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i X 4 Development of a multiplex PCR targeting eae, stx and cdt
genes, and characterization of cdt gene-positive Providencia
rustigianii isolated from a diarrheic child in Japan
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Introduction

Food borne zoonoses is a major concern worldwide. Zoonotic transmission is considered to
be a key driver in the current emergence and re-emergence of novel diseases. It has been estimated
that 60% of all communicable and 75% of emerging infectious diseases of people were originated
from animals. Recently, zoonoses due to Salmonella spp. Campylobacter spp. and pathogenic E.
coli seems to be increased significantly. £. coli in general are normal flora of human and animal
intestine, however, some of them are pathogenic to human and animals. Pathogenic E. coli are
grouped into two groups, diarrheagenic E. coli (DEC) and extra-intestinal pathogenic E. coli
(ExPEC), which are associated with intestinal and extra-intestinal infections, respectively. Some
of the DEC such as enterohemorrhagic E. coli (EHEC) or Shiga toxin (Stx)-producing E. coli
(STEC) carrying eae (attaching and effacing) and/or stx genes and enteropathogenic E. coli
(EPEC) carrying bfp (bundle forming pili) and/or eae genes are zoonotic pathogens. EPEC can be
further divided into two groups such as typical EPEC (tEPEC) having both bfp and eae genes and
atypical EPEC (aEPEC) having eae gene only. aEPEC has been considered to be originated from



animals while tEPEC is originated from human. Stx is divided into two types such as Stx1 and
Stx2. Stx2-producing E. coli are associated with more severe clinical conditions such as
hemolytic-uremic syndrome (HUS) and neurological disorder than Stxl-producing E. coli.
Furthermore, EHEC (eae gene-positive STEC) is generally more virulent than STEC (eae
gene-negative). It should be noted that aEPEC would be automatically converted to EHEC if
Stx2-phage lysogenize aEPEC. Therefore, it is considered that aEPEC is more virulent than tEPEC.
Along with these E. coli pathotypes, cytolethal distending toxin (CDT)-producing E. coli (CTEC)
has been also isolated from children with diarrhea. CDT consists of 3 subunits such as CdtA,
CDtB and CdtC. Among 5 types of CDT (I to V)-producing E. coli so far known,
CDT-II-producing E. coli has been demonstrated to be Escherichia albertii, which is also known
to be an emerging zoonotic pathogen. Because several E. albertii strains have been isolated from
wild finch, pigeons and raccoons, and have been associated with various outbreaks of

food-poisoning.

Recently, aEPEC, CTEC, STEC and E. albertii are increasing reported from clinical cases
but the association of those bacterium with diarrhea is not epidemiologically established. To
understand the epidemiological significance of these pathogens in diarrheal diseases, detection
and isolation of causative bacteria from stool samples is necessary. Several simplex and multiplex
PCR have been described for the detection of those bacteria based on their important virulence
determinants (eae, stx and cdt). However, none of the existing PCR systems are suitable to detect
eae, stx, particularly stx2, and cdt genes in a single PCR. Thus, to facilitate rapid detection of
these bacteria in diarrheic stool samples, this study was designed to develop a multiplex PCR
(m-PCR) which can amplify eae, stx and cdt in a single reaction mixture. By using the m-PCR,
untypable cdtB gene was detected from stool of diarrheic child during routine surveillance, and
untypable cdtB gene-positive bacterium was isolated and identified as Providencia rustigianii. cdt

gene-positive P. rustigianii was further analyzed genetically and phenotypically.

