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Abstract 

Background  Within the genus Escherichia, several monophyletic clades other than the traditionally defined species 
have been identified. Of these, cryptic clade I (C-I) appears to represent a subspecies of E. coli, but due to the difficulty 
in distinguishing it from E. coli sensu stricto, the population structure and virulence potential of C-I are unclear.

Results  We defined a set of true C-I strains (n = 465), including a Shiga toxin 2a (Stx2a)-producing isolate from a 
patient with bloody diarrhoea identified by the retrospective analyses using a C-I-specific detection system. Through 
genomic analysis of 804 isolates from the cryptic clades, including these C-I strains, we revealed their global popula-
tion structures and the marked accumulation of virulence genes and antimicrobial resistance genes in C-I. In particu-
lar, half of the C-I strains contained hallmark virulence genes of Stx-producing E. coli (STEC) and/or enterotoxigenic E. 
coli (ETEC). We also found the host-specific distributions of virulence genes, which suggests bovines as the potential 
source of human infections caused by STEC- and STEC/ETEC hybrid-type C-I strains, as is known in STEC.

Conclusions  Our findings demonstrate the emergence of human intestinal pathogens in C-I lineage. To better 
understand the features of C-I strains and their infections, extensive surveillance and larger population studies of C-I 
strains are needed. The C-I-specific detection system developed in this study will be a powerful tool for screening and 
identifying C-I strains.

Keywords  Escherichia coli, Escherichia cryptic clade I, Genome, Evolution, Shiga toxin, Heat-labile enterotoxin, Heat-
stable enterotoxin

Background
Escherichia cryptic clade I (C-I) is one of the six cryptic 
clades proposed in the genus Escherichia [1–3]. Among 
these, clades III and IV have recently been defined as a 
separate species, E. ruysiae [4] [referred to as Er (C-III) 
and Er (C-IV) in this manuscript, respectively], and clade 
V was classified as E. marmotae [5] [Em (C-V)]. A new 
species, “E. whittamii”, was also recently proposed for 
clade II [6] [C-II (“Ew”)]. Although the taxonomic posi-
tion of C-I has not yet been fully defined, several phylo-
genetic analyses have shown that C-I is closely related 
to E. coli sensu stricto (E. coli ss) and could represent a 
subspecies of E. coli [2, 3, 7–9]. Based on whole-genome 
sequence analysis, C-II (“Ew”), Er (C-III/IV), and Em 
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(C-V) have been identified within discrete clusters of 95% 
average nucleotide identity (ANI) [10, 11], while C-I is 
grouped with E. coli into a 95% ANI cluster [12].

Among three common Escherichia species, namely, E. 
coli, E. albertii and E. fergusonii (note that reassignment 
of E. hermannii [13] to “Atlantibacter hermannii” was 
recently proposed [14]), E. coli is a genetically and phe-
notypically diverse group of strains, ranging from non-
pathogenic commensal strains to pathogenic strains of 
various pathotypes that cause intestinal and extraintes-
tinal diseases in humans and animals. Each pathotype 
possesses specific virulence factors introduced by mobile 
genetic elements (MGEs) [15]. Although E. albertii and 
E. fergusonii are not frequently isolated from humans 
[16], E. albertii has been recently recognized as a human 
enteric pathogen possessing a type III secretion system 
(T3SS) similar to that of enteropathogenic E. coli (EPEC) 
and major Shiga toxin (Stx)-producing E. coli (STEC) 
[17–19]. E. fergusonii causes sporadic cases of bacterae-
mia, urinary tract infections and diarrhoea, but its viru-
lence determinants remain unknown [16].

