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ABSTRACT

Escherichia albertii is an emerging gastrointestinal pathogen, related to Escherichia coli, which can be mis-
identified as enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli (EHEC), due to the presence of the
eae gene in E. albertii. The aim of this study was to verify our hypothesis that E. coli cytolethal distending toxin-II
(Eccdt-II) gene-positive E. coli is E. albertii and to accumulate the data regarding the bacteriological character-
istics of E. albertii. For these purposes, we attempted to detect E. albertii in eae gene-positive bacteria previously
identified as E. coli and to examine if re-identified E. albertii contained Eccdt-II-homologous gene and remaining
eae gene-positive E. coli did not. A total of 373 eae gene-positive E. coli strains were analyzed by biochemical
tests, multilocus sequence analysis and an E. albertii-specific PCR. The strains re-identified as E. albertii were also
examined for the presence of cdt genes by using >?P-labled DNA probes, followed by their toxin-typing. Of the
373 strains, 17 were re-identified as E. albertii by three above-mentioned methods. Furthermore, all the 17 re-
identified E. albertii possessed cdt genes highly homologous to Eccdt-II and Eacdt genes. Moreover, Eccdt-I or both
Eccdt-I and stx2f genes were detected in two re-identified E. albertii strains. However, the remaining 356 strains
did not carry such cdt genes. These data indicate that all re-identified E. albertii isolates specifically carried cdt
genes homologous to Eccdt-II and Eacdt genes. We suggest that Eccdt-II gene-positive E. coli may be identical to E.
albertii.

1. Introduction

hermannii (Brenner et al., 1982a), Escherichia marmotae (Liu et al.,
2015), Escherichia vulneris (Brenner et al., 1982b). Escherichia blattae

Escherichia albertii is a recently recognized human enteropathogen
and avian pathogen (Huys et al., 2003; Oaks et al., 2010). This bac-
terium was first isolated from a 9-month-old girl with diarrhea in
Bangladesh and originally described as Hafnia alvei by routine bacterial
identification tests based on their biochemical properties (Albert et al.,
1991, 1992). Thereafter, extensive characterization of these Hafnia alvei
strains allowed for the reclassification of these isolates to be a member
of the genus Escherichia, and the new taxon, E. albertii, was therefore
proposed. (Huys et al., 2003).

E. albertii joins six other species within the genus Escherichia, in-
cluding Escherichia adecarboxylata (Leclerc, 1962), Escherichia coli
(Migula, 1895), Escherichia fergusonii (Farmer et al., 1985), Escherichia

has been recently reclassified as Shimwella blattae (Priest and Barker,
2010).

E. albertii is one of the attaching and effacing pathogens, where the
eae gene encoding intimin, an outer membrane protein associated with
binding to intestinal epithelium, is commonly present. In addition, E.
albertii produce cytolethal distending toxin (CDT) consisting of 3 dif-
ferent subunits, CdtA, CdtB and CdtC. Although it has been reported
that various Gram-negative bacteria such as Escherichia coli producing 5
different CDTs (EcCDT-I through EcCDT-V), Campylobacter spp, and
Shigella spp. produce species-specific CDT (Yamasaki et al., 2006), the
clinical significance of the function of CDT remains unclear. CDT is,
however, considered to be associated with increased persistent
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colonization and invasion of the bacteria, as well as with severity of the
disease (Fox et al., 2004; Ge et al., 2005, 2007; McAuley et al., 2007;
Pandey et al., 2003; Young et al., 2004). Furthermore, certain strains of
E. albertii have also been reported to produce Shiga toxin 2 (Stx2a,
Stx2f) or carry those genes (Brandal et al., 2005; Hinenoya et al.,
2017a; Murakami et al., 2014; Ooka et al., 2012), which are primary
virulence factors of enterohemorrhagic E. coli (EHEC), including ser-
otype O157:H7.