Chapter 1. Development of a multiplex PCR for the detection of eae, stx and cdt genes, and its

application to clinical samples

There are different variants of eae, stx and cdt genes with distinct biological features.
Specific PCR primers for each gene were designed and a multiplex PCR (m-PCR) for the detection
of these 3 genes was developed. For this purpose, primers for eae and stx were designed aligning
sequences of all the reported variants of the target genes. In case of cdt gene amplification,
primers were taken from Hinenoya et al. (2009), which can detect all the 5 subtypes of cdtB genes
in E. coli. This m-PCR could amplify eae genes and all the reported subtypes of stx and cdtB
genes except stx2f with 100% sensitivity (58/ 58 isolates) and specificity (51/ 51 isolates).
Detection limit of the m-PCR for eae, stx and cdtB were 100, 10-100, and 1-10 CFU/assay,
respectively. This m-PCR could also detect eae, stx and cdtB genes in spiked stool samples with

considerable detection limits. Thus, to determine the prevalence of eae, stx and cdt genes in



diarrheic children in Japan, this m-PCR was employed. A total of 555 rectal swab samples were
examined upon enrichment in TSB where 4.9 and 5.8% of the samples were positive for eae and
cdt genes, respectively. Further, restriction fragment length polymorphism (RFLP) assay
(Hinenoya et al., 2009) was used to subtype the cdt genes in positive samples. From 3 samples
cdt-1I positive bacteria which were also positive for eae genes were isolated and identified as F.
albertii. In addition, one untypable cdtB (UT-cdtB) gene having similar RFLP pattern to that of P.
alcalifaciens was detected. The results indicated that this m-PCR can be used for surveillance of
diarrheic stool samples not only for eae, stx and cdt gene-positive aEPEC, STEC, CTEC, E.
albertii but also Providencia spp. The UT-cdtB was detected in a stool sample collected from a
15 months old infant where no other pathogenic virus (Adenovirus, Norovirus, Rotavirus) and
bacterial pathogens (deromonas spp., Campylobacter spp. Klebsiella spp., Salmonella spp., and
Yersinia spp.) has been detected indicating that the UT-cdtB carrying bacteria might be associated
with diarrhea in that infant. The UT-cdtB gene sequence had 95% homology with cdtB gene of P.
alcalifaciens. CDT production has been reported in very limited number of P. alcalifaciens strains
and the association of CDT producing P. alcalifaciens with diarrhea has not been elucidated. Thus,
this study was further extended to isolate and characterize the UT-cd¢B bearing bacterium and

determine its association with diarrhea by in-depth genotypic and phenotypic analysis.

Chapter 2. Identification the untypable cdtB positive bacterium as P. rustigianii and its

genotypic analysis

P alcalifaciens like UT-cdtB positive bacteria was isolated using Providencia specific
PMXMP media. Interestingly, this isolate when further characterized by biochemical tests, 16S
rRNA and rpoB gene sequencing was identified as P rustigianii (strain JH-1) but not P.
alcalifaciens. This is the first report regarding the detection of cdtB gene in P. rustigianii. P.
rustigianii is rarely isolated from human diseases and strain JH-1 is the only known strain in P.
rustigianii having cdtB gene. Thus, the whole cdt gene cluster of strain JH-1 was sequenced by
primer walking which revealed a 2,223 bp sequences including 2,143 bp long cdtABC gene cluster.
The deduced amino acid sequences of CdtA, CdtB and CdtC were 94, 97 and 94% homologous to
CDT of previously reported P. alcalifaciens respectively. As cdt is not frequently associated with
Providencia, we have speculated that Providencia spp. might have acquired cdt genes through
horizontal transfer events. Interestingly, S1-PFGE and Southern hybridization revealed the
presence of cdtB gene on a large plasmids of P rustigianii strain JH-1 and other 4 cdt
gene-positive P. alcalifaciens strains tested. Furthermore, cdt bearing plasmid in strain JH-1
(pJH-1) could be transferred to other enterobacteria including cdt negative P. rustigianii strain
GTC1504. This in vitro transferability suggests that this plasmid is horizontally transferable. To
further characterize the plasmid, P. rustigianii strain JH-1 was sequenced by whole genome
sequencing (WGS) using MiSeq and PacBio RSII platform. WGS revealed a 3,992,833 bp
chromosome and 168,819 bp plasmid with 41.2 and 38.7% GC contents, respectively. Annotation