While many of the strains belonging to cryptic clades 
or recently defined Escherichia species are often identi-
fied as E. coli in clinical laboratories due to the difficulty 
in accurately identifying these strains by routine diag-
nostic biochemical examinations C-II (“Ew”), Er (C-III/
IV) and Em (C-V) strains are isolated mainly from envi-
ronmental samples, such as water, wastewater and soil 
[2]. In addition, these strains carry no virulence genes 
or only minor potential virulence genes. In contrast, C-I 
strains are frequently isolated from the faeces of humans 
and other animals and sometimes from children with 
diarrhoea. Several strains producing Stx, heat-labile 
enterotoxin (LT) and/or heat-stable enterotoxin (ST), the 
hallmark virulence factors of STEC and enterotoxigenic 
E. coli (ETEC), respectively [15], have been isolated from 
animals [1, 2, 20, 21]. C-I strains producing ETEC entero-
toxins have also been isolated from human patients [2, 
22]. However, the relevance of such C-I strains in the C-I 
population and the virulence potential of these strains 
are unknown. The global population structure of C-I 
has also yet to be elucidated. This lack of knowledge is 
at least partly due to the difficulty in accurately identify-
ing C-I strains [2]. Although a rapid PCR-based method 
have been recently developed to identify cryptic clades, 
the two-step screening strategy employed in this typing 
method is unsuitable for extensive screening purposes, 
and a possibility of false identification of C-I has also 
been indicated [7].

In this study, we performed an extensive database 
search to accurately define C-I genomes and developed 
a one-step PCR-based C-I detection system. This sys-
tem was successfully applied in retrospective analyses to 

identify C-I strains among strains previously identified as 
E. coli, including an stx-positive C-I strain isolated from a 
patient suffering from bloody diarrhoea. We further per-
formed a phylogenomic analysis of accurately defined C-I 
strains, along with recently defined Escherichia species 
and other cryptic clades, and showed, in addition to the 
global population structure of C-I and its phylogenetic 
relationship to E. coli ss, the marked accumulation of E. 
coli virulence genes and antimicrobial resistance (AMR) 
genes in C-I. In particular, half of the C-I strains in the 
dataset contained hallmark virulence genes of STEC and/
or ETEC. These strains were classified into STEC, ETEC 
and STEC/ETEC hybrid types, and bovines are suggested 
as a potential source of human infection of STEC- and 
STEC/ETEC hybrid-type strains. Data showing genetic 
links between the accumulation of E. coli virulence genes 
and MGEs in the C-I lineage and the accumulation of 
more AMR genes in nonintestinal pathogenic strains are 
also presented.

Results
Identification of C‑I genomes in public databases 
and development of C‑I‑specific PCR
Since cryptic clades and recently defined Escherichia spe-
cies are usually identified as E. coli in routine bacterial 
identification [2], most of their genome sequences were 
assumed to be registered as E. coli sequences in public 
databases. The EnteroBase database includes all com-
plete genome sequences and Illumina paired-end reads 
deposited in the NCBI database and original sequence 
data uploaded by users for several bacterial genera/spe-
cies, including Escherichia spp., and raw read sequences 
are de novo assembled using a standardized pipeline [23]. 
Genotyping data for Escherichia spp. based on several 
tools, including ClermonTyping [24] and EzClermont 
[25], are also available in EnteroBase. To identify strains 
belonging to cryptic clades and recently defined Escheri-
chia species in the Enterobase database, we obtained 
a total of 1088 genomes that were not deposited as E. 
albertii or E. fergusonii and were not assigned to any of 
the E. coli phylogroups as determined by both Clermon-
Typing and EzClermont. After filtering out low-quality 
data, 1065 genomes were used for constructing a core 
gene-based phylogenomic tree (Additional file 1: Fig. S1). 
In this tree, all strains categorized as “clade I” (n = 453), 
“clade II” (n = 5), “clade III” (n = 49), “clade IV” (n = 46) 
and “clade V” (n = 213) by ClermonTyping formed deep-
branching lineages. Strains categorized as “clade III” and 
“clade IV” strains formed sister lineages as expected, and 
lineages categorized as “clade IV” and “clade V” included 
the type strains of Er and Em, respectively. Although 
strains deposited as C-VI (n = 2) or C-VIII (n = 5) were 
categorized as E. coli phylogroup F by ClermonTyping, 
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these strains formed two distinct deep-branching line-
ages (Additional file 1: Fig. S1). Both strains deposited as 
C-VII (categorized as “clade II” and “unknown” in Cler-
monTyping) clustered with C-II (“Ew”) strains; thus, they 
were regarded as C-II (“Ew”) in this study. All the strains 
categorized as “E or clade I” (n = 133) and almost all the 
strains categorized as “unknown” (41 out of 43) by Cler-
monTyping clustered with strains categorized as E. coli 
phylogroups “A” and “G”, which apparently belong to the 
E. coli ss lineage. In EzClermont typing, many strains cat-
egorized as phylogroups “A” (157 out of 181) and “E” (202 
out of 210) were grouped into the C-I lineage. Conversely, 
a considerable number of strains categorized as “cryp-
tic” (127 out of 194) and “U/cryptic” (111 out of 437) 
were grouped into the E. coli ss or E. fergusonii lineage. 
EzClermont and ClermonTyping employ in silico PCR 
analysis using eight and fifteen primer pairs, respectively 
[24, 25]. The difference in primer sets was thought to be 
the primary cause of the variation in accuracy between 
these two systems for the classification of cryptic clades. 
Finally, we identified 453 C-I genomes in the Escherichia 
genomes deposited in EnteroBase. In addition, 6, 50, 46, 
213, 2 and 5 genomes were identified as C-II (“Ew”), Er 
(C-III), Er (C-IV), Em (C-V), C-VI and C-VIII, respec-
tively (Additional file 2: Table S1).