E. albertii is difficult to differentiate from E. coli solely by routine
biochemical tests. Indeed, in addition to H. alvei, E. albertii were pre-
viously misidentified on occasions as E. coli such as enteropathogenic E.
coli (EPEC) and EHEC (Hinenoya et al., 2009; Oaks et al., 2010; Ooka
et al., 2012), as the eae gene is commonly present in both EPEC and
EHEC. In addition to eae gene, EPEC carry bundle forming pili (bfp)
gene, while EHEC harbor stx1 and/or stx2 genes. In stx2 genes, there are
at least 7 subtypes (stx2a-stx2g) so far. Recently, Centers for Disease
Control and Prevention reported ‘National Enteric Disease Surveillance:
Shigella Surveillance Overview’ in 2011 in which Shigella boydii serotype
13 is regarded as E. albertii. This report was based on the 2 publications
showing results of DNA-DNA hybridization analysis of E. coli and Shi-
gella spp. including the serotype 13 (Brenner et al., 1982c), and evo-
lutional relatedness of E. albertii with S. boydii strains (Hyma et al.,
2005), respectively. These reports suggest that a large proportion of E.
albertii could be misidentified as other bacterial species, leading to
underestimation of E. albertii-related diseases and paucity of available
data about reliable bacterial characteristics of E. albertii.

Our recent studies regarding re-identification of Eccdt-II gene-posi-
tive E. coli as E. albertii (Hinenoya et al., 2014, 2017a, 2017b) suggested
that Eccdt-II gene-positive E. coli is actually E. albertii but not E. coli.
However, since these findings were demonstrated from Eccdt-II gene-
positive E. coli to E. albertii, demonstration from opposite side is also
essential. Namely, it should be proved that if E. albertii re-identified
from eae gene-positive E. coli carry cdt genes homologous to Eccdt-II
genes, and the remaining eae gene-positive E. coli does not carry the cdt
genes.

It was therefore the aim of this study, to retrospectively re-examine
a large collection of gastrointestinal pathogens and environmental
isolates, originally identified as eae gene-positive E. coli, specifically
checking for the presence of E. albertii through employment of bio-
chemical tests, multilocus sequence (MLS)-analysis and an E. albertii-
specific PCR. Furthermore, re-identified E. albertii were subjected to
bacteriological characterization, especially to see if cdt genes homo-
logous to Eccdt-II genes are ubiquitously present.

2. Materials and methods
2.1. Bacterial strains

A total of 373 eae gene-positive E. coli isolates were examined in this
study, which were originally isolated from humans, animals, foods and
environment between 1991 and 2002, and between 2008 and 2012 in
Akita prefecture, Japan. Detailed information of the isolates used in this
study is summarized in Table S1. Each isolate was streaked on a LB agar
plate (Difco™ LB Broth, Lennox; Becton, Dickinson and Company,
Franklin Lakes, NJ, USA, Agar Powder; Nacalai Tesque, Inc., Kyoto,
Japan) from glycerol stocks kept at —80 °C, and incubated at 37 °C
overnight. Resulting pure single colonies were subjected to the fol-
lowing experiments.

2.2. Biochemical properties and motility

Biochemical properties and motility were examined by conventional
methods (Ewing, 1986) using TSI (triple sugar iron) slants and SIM
(sulfide indole motility) (Eiken Chemical Co., Ltd., Tokyo, Japan).
Furthermore, acid production from carbohydrates was examined for
48 h incubation at 37 °C under an aerobic condition by using OF basal
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medium (Eiken Chemical Co., Ltd.) containing one of the following 9
carbohydrates at the concentration of 1% w/v: dulcitol, a-p-(+)-meli-
biose, 1-(+)-rhamnose, i-sorbitol, sucrose, b-(+)-xylose (Nacalai
Tesque, Inc.), lactose monohydrate (Kanto Chemical Co., Inc., Tokyo,
Japan), maltose monohydrate, and p-(-)-mannitol (Wako Pure Chemical
Industries, Ltd., Osaka, Japan), respectively. Motility was examined by
24 h incubation at 37 °C in SIM medium (Nihon Pharmaceutical Co.,
Ltd., Tokyo, Japan).

2.3. Preparation of template DNA solution

Bacterial strains were inoculated into 3 mL of LB broth (Becton,
Dickinson and Company) and incubated at 37 °C overnight under an
aerobic condition with vigorous shaking. An aliquot of each bacterial
culture was diluted 10 times with TE-buffer (10 mM Tris —HCI, 1 mM
EDTA [pH 8.0]), boiled for 10 min and centrifuged at 15,000 x g for
3 min at 4 °C. Resulting supernatant was collected and used as a tem-
plate DNA in the following experiments.

