESA_01976 ESA_02342-45 ESA_02538-41 ESA_02542 (ESA_02795-99 | (ESA_03512-20
565 7 - p p - + + + + -
681 7 - p p - + + - + -
688 7 - p p - + + + + -
893 7 - p p - + + + + -
1558 7 - p p - + + + + -
1827 7 - p p - + + + + -
1830 7 - p p - + + + + -
1833 7 - p p - + + + + -
1835 7 - p p - + + + + -
2018 7 - p p - + + + + -
2020 7 - p p - + + + + -
507 11 - p - - + + + + -
512 11 - p p - + + + + -
514 11 - p p - + + + + -
15 60 - p p - + + + + -
687 60 - p p - + + + + -
689 60 - p p - + + + + -
1545 84 - p p - + + + + -
685 129 - p p - + + + + -
1569 307 - p p - + + + + -
658 1 + + + + + + + + +
SP291 4 - - - - + + + + +
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Table S.2 Fimbrial regions in C. malonaticus.

NTU ST Region 6 Region 7 Region 8 Region 9 Region 10
ESA_04067-8 | ESA_04069 ESA_04070-2 | ESA_04073 | ESA)_03812-15 CTU_36390-450 | ESA_03231 ESA_03232 ESA_03233 CsgA-G Ctu_16230
565 7 - p + - + + + + + + +
681 7 - p + - + + + p + + +
688 7 - p + - + + + + + + +
893 7 - p + - + + + + + + +
1558 7 - p + - + + - - + + +
1827 7 - p + - + + + + + + +
1830 7 - p + - + + + + + + +
1833 7 - p + - + + + + + + +
1835 7 - p + - + + + + + + +
2018 7 - p + - + + + + + + +
2020 7 - p + - + + + + + + +
507 11 - p + - + + + + + + +
512 11 - p + - + + + + + + +
514 11 - p + - + + + + + + +
15 60 - p + - + + + + + + +
687 60 - p + - + + + + + + +
689 60 - p + - + + + + + + +
1545 84 - p + - + + + p + + +
685 129 - p + - + + + + + + +
1569 307 - p + - + + + + + + +
658 1 + + + + + - + + + - -
SP291 4 + + + + + + + + + - -
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