Using these genomes, we performed a pangenome-wide 
association study to search for C-I-specific genes that can 
be used for developing a PCR-based C-I detection system 
for efficient screening of C-I strains. In this analysis, we 
included 17 C-II genomes that were available in the NCBI 
database but not in EnteroBase [9] and representative 
strains of E. albertii, E. fergusonii and eight E. coli phylo-
groups (A to G) (Additional file 2: Table S1). This analysis 
identified one gene (1368 bp in length, of unknown func-
tion with two secreted effector protein pipB2 domains) that 
was conserved in nearly all the C-I strains (452 out of 453) 
and completely absent in the other strains analysed. The 
C-I-specific gene (locus_tag: EsCd1-10290c_1484 in strain 
10,290) was located on putative genomic island, and no 
homologue gene (> 60% amino acid identity) was detected 
in other members of the Enterobacteriaceae family. We 
designed a primer pair for this gene and developed a PCR 
system to detect C-I strains. We confirmed that this gene 
is not present in any of the 1134 E. coli strains that we pre-
viously isolated from humans and animals and sequenced 
[26]. To evaluate the specificity of this PCR system, we 
first performed in silico PCR analyses of these 1134 E. 
coli strains and confirmed that all yielded negative results. 
We further performed PCR and in silico PCR analyses of 
seven C-I strains that were isolated from healthy bovine 
stools during our abovementioned study on E. coli strains 
[26] and defined as belonging to C-I based on their genome 
sequences. In this analysis, all the strains yielded a PCR 

product of the expected size (Additional file  1: Fig. S2). 
These analyses confirmed the specificity of the PCR sys-
tem that we developed. Notably, the seven C-I strains were 
all stx2-positive; five carried stx2a, and two carried stx2g 
(Additional file 2: Table S1).

Retrospective screening of C‑I strains in the “E. coli” strains 
isolated from clinical, food and animal samples
Using the PCR-based C-I detection system, we performed 
two series of retrospective screenings of C-I strains. In the 
first screening, we analysed strains isolated from human 
patients with intestinal diseases and identified as E. coli 
exhibiting minor serotypes or O-untypeable in Miyazaki 
(n = 41) and Osaka (n = 207) prefectures, Japan, from 1995 
to 2014. This screening identified two PCR-positive strains 
(EC05-109 and 10290). The former was isolated from a 
patient with diarrhoea in Osaka in 2005 and exhibited the 
O1:H45 serotype. This strain carried none of the hallmark 
virulence genes of the five major pathotypes of intestinal 
pathogenic E. coli, including stx for STEC, elt and est for 
ETEC, eaeA for EPEC, aggR for enteroaggregative E. coli 
(EAEC) and ipaH for enteroinvasive E. coli (EIEC). In addi-
tion, only one colony was detected in the specimen in rou-
tine diagnostic analysis; thus, this strain was unlikely to be 
the causative agent of the infection. However, strain 10290 
showing the O2:H28 serotype, which was isolated from a 
27-year-old man who was hospitalized with severe symp-
toms, including bloody diarrhoea, in Miyazaki in 2002, 
carried not only stx2a but also esta and elt2 encoding STa 
and LT2, respectively. No other suspected intestinal patho-
gens were detected in the specimen from this patient. Fur-
thermore, a strain isolated from the food (a variety of beef 
products) consumed by the patient exhibited an identical 
pulsed-field gel electrophoresis pattern as that of strain 
10290. Thus, strain 10290 was considered the causative 
agent of the infection.