2.4. Multilocus sequence (MLS) analysis

MLS analysis was performed according to the protocol of University
of Warwick with slight modifications (Wirth et al., 2006). Briefly, 7
housekeeping genes (adk, fumC, gyrB, icd, purA, mdh, and recA) were
PCR amplified using TaKaRa Taq"~ (Takara Bio Inc., Shiga, Japan) and
sequenced by a cycle sequencing method using BigDye® Terminator
v1.1 and ABI 3130 Genetic Analyzer (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The primers and PCR conditions are shown in
Table S2. The loci were concatenated into a 3,423 bp sequence in the
order mentioned above. The phylogenic tree was constructed by the
maximum likelihood model using MEGA6 software with default setting
and boot-strapping 500 times (Tamura et al., 2013). The strains shown
in Table S3 were included into MLS analysis as reference.

2.5. Virulence gene profiling and determination of LEE integration site

Presence of eae, stx1, stx2, cdt, and bfp genes was analyzed by colony
hybridization assay using 3*P-labelled gene-probes, including eae, stx1,
stx2a, Eccdt-I and Eacdt, and bfp, respectively, under high stringent
conditions, as previously described (Yamasaki et al., 1996). DNA probes
were prepared as previously described (Hinenoya et al., 2009). Briefly,
partial sequences of eae, stx1, stx2a and stx2f, Eccdt-IB and EacdtB, and
bfp genes were amplified by PCRs using primer sets of EccdtB-comU and
EccdtB-comD, EcCDTII-F2 and EcCDTII-R2, EVT-1 and EVT-2, EVS-1
and EVC-2, 128-1 and 128-2, and bfp-F and bfp-R, respectively (Table
S2). EcCDT-I-producing E. coli strain GB1371 (Pandey et al., 2003), and
E. albertii strain P2660 (Hinenoya et al., 2017a) were used as a template
DNA for eae, Eccdt-IB and bfp genes, and Eacdt-IIB and stx2f genes, re-
spectively. E. coli 0157:H7 strain Sakai was used as a template DNA for
stx1 and stx2a genes. In silico analysis indicates that the EacdtB and stx2f
gene-probes can detect all the corresponding genes of E. albertii so far
registered in the GenBank at NCBI and DNA Data Bank of Japan
(DDBJ). PCR products were gel-cut purified by using Wizard® SV Gel
and PCR Clean-Up System (Promega, Fitchburg, WI, USA), and labelled
with 2P by a random priming method using Megaprime DNA Labelling
System (GE Healthcare Life Sciences, Buckinghamshire, UK) and
[a-32P]-dCTP (370 MBq/mL) (PerkinElmer Inc., Waltham, MA, USA).
When cdt and stx2 genes were detected by colony hybridization assay, a
PCR-RFLP assay, which can differentiate Eccdt-I, Eccdt-II (Eacdt), Eccdt-
III/Eccdt-V and Eccdt-1V, Eccdt-III- and Eccdt-V-specific PCRs to distin-
guish them (Hinenoya et al., 2009; 2014), and subtype-specific PCRs for
stx2 genes (Beutin et al., 2007) were performed to determine cdt and
stx2 subtypes, respectively.

The LEE integration site was determined by PCR described by Ooka
et al. (2012) with slight modifications. Briefly, genomic DNA was iso-
lated from enrichment culture as described elsewhere (Wilson, 2001).



A. Hinenoya et al.

Table 1
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Biochemical properties, antimicrobial resistances and genetic profiles of re-identified Escherichia albertii strains.

Strain Motility"™  Utilization of carbohydrates (1% w/v)"2 E. albertii Antimicrobial Virulence gene CDT Intimin LEE integration
PCR" resistance* titer'™>  subtype site
Dul Lac Mel Rha Sor Suc Xyl properties
AKT5 -6 -7 - - - + - - +7 NR'1° eae, Eccdt-I, 16 unknown pheU
tEacdt™?, stx2f (N2)

AKT11 - - - - - + + - + NR eae, Eacdt 16 unknown pheU
(N1.2)

AKT22 - - - - - + - - + NR eae, Eacdt 16 beta3 pheU

AKT72 - - - - - + - - + NR eae, Eacdt 8 beta3 pheU

AKT73 - - - - - - - - + NR eae, Eacdt 8 unknown ND"12
(N3)