of the plasmid sequences confirmed the presence of cdt genes on the plasmid along with type three
secretion system (T3SS) and conjugation related genes. Further analysis revealed another T3SS
related genes on the chromosome. The T3SS on the chromosome (cT3SS) belonged to Esc family
whereas plasmid T3SS (pT3SS) belonged to the Inv/Mxi-Spa family. /n-silico analysis revealed
that cT3SS of strain JH-1 was >64% homologous to the T3SS’s of other Providencia spp. but
pT3SS was found to be unique. Furthermore, cT3SS-spal (cspal) like gene sequences could be
detected on other strains of P. rustigianii and P. alcalifaciens by S1-PFGE, but pT3SS was present
only on the plasmids of cdt positive Providencia tested. This result indicated that ¢cT3SS might be
conserved among Providencia strains but pT3SS might be associated with the cdt bearing plasmid.
Presence of cdt and pT3SS genes on the same plasmid indicated that the cdt genes positive
Providencia spp. might be sharing similar type of plasmids. From the findings of genetic analysis
it could be said that P. rustigianii strain JH-1 carried all the machineries to be a potential virulent
bacteria and its virulence might be regulated by the transferable cdt bearing plasmid (pJH-1).
However, in-vitro and in-vivo experiments are necessary to establish the virulence and role of cdt

and T3SS genes on the virulence of P. rustigianii strain JH-1.
Chapter 3. Phenotypic characterization of P. rustigianii strain JH-1

To understand the virulence of strain JH-1 biological activity of cdt and T3SS gene-products
were examined. Western blotting and cytotoxicity assay with CHO cells revealed production of
biologically active CDT by strain JH-1. T3SS is reported to be associated with invasion in
Salmonella Typhimurim. As strain JH-1 possesses two T3SSs similar to S. Typhimurium, we have
attempted to determine the association of the T3SSs with the invasiveness of this strain. HeLa cell
invasion assay under gentamicin protection revealed strain JH-1 as invasive. In addition to T3SS,
CDT production is also associated with the invasion in Campylobacter spp. To determine the
association of CDT and T3SS’s with the invasiveness, cdtB and spal. (ATPase) gene mutants of
c¢T3SS (cspal) and pT3SS (pspal) were used. Invasion assay with the mutants revealed that, cdtB
and cspal mutation did not but pspal gene mutants (Apspal) lost their invasiveness. Interestingly,
invasiveness was increased in Acspal. To understand the underlying mechanisms of invasion loss
or increase, relative expression of pT3SS genes were determined by qRT-PCR. Relative
expression of 10 tested pT3SS genes were significantly downregulated in Apspal, whereas in
Acspal relative expression of genes downstream of pspal were significantly up-regulated,
indicating that pspal might be essential for the expression of pT3SS gene but ¢T3SS possibly
suppress pT3SS through interfering the regulation of pT3SS genes, however, the actual
mechanism of interaction between the T3SSs could not be uncovered. In P. alcalifaciens invasion
was considered as the major mechanism of diarrhea induction. As strain JH-1 could invade HeLa
cells, further rabbit ileal loop test was performed to determine its diarrheagenicity. Strain JH-1
could cause fluid accumulation in the ileal loop. In addition, AcspalL could but Apspal could not

induce fluid accumulation, indicating that pT3SS was associated with diarrheagenicity of strain



JH-1. Furthermore, CDT and T3SS activity could be determined in transconjugants carrying

pJH-1.
Conclusions

Taken together, it can be concluded that, m-PCR developed in this study would be useful in
detecting the target genes in diarrheic stool samples. P. rustigianii strain JH-1 could produce
functional CDT and diarrheagenic. The diarrheagenicity of strain JH-1 was regulated by a T3SS
located on a plasmid which was horizontally transferable to other enterobacteria with its
properties. As cdt producing P. alcalifaciens strains also carries similar plasmid and pT3SS like
sequences we assume that P. alcalifaciens also use similar T3SS to invade and induce diarrhea,

however, further descriptive studies are necessary to establish this assumption.
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