In the second screening, we analysed 18 strains exhibit-
ing minor serotypes or O-untypeable strains in our labora-
tory E. coli collection isolated from foods, animals and the 
environment between 2007 and 2015 in Japan. This analysis 
also identified one food and two bovine C-I isolates. These 
three strains carried stx2a and elt2a, and one strain (strain 
PV14-161) additionally carried esta4 among the hallmark 
virulence genes of intestinal pathogenic E. coli.

Re‑evaluation of the phylogenetic position of C‑I 
in the genus Escherichia and the characteristic isolation 
sources and serotypes of these strains in the E. coli O:H 
serotyping scheme.
Following the genome sequencing of the five C-I strains 
identified in the PCR screening, we constructed a core 
gene-based phylogenomic tree of the 465 C-I strains, 
including the 12 C-I strains that we sequenced and the 
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339 strains belonging to C-II (“Ew”), Er (C-III/IV), Em 
(C-V), C-VI or C-VIII obtained from the databases 
(Fig.  1). We included one representative strain from 
E. albertii, E. fergusonii and each of eight E. coli phylo-
groups in this analysis. This analysis reconfirmed that 
the C-I strains formed a monophyletic sister lineage of 
E. coli ss. The ANI was over 98.3% within the C-I line-
age and over 95.9% between the C-I strains and the eight 
representative E. coli strains. The C-II (“Ew”), Er (C-III/
IV), Em (C-V), C-VI and C-VIII strains also formed a 
monophyletic lineage, respectively, with Er (C-IV) and 
Em (C-V) strains representing sister lineages.

More than half (59.0%) of the C-I strains were isolated 
in North America, while the others were isolated in vari-
ous countries on the other 5 continents (Fig. 1 and Addi-
tional file  1: Fig. S3a). The majority of the C-I strains 
(77.3%) were isolated from livestock animals or humans 
(Additional file  1: Fig. S3b). In in silico serotyping, 99% 
of the C-I strains were serotyped as known E. coli O or 
H genotypes (Additional file 1: Fig. S3c). They were clas-
sified into 51 different O:H genotypes, among which the 
highest numbers of strains belonged to OG9:H45 (15%) 
or ONT:H45 (15%).

In contrast, more than half (51.5% to 95.5%) of the C-II 
(“Ew”), Er (C-III/IV) and Em (C-V) strains were from 
aquatic environments or wild animals (Fig.  1 and Addi-
tional file 1: Fig. S3b). In in silico serotyping, 38, 54 and 
59% of the C-II (“Ew”), Er (C-III) and Er (C-IV) strains, 
respectively, were untypeable for both E. coli O and H 
genotypes (Additional file 1: Fig. S3c). While all the Em 
(C-V) strains were serotyped as known O or H geno-
types, it is noteworthy that 99% were H56 with various O 
genotypes, with a high proportion of strains (52%) show-
ing the ONT:H56 genotype.

Distribution of known E. coli virulence genes in C‑I strains
We next analysed the distribution of the abovementioned 
hallmark virulence genes of the five major pathotypes of 
intestinal pathogenic E. coli in C-I strains (Figs. 1 and 2a 
and Additional file 1: Fig. S4). Although eaeA, aggR and 
ipaH were not detected in any of the C-I strains ana-
lysed here, many of the C-I strains (227 strains; account-
ing for nearly half of the strains analysed) were found to 
carry at least one of the stx, elt and est genes (Fig. 2a), in 

sharp contrast to C-II (“Ew”), Er (C-III/IV), Em (C-V), 
C-VI and C-VIII, in which only three and four strains of 
Em (C-V) were positive for eaeA and ipaH, respectively 
(Fig. 1). Although various subtypes of the three hallmark 
virulence genes were identified, the 227 C-I strains were 
classified into three types according to the profiles of 
these hallmark virulence genes: STEC (n = 118), ETEC 
(n = 47) and STEC/ETEC hybrid (n = 62) types.