AKT80 - - - - - + - - + NR eae, Eacdt 8 sigma pheU

AKT92 - - - - - + + - + NR eae, Eacdt 8 unknown pheU
(N2)

AKT109 - - - - - + - - + NR eae, Eacdt 8 beta3 pheU

AKT123 - - - - - + - - + NR eae, Eacdt 16 unknown pheU

AKT128 - - - - - + - - + NR eae, Eacdt 32 beta3 pheU

AKT130 - - - - - - - - + ABPC eae, Eccdt-I, Eacdt 8 omicron pheU

AKT131 - - - - - - - - + NR eae, Eacdt 8 sigma pheU

AKT148 - - - - - - - - + NR eae, Eacdt 4 sigma pheU

AKT152 - - - - - - - - + NR eae, Eacdt 8 xi pheU

AKT219 - - - - - + - - + NR eae, Eacdt 8 unknown pheU

AKT265 - - - - - - - - + NR eae, Eacdt 4 iota2 ND

AKT294 - - - - - + - - + NR eae, Eacdt 8 betal pheU

’tlmotility in SIM medium “?Dul, dulcitol; Lac, lactose; Mel, a-p-(+ )-melibiose; Rha, 1-(+)-rhamnose; Sor, L-sorbitol; Suc, sucrose; Xyl, p-(+)-xylose ﬁ3developed by
Ooka et al. (2015) Mampicillin (ABPQ), ceftazidime, cefoxitin, chloramphenicol, ciprofloxacin, cefotaxime, fosfomycin, gentamicin, imipenem, kanamycin, nalidixic
acid, norfloxacin, streptomycin, trimethoprim-sulfamethoxazole and tetracycline were tested. “>Reciprocal of the highest dilution of filtrated cell sonic lysates of TSB
culture that resulted in cytoplasmic distension in > 50% of cells “°negative for motility ““negative for utilization of carbohydrates “®positive for utilization of
carbohydrates “°Expected size of PCR product was yielded. "'°no resistance to any of antimicrobials tested "'truncatated Eacdt genes "?not determined.

The genomic DNA was subjected to PCRs using TaKaRa LA Taq  (Ta-
kara Bio Inc.), escR primer, a common reverse primer and one of the
forward primers (pheV-Rol, pheV-glcB, selC-Rol and 433-f). PCR
primer sequences and a PCR condition are shown in Table S2.

2.6. Sequencing of entire cdt, eae and stx2f genes

The entire nucleotide sequences of Eccdt-I, Eacdt, stx2f, and eae
genes were determined as previously described (Hinenoya et al.,
2017a). A neighbor-joining tree based on nucleotide sequences of the
cdt genes was constructed by MEGA6 software. To determine intimin
subtypes, predicted amino acid sequences of eae genes were aligned
with those of the reference intimin subtypes by the Clustal W program
of MEGAG6. The reference intimin subtypes used were from Ooka et al.
(2012). Nucleotide and predicted amino acid sequences of cdt genes and
intimin of the strains were listed in Table S3 and included as references.

2.7. Antimicrobial susceptibility

Re-identified E. albertii strains were analyzed for antimicrobial
susceptibility by disk diffusion method following the protocol of CLSI
MO07-A11. Zone of inhibition size was interpreted based on the criteria
of the CLSI M100-S26 for the family Enterobaceriaceae. The following 15
antimicrobial agents including cefotaxime (30 ug), ceftadizime (30 pug),
cefoxitin (30 pg), imipenem (30pg), ampicillin (10 pg), fosfomycin
(50 pg), streptomycin (10 pg), kanamycin (30 pg), gentamicin (10 pg),
chloramphenicol (30 pg), tetracycline (30 pg), norfloxacin (10 pug), ci-
profloxacin (5pg), nalidixic acid (30pg), and sulfamethoxazole-tri-
methoprim (1.25ug/23.75ug) were used (Becton, Dickinson and
Company).

2.8. Cytotoxicity assay

Cytotoxicity assay was performed using Vero and CHO cells, re-
spectively, as described previously (Hinenoya et al., 2017a) with slight
modifications. E. albertii strains were cultured in 3 mL of LB-broth at
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37 °C overnight. An aliquot of the overnight culture was inoculated into
3mlL of fresh tryptic soy broth or LB-broth and cultured to early log
phase, followed by further aerobic incubation for 6 h with or without
0.5 pg/mL of mitomycin C (MMC; Kyowa Hakko Kirin Co., Ltd., Tokyo,
Japan). Culture supernatant or cell sonic lysate was passed through a
sterile filter with 0.2-um pore size (Asahi glass Co., Ltd., Tokyo, Japan),
and the filtrate was used for cytotoxicity assay.

To neutralize the activities of EcCDT-I, EaCDT and/or Stx2f, the
filtrate diluted appropriately was incubated at 37 °C with equal volume
of anti-EcCdt-IB, anti-PaCdtC and/or anti-Stx2fA sera for 30 min. The
mixtures were applied to the cytotoxicity assay. Anti-PaCdtC serum
could also neutralize EaCDT activity due to high amino acid sequence
homology between EaCdtC and PaCdtC (> 86.8%) as previously de-
scribed (Hinenoya et al., 2017a).

2.9. Nucleotide sequence accession numbers

All nucleotide sequences obtained in this study were deposited into
the DDBJ database. The accession numbers are L.C415145-1.C415263
(for the 7 housekeeping genes [adk, fumC, gyrB, icd, mdh, purA, recA]
used for MLS analysis), LC415264-1LC415282 (for the cdt genes),
LC415283-LC415299 (for the eae genes) and L.C415300 (for the stx2f
genes), respectively.

3. Results

3.1. Detection of E. albertii by phenotypic characterization of eae gene-
positive E. coli

A total of 373 eae gene-positive E. coli strains isolated from symp-
tomatic and asymptomatic humans, foods and environment were ana-
lyzed for their phenotypic properties to detect E. albertii (Tables 1 and
S1). Among these, 17 strains shown in Table 1 could not utilize any of
the 4 carbohydrates including dulcitol, a-p-(+)-melibiose,
(+)-rhamnose and p-(+)-xylose, which are utilized by most of E. coli
but not E. albertii isolates reported to date (Abbott et al., 2003;

I-
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k< Fig. 1. Neighbor-joining tree of E. albertii candidates by
% —_ multilocus sequence analysis.
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Hinenoya et al., 2014, 2017a, 2017b; Oaks et al., 2010; Ooka et al.,
2012), and were non-motile, which is a typical characteristic of E. al-
bertii under the experimental condition. The remaining 356 strains
could utilize more than 2 of the carbohydrates regardless of their mo-
tility. Therefore, the 17 strains were selected as E. albertii candidates for
further studies.

3.2. Confirmation of E. albertii candidates by genetic methods

To confirm the species of the 17 eae gene-positive presumptive E.
albertii, MLS analysis which can clearly differentiate E. albertii from E.
coli, and an E. albertii-specific PCR previously reported (Ooka et al.,
2015) were performed. All the 17 strains were placed in an E. albertii
cluster distinct from those of E. coli, S. boydii and E. fergusonii on the
phylogenic tree (Fig. 1), and produced expected size of amplicons by
the PCR (Table 1). These data revealed that these 17 eae gene-positive
E. coli were E. albertii but not E. coli as previously characterized
(Hinenoya et al., 2017b). Among 17 re-identified E. albertii, 15, 1 and 1
strains were human isolates from sporadic, epidemic and imported
cases, respectively.

3.3. Virulence gene profile and determination of LEE integration site

The 17 strains of E. albertii and remaining 356 eae gene-positive E.
coli were also analyzed for the presence of virulence genes including
cdtB (Eccdt-IB and EacdtB), stx (stx1 and stx2), bfp, and eae genes by
colony hybridization assays. All the strains analyzed in this study were
re-confirmed to be eae gene-positive. Regarding the 17 E. albertii strains,
all were positive for cdtB gene but not bfp gene. The cdtB gene was also
detected in 2 strains (AKT177 and AKT377) among the 356 eae gene-
positive E. coli (Table S1). Then, cdt genes were typed by PCR-RFLP and

PCRs specific for Eccdt-III and Eccdt-V. cdt genes in all E. albertii strains
were typed to be Eccdt-II, which is indeed Eacdt, but strains AKT5 and
AKT130 also contained Eccdt-I genes. cdt genes in eae gene-positive E.
coli strains AKT177 and AKT377 were typed to be Eccdt-V. In case of
AKTS5, in addition to Eccdt-I and Eacdt-II genes, stx2 genes were also
detected and further subtyped to be stx2f by subtype-specific PCRs
(Beutin et al., 2007). bfp gene was detected in 30 eae gene-positive E.
coli strains.