The presence of STEC/ETEC hybrid-type C-I strains 
carrying stx and est was previously reported [1, 21]. In 
this study, STEC/ETEC hybrid-type C-I strains carrying 
various combinations of stx, elt and est were identified 
(Fig. 2a). Notably, in the stx-positive C-I strains (STEC- 
and STEC/ETEC hybrid types), stx2a was most fre-
quently detected among the various subtypes of stx1 and 
stx2 genes (86 of 180 strains; Additional file  1: Fig. S4). 
In human and animal ETEC strains, various colonization 
factors (CFs) have been identified [27, 28]. Although, in 
the ETEC- and STEC/ETEC hybrid-type C-I strains (est- 
and/or elt-positive; n = 109), known ETEC colonization 
factors (CFs) were detected in only 17 strains, two types 
of K88-like CFs were identified in 41 C-I strains (Addi-
tional file  2: Table  S1 and see Additional file  3: Supple-
mentary text for details) [21, 27–33].

Various other known E. coli virulence genes were 
detected in the C-I strains (Fig.  1). Among the genes 
analysed, espP (encoding serine protease), ehxA (encod-
ing enterohaemolysin) and ihaA (encoding adhesin) were 
most frequently detected (23.9 ~ 29.5% of the total C-I 
strains, Additional file  1: Fig. S4). espP and ehxA were 
identified on the virulence plasmids of STEC [34], and 
ihaA was identified on chromosomal integrative elements 
in STEC [35]. Consistent with these genomic locations, 
the distribution of these three genes was biased towards 
stx-positive strains (STEC- and STEC/ETEC hybrid-type 
strains) (Additional file 1: Fig. S5). In contrast, the distri-
bution of ealA, eatA, katP and paa, which encode a per-
tussis toxin-like toxin, a serine protease, a catalase and an 
adhesin, respectively, was biased towards the est- and/or 
elt-positive strains (ETEC- and STEC/ETEC hybrid-type 
strains) (Additional file  1: Fig. S5). Despite these biased 
distributions, various known E. coli virulence genes 
were apparently accumulated in C-I strains of the STEC 
and STEC/ETEC hybrid types (Fig. 2b), showing a clear 

(See figure on next page.)
Fig. 1  Phylogenomic relationships of C-I with E. coli ss, other Escherichia cryptic clades and recently defined Escherichia species and the distribution 
of virulence genes in these clades and species. The ML tree of 804 isolates from cryptic clades with 10 reference strains was constructed based on 
339,491 SNP sites located on 1581 core genes. E. fergusonii ATCC_35469T, E. albertii EC06-170, E. coli MG1655 (phylogroup A), E. coli SE11 (phylogroup 
B1), E. coli SE15 (phylogroup B2), E. coli APECO78 (phylogroup C), E. coli UMN026 (phylogroup D), E. coli CB9615 (phylogroup E), E. coli SMS-3–5 
(phylogroup F) and E. coli PSUO78 (phylogroup G) were included as references. Strains belonging to cryptic clades and recently defined species are 
highlighted with differently coloured lines. Information about the continents and sources of isolation and the distribution of virulence genes for 
each strain without references is also provided. Strains for which complete genome sequences and Stx2 production levels were determined are 
indicated by black and red arrowheads, respectively (1: KS-P079, 2: EC42405, 3: 3057, 4: 89–3506, 5: HH-P024, 6: SI-P041, 7: 10,290, 8: KS-P062 and 9: 
2013C-4282)
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Fig. 1  (See legend on previous page.)



Page 6 of 16Okuno et al. BMC Biology           (2023) 21:81 

contrast to the strains belonging to C-II (“Ew”), Er (C-III/
IV) and Em (C-V). In these lineages, cdt subtypes (encod-
ing cytolethal distending toxins), hes (haemagglutinin), 
paa (adhesin), pic (serine protease) and sat (autotrans-
porter toxin) were rather frequently detected in Er (C-IV) 
or Em (C-V) (Fig. 1 and Additional file 1: Fig. S4).

As described above, most of the C-I strains were iso-
lated from humans and livestock animals (especially 
bovines, poultry and swine) (Additional file 1: Fig. S3b). 
We thus analysed the difference in the distribution of 36 
virulence genes identified in the C-I strains between dif-
ferent hosts (Fig. 2c). Although the difference in numbers 

of hosts should be considered, approximately half of the 
genes analysed (16 genes) were much more frequently 
detected in bovine isolates than in isolates from the 
other hosts. Among the STEC and ETEC hallmark viru-
lence genes, the stx1a, stx2a, stx2g, elt2a, esta4 and esta5 
genes were detected in both human and bovine isolates 
but more frequently in bovine isolates. In contrast, elt1 
and esta1 were specifically distributed in human isolates. 
estb1 was almost entirely specific to strains from swine.