Sequence analysis of the Eacdt revealed that complete cdtA (777 bp),
cdtB (810 bp) and cdtC (546 bp) genes were identified in the 16 strains,
except a strain AKT5. As shown in Table S4, the cdt genes in 14 and 3 E.
albertii were highly homologous to Eccdt-II genes of strain 9142-88
(98.6-99.6%) and Eacdt genes of strain LMG20976" (99.2-99.6%), re-
spectively. cdt genes in E. albertii belonged to a distinct cluster, which
can be divided into two subclusters with the exception of one strain
(Bird_8), subcluster 1 for Eacdt type strain LMG20976" and subcluster 2
for Eccdt-II type strain E. coli 9142-88 (Fig. 2). Putative amino acid
sequences of EacdtB (810 bp) and EacdtC (546 bp) in strain AKT-5 were
99.9% (268/269 aa) and 100% (181/181 aa) identical to those of E.
albertii strain AH-5 (Accession number AB472834). However, the
EacdtA gene sequence consisted of 778 bp nucleotides, in which a frame
shift mutation occurred due to an additional deoxyadenosine nucleotide
(A) in the A rich region between nucleotide position 75 and 81 of the
EacdtA. This result suggests that strain AKT5 cannot produce biologi-
cally active EaCDT.

Eccdt-I genes in strain AKT130 were identical to those of E. coli
strain E6468/62 producing prototype EcCDT-I. On the other hand, 2
nucleotides difference (C919T, A1242G) was found in the Eccdt-IB
gene of strain AKTS5 in comparison to those of E. albertii strain P2660
(LC140875), however the putative amino acid residues important for its
DNase I activity (H153, G190-N193, D228, D259 and H260) were
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Bird3.P6796(Eacdr)
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AKT123.P3662(Eacdt)
CB9791.,P3921 (Eacdf)
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Cluster I

Cluster II

Fig. 2. Neighbor-joining tree-based on nu-
cleotide sequences of cdt genes in the
Escherichia albertii strains analyzed. The
dendrogram was constructed with entire cdt
genes sequences (Eacdt, Eccdt-I) in 17 E. albertii
strains used in this study (highlighted by bold
letters). The cdt genes are designated by their
strain names. cdt genes from 57 E. albertii
strains (Eacdt), 5 E. coli strains (Eccdt-I, Eccdt-II,
Eccdt-II, Eccdt-1V, Eccdt-V), and 1 P. alcdlifa-
ciens strains (Pacdt) listed in Table S3 were in-
cluded as references. tEacdt indicates truncated
Eacdt. Eacdt and Eccdt-II with the exception of
strain Bird 8 were comprised of 2 clusters
(clusters I and II). Scale bars indicate nucleo-
tide substitutions (%) per site.

——— AH-31(Pacdr)

AKT219(Eacdr)

- 9142-88(Eccdt-II)
AKT22.AKT72.AKT109,AKT128
Bird5,Bird26,P2543,P3321(Eacdr)

|_- 1404(Eccdt-IIT)
493/89(Eccdt-V)

— E6468/62(Eccd-1)

L 28C(Eecdr-v)

conserved. stx2f genes identified in strain AKT5 were identical to those
of E. albertii strain FO8/101-31 (AB472687).

Intimin subtypes in the 17 E. albertii strains were determined by
entire eae gene-sequencing and subsequent phylogenic analysis using
the putative amino acid sequences (Fig. S1). Intimin subtype was di-
verse and determined to be beta3 (4 strains), sigma (3), betal (1),
omicron (1), xi (1) and iota2 (1) whereas 6 strains were unknown
subtypes (Table 1). Among the unknown intimin subtypes of the 6
strains, those of 1, 2 and 1 strains were subtyped to N1.2, N2 and N3,
respectively, which were tentatively described in the study of Ooka
et al. (2012). The remaining 2 were homologous to those of strains
P3662 and P3921 described in our previous study (Hinenoya et al.,
2017b). In 15 E. albertii strains, only pheU locus was determined for LEE
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integration site by PCR using 4 primer sets as described in Table S2. LEE
integration site of the remaining 2 strains could not be determined due
to no amplicons by any of the 4 primer sets.

3.4. Antimicrobial susceptibility of re-identified E. albertii strains

The 17 re-identified E. albertii strains were examined for anti-
microbial susceptibility. As shown in Table 1, only strain AKT130
showed ampicillin resistance while the remaining 16 strains did not
show any resistance to 15 antimicrobials tested.
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3.5. Cytotoxicity and its neutralization assays of E. albertii strains

Production of CDT by re-identified E. albertii strains was examined
by cytotoxicity assay with CHO cells, which are not sensitive to Stx. The
filter sterilized cell sonic lysates of all the re-identified E. albertii strains
tested induced cell distention at the titer from 4 to 32 after 72h in-
cubation (Table 1). Morphological changes of the cells were similar to
those by E. albertii type strain (LMG20976") and EcCDT-I-producing E.
coli strain GB1371 (Data not shown). The CDT activities except for
strains AKT5 and AKT130 were neutralized by anti-PaCdtC serum, in-
dicating that the 15 E. albertii strains produced biologically active
EaCDT. As expected based on the cdt gene-sequencing data, the activity
of strain AKT5 was neutralized by anti-EcCdtIB serum but not by anti-
PaCdtC serum, indicating that strain AKT5 produced functional EcCDT-
I but not EaCDT. For strain AKT130, CDT activity was completely
neutralized only when both anti-EcCdtIB and anti-PaCdtC sera were
present, but not either one of them. This data indicated that strain
AKT130 produced functional EcCDT-I as well as EaCDT.

Stx2f production in strain AKT5 was also examined by using Vero
cells, which are sensitive to Stx (Fig. S2). Intoxication by the filter
sterilized cell sonic lysates caused cell death at the titer of 1,024, as
observed in that of E. albertii strain P2660 producing Stx2f. The cell
death was neutralized by anti-Stx2fA serum, indicating that the strain
AKTS5 produced biologically active Stx2f.

The titer of CDT activity in the culture supernatant of strain AKT130
was not enhanced when cultured in the presence of MMC (Table 2).
However, MMC enhanced its EcCDT-I and Stx2f activities in strain
AKTS5S by 8- and 32-fold, which were neutralized by anti-EcCdtIB and
anti-Stx2fA sera, respectively (Table 2).

4. Discussion

E. albertii isolates possess species-specific cdt genes (Eacdt), which
are located on chromosomal DNA but not mobile genetic elements such
as phages, transposons and plasmids (Ooka et al., 2015). These are
almost identical to Eccdt-II genes in E. coli (Hinenoya et al., 2014,
2017a; Ooka et al., 2012). However, our recent studies (Hinenoya et al.,
2017b) suggested misidentification of E. albertii as Eccdt-II gene-positive
E. coli. Therefore, in order to examine the potential for misidentifica-
tion, we performed a retrospective analysis of eae gene-positive isolates
that were originally identified as typical or atypical EPEC by routine
biochemical tests. In addition, we examined the occurrence of cdt genes,
followed by their phylogenetic characterization in all re-assigned E.
albertii isolates. Overall, we successfully detected 17 (4.6%) isolates as
E. albertii including one stx2f gene-positive. All the 17 re-identified E.

Table 2
Effect of mitomycin C on toxin production by EcCDT-I and Stx2f-producing
Escherichia albertii.

Toxin titer®

Species Strain Toxin gene MMC CHO Vero
E. albertii AKT5 Eccdt-1, tEacdt, stx2f - 4 512
+ 32 16,384
AKT130 Eccdt-1, Eacdt - 32 ND
+ <1 ND
P2660 Eccdt-I, Eacdt, stx2f - 2 8
+ 16 128
E. coli Sakai stxl, stx2 - ND* 512
+ ND 32,768
GB1371 Eccdt-I - 4 ND
+ 32 ND
C600 - - <1 <1

*

mitomycin C, #not done, Filtrated culture supernatants in LB-broth with
and without MMC were used as toxin samples.