Consistent with the distribution of the STEC and ETEC 
hallmark virulence genes in humans and livestock ani-
mals, more than 80% of the bovine isolates were classified 

Fig. 2  Distribution of virulence genes in C-I, other cryptic clades and recently defined Escherichia species. a Pie chart showing the distribution of 
the STEC and ETEC hallmark virulence genes in C-I strains. b Grid charts showing the numbers of virulence genes other than the hallmark virulence 
genes identified in C-I, other cryptic clades and recently defined species. C-I strains were grouped into four pathotypes. STEC: STEC-type, ETEC: 
ETEC-type, Hybrid: STEC/ETEC hybrid-type, Non: nontypeable. c Distribution of virulence genes in C-I strains from humans and livestock animals 
(bovine, poultry and swine)



Page 7 of 16Okuno et al. BMC Biology           (2023) 21:81 	

into STEC-, ETEC- or STEC/ETEC hybrid-type strains, 
and STEC- and STEC/ETEC hybrid-type strains (i.e. stx-
positive strains) were found in only human and bovine 
isolates (Fig. 3). In contrast, more than half of the swine 
isolates (14/23) were classified as ETEC-type strains, and 
only one poultry isolate (1/78) was classified as an ETEC-
type strain (carrying estb1).

Distribution of AMR genes in clade I
Analysis of the distribution of horizontally acquired 
AMR genes revealed that more than 40% of the C-I 
strains (205 out of 465) carried at least one AMR gene, 
and most of these strains (175 out of 205) carried mul-
tiple AMR genes (up to 15 genes), again showing a clear 

difference from the C-II (“Ew”), Er (C-III/C-IV) and Em 
(C-V) strains (Fig. 4 and Additional file 2: Table S1). The 
number of C-I strains carrying AMR genes for more 
than three antibiotic classes was 153 (32.9%), while no 
such multidrug-resistant (MDR) strains were present 
in C-II (“Ew”) and Er (C-III), and only 4 (6.5%) and 3 
(1.4%) strains of Er (C-IV) and Em (C-V), respectively, 
were MDR strains (Additional file 2: Table S1). In the C-I 
strains, a total of 79 AMR genes for 11 antibiotic classes 
were detected, among which strA, strB, blaTEM-105, sul2 
and tetA were widely distributed in C-I and detected in 
94 (20.2%), 92 (19.8%), 78 (16.8%), 103 (22.2%) and 110 
strains (23.7%), respectively (Additional file  2: Table  S1 
and Additional file 1: Figs. S6 and S7). Although several 

Fig. 3  Distribution of STEC-, ETEC- and STEC/ETEC hybrid-type C-I strains in humans and livestock animals. “Others” includes wild animals (n = 12), 
companion animals (n = 4), food (n = 21), the environment (n = 28) and aquatic environments (n = 6)

Fig. 4  Prevalence of strains carrying AMR genes in C-I, other cryptic clades and recently defined Escherichia species. Bar charts indicate the 
percentage of strains carrying different numbers of AMR genes in each group of strains
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C-I sublineages exhibited low AMR gene prevalence, 
closely related strains did not always have the same AMR 
gene profile, suggesting repeated acquisitions of AMR 
genes in the C-I lineage.

Among the C-I strains from humans and livestock ani-
mals, the distribution patterns of AMR genes showed 
notable differences between hosts (Additional file 1: Fig. 
S8), which may be linked to the difference in the usage 
of antimicrobials. In particular, genes for metallo-β-
lactamase and two other carbapenemases were detected 
only in human isolates, and most extended-spectrum 
β-lactamase (ESBL) genes (9/10) were detected in human 
and/or poultry isolates. These strains have been isolated 
since 2011 (Additional file 2: Table S1).