$ Reciprocal of highest dilution that resulted in cytoplasmic distension or
death in > 50% of cells is shown as toxin titer.
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albertii isolates harbored cdt genes highly homologous to Eccdt-II and
Eacdt (93.5-99.6%) which are placed into a cluster distinct from other
cdt genes. Taken together, although E. albertii and Eccdt-II gene-positive
E. coli were regarded as independent bacteria each other, we suggest
that Eccdt-II gene-positive E. coli may be identical to E. albertii.

MLS analysis is the sole method, which can clearly differentiate E.
albertii from other Enterobacteriaceae including E. coli and S. boydii,
however it is not suitable for routine bacterial identification tests be-
cause it is time-consuming, labor-intensive and not cost-effective. PCRs
targeting E. albertii-specific nucleotide sequences have been reported
(Hyma et al., 2005; Ooka et al., 2015; Lindsey et al., 2017). However,
since they were developed based on the genetic properties of limited
number of E. albertii strains from limited sources, their sensitivity and
specificity are still uncertain. Indeed, it was reported that Klebsiella
variicola was determined as E. albertii (Maeda et al., 2014). Therefore,
there is still much information left about the properties of E. albertii in
order to construct simple and reliable methods to detect and identify E.
albertii. Thus, we have also extensively analyzed the bacteriological
properties of the re-identified E. albertii strains

In comparison to low variation in LEE integration site of E. albertii
for which only pheU gene was identified, various intimin subtypes in-
cluding alpha8, betal, beta3, epsilonl, epsilon3, epsilon4, iota2, nu,
omicron, rho, sigma, tau, xi, ypsilon, have been identified in E. albertii
(Fiedoruk et al., 2014; Hinenoya et al., 2017b; Lacher et al., 2006; Luo
et al.,, 2011; Ooka et al., 2012, 2015). Although predominantly iden-
tified intimin subtype among clinical isolates was sigma followed by
beta3 and omicron, the new subtypes have also been gradually reported
in E. albertii (Hinenoya et al., 2017b; Ooka et al., 2012). In this study, 4
out of the 10 subtypes identified in the 17 E. albertii strains were also
unknown subtypes (Tablel, Fig S1). These data indicate that E. albertii
express various subtypes of intimin on their surfaces to adhere to host
intestine, which does not belong to those predominantly identified in
clinically important E. coli, such as alphal of EPEC 0127:H6, and
gammal, epsilonl and betal of EHEC 0157, 0103 and 026, respec-
tively (Ramachandran et al., 2003). Since intimin might be associated
with cell tropisms of host bacteria (Phillips and Frankel, 2000), E. al-
bertii might adhere to different intestinal sites from those of clinically
important E. coli.

Stx2 is the most important virulence factor in EHEC because Stx2-
producing EHEC can cause severe diseases such as hemolytic uremic
syndrome (HUS) and neurological disorder. Stx2 is encoded on lamb-
doid phage, whose induction through SOS response is strictly linked for
host bacteria to produce Stx2 (Waldor and Friedman, 2005). Clinical
isolation of stx2 gene-positive strain in the case of E. albertii has been
increasingly reported (Brandal et al., 2005; Etoh et al., 2009; Ooka
etal., 2012; Seto et al., 2007). In this study, an stx2f gene-positive strain
was newly identified. The strain AKT5 produced biologically active
Stx2f, whose production could be enhanced by MMC treatment. Fur-
thermore, the production level of Stx2f was higher than that of E. al-
bertii strain P2660 which we have previously identified (Hinenoya
et al., 2017a) and almost similar to that of EHEC O157:H7 strain Sakai
in terms of Vero cell cytotoxicity (Table 2), suggesting that strain AKT5
has higher potential to cause severe diseases than strain P2660. How-
ever, unfortunately it cannot be discussed here since detailed clinical
information of the patient from which strain AKT5 was isolated is not
available.

In summary, this study adds to the evidence base concerning E.
albertii, mainly through virulence gene characterization. Our studies
suggest that Eccdt-II gene positive E. coli are not true E. coli, but rather
E. albertii. We have demonstrated sequence uniqueness with E. albertii
and Eacdt genes, which may be a successful mechanism for species
differentiation, which we are currently working on. All such data are to
be welcomed to help with laboratory identification and avoidance of
misidentification of other species and E. albertii. Our description of
virulence characteristics of E. albertii further adds to the emerging
picture of E. albertii as a gastrointestinal pathogen. Further
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epidemiological studies are required to understand the clinical im-
portance and properties of E. albertii.
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