A more striking difference in the distribution pattern 
of AMR genes was observed between intestinal patho-
genic strains (STEC-, ETEC- or STEC/ETEC hybrid-type 
strains) and the other strains (Additional file 1: Fig. S9). 
Strains lacking any of the STEC/ETEC hallmark viru-
lence genes (nonintestinal pathogenic strains) contained 
more AMR genes than intestinal pathogenic strains; 
the proportion of strains containing no AMR genes was 
significantly lower in nonintestinal pathogenic strains 
(38%) than in the STEC- (86.4%; P = 2.2E − 16) and 
STEC/ETEC hybrid-type strains (72.6%; P = 9.5E − 07). 
Conversely, the average number of AMR genes carried 
by nonintestinal pathogenic strains (3.55 genes) was 
significantly higher than those in STEC- (0.53 genes; 
P = 6.7E − 15), ETEC- (2.26 genes; P = 0.033) and STEC/
ETEC hybrid-type strains (1.40 genes; P = 9.3E − 05). The 
abovementioned genes for carbapenemases and ESBLs 
were also more frequently detected in nonintestinal path-
ogenic strains than in the other strains (Additional file 1: 
Fig. S9).

MGEs carrying the STEC and ETEC hallmark virulence 
genes and AMR genes in C‑I
Detailed analyses of MGEs are required to understand 
the mechanisms underlying the acquisition of virulence 
and AMR genes, but draft sequences do not provide 
enough information for such analyses. However, only 
four completely sequenced C-I genomes were avail-
able in the public databases (Additional file 2: Table S2). 
Moreover, among the STEC and ETEC hallmark viru-
lence genes, only stx1 was identified in two (89–3506 and 
2013C-4282) of these completely sequenced genomes 

(Additional file 2: Table S1). Among virulence plasmids, 
the complete sequence of an est-encoding plasmid, p7v, 
was the only one available [23]. Therefore, we determined 
the complete genome sequences of three strains, namely, 
a human clinical isolate (10290) and two bovine isolates 
(KS-P079 and HH-P024) (Additional file  2: Table  S2). 
These strains were selected as they belonged to C-I sub-
lineages different from those of the abovementioned four 
strains and carried different combinations of STEC and 
ETEC hallmark virulence genes, including stx2a, stx2g, 
esta4, esta5, elt2a and elt2c (Fig. 1 and Additional file 2: 
Table S1).

Similar to STEC strains, the stx genes were encoded by 
prophages in all five stx-positive C-I strains (Fig. 5a). The 
Stx phages of the C-I strains exhibited structural similari-
ties to those of STEC strains that are available in publicly 
databases (see Additional file  3: Supplementary text for 
details and Additional file 2: Table S3).

The elt2 genes in all three elt2-positive C-I strains were 
also encoded by prophages that were all integrated into 
ttcA (Fig.  5a and see Additional file  3: Supplementary 
text for details). A notable similarity between the C-I 
LT2 phages was the presence of ealAB genes encoding 
an ADP-ribosyltransferase toxin family, which was first 
identified on the LT2 phage of the ETEC strain SA53 [30]. 
The LT2a phages of two strains (KS-P079 and 10,290) 
additionally encoded Paa, which is involved in the early 
step of adhesion to intestinal epithelial cells [36, 37]. The 
genetic link of these two virulence-related genes with elt2 
explains, at least partly, the high prevalence of these two 
genes in ETEC- and STEC/ETEC hybrid-type C-I strains 
(Additional file 1: Fig. S5).

A large plasmid in three est-positive C-I strains (10290, 
KS-P079 and HH-P024) exhibited remarkable similarity 
to p7v (Fig.  5b, c and see Additional file  3: Supplemen-
tal text for details). The esta4 gene, along with the genes 
for a K88 fimbria-like CF (Additional file 1: Fig. S10 and 
see Additional file  3: Supplemental text for details) and 
a type 6 secretion system (T6SS), was encoded by these 
C-I virulence plasmids (Fig.  5b). The plasmid in 10290/
KS-P079/7v additionally encoded the genes for the EspP 
serine protease, KatP catalase, EatA serine protease, a 
type 2 secretion system (T2SS) and a partial enterohae-
molysin (Ehx). The plasmid in HH-P024 also addition-
ally encoded esta5 and full-length genes for Ehx. Despite 
these differences, these virulence plasmids of the C-I 

(See figure on next page.)
Fig. 5  Genomic structures of MGEs carrying major virulence genes. a Genomic structures of Stx phages and LT2 phages. The genome structures of 
Stx2a, Stx2g and LT2 phages of the C-I strains whose complete genome sequences were determined are drawn to scale. Phages of E. coli strains are 
also shown for comparison. Homologous regions are indicated by shading, and sequence identities are indicated by different colours. Integration 
sites and sequence lengths of each phage are also indicated. b Circular maps of the virulence plasmids in the C-I strains 10,290 and HH-P024. c 
Dot-plot matrices of the completed C-I virulence plasmid sequences. Virulence plasmids of ETEC strains (E24377A and H10407) and a STEC O157 
strain (Sakai) are also included for comparison
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Fig. 5  (See legend on previous page.)
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strains exhibited chimeric features of STEC and ETEC 
virulence plasmids as previously reported [21]; EspP, 
KatP, Ehx and T2SS are associated with STEC virulence 
plasmids, and STs, EatA and the K88 fimbria-like CF 
are associated with ETEC virulence plasmids. The pres-
ence of the STEC/ETEC chimeric plasmids explains the 
high prevalence of these virulence genes in STEC/ETEC 
hybrid-type C-I strains (Additional file 1: Fig. S5). How-
ever, the backbones of these C-I virulence plasmids com-
pletely differed from those of the typical ETEC strains 
E23487A and H10407 and the typical STEC O157 strain 
Sakai (Fig. 5c).

Strain 10290 contained an additional large plas-
mid encoding multiple AMR genes (Additional file  1: 
Fig. S11). All AMR genes identified in this strain were 
encoded by this plasmid. The sepA gene encoding Shi-
gella extracellular protein A, which is involved in tissue 
invasion [38], was also found in this plasmid.

Production levels of Stx2 in stx2‑positive C‑I strains
A notable number of C-I strains (135 out of 465) were 
stx2 positive, and Stx2 production is one of the known 
risk factors for severe STEC infections [39–41]. However, 
it is also known that mitomycin C (MMC)-induced Stx2 
production levels vary significantly among STEC strains 
[32, 39–46]. Therefore, we analysed the Stx2 production 
levels of five stx2-positive C-I strains belonging to differ-
ent C-I sublineages (Fig. 1); three were stx2a positive, and 
two were stx2g positive. The three stx2a-positive strains, 
including the human clinical isolate 10,290, exhibited 
high levels of Stx2 production more or less comparable 
to that of the STEC O157:H7 strain Sakai, which caused a 
large outbreak in 1996 in Sakai, Japan [35] (Fig. 6). In par-
ticular, the level in strain KS-P079 was two times higher 
than that in strain Sakai. In contrast, of the two stx2g-
positive strains, the Stx2 production level in one strain 
was below the detection limit, and that in the other strain 
was much lower than those in the stx2a-positive strains.

Discussion
C-I strains producing LT and ST have been isolated 
from children with diarrhoea, and thus C-I includes at 
least ETEC-type human pathogens [2]. However, the 
precise incidence and types of C-I infections remain 
unclear. This is partly due to the difficulty in distin-
guishing C-I strains from strains belonging to E. coli ss. 
In fact, most of the C-I genomes we identified in public 
databases (366 of 391 NCBI Biosample record-available 
genomes) were deposited as E. coli genomes. The PCR-
based C-I detection system that we developed based 
on the genomic information of these C-I strains solved 
this problem, as shown in our retrospective surveys of 
C-I infections among the strains previously identified 

as E. coli from various sources. Although only two 
C-I strains were identified from clinical strains in this 
survey, it is notable that one of the two strains carried 
stx2a, elt2a and esta4 and apparently caused a severe 
intestinal infection with bloody diarrhoea, as there is 
no report of apparent symptomatic human infection by 
Stx-producing C-I.

Our genomic analysis of the global C-I strain set 
including the C-I strains identified in this study along 
with strains belonging to other cryptic Escherichia 
clades and recently defined Escherichia species con-
firmed the phylogenetic position of C-I as a sister lin-
eage of E. coli ss at the subspecies level (> 95% ANI) 
(Fig. 1). Moreover, our analysis revealed several impor-
tant findings on the features of the C-I lineage that 
were not observed in other cryptic clades and recently 
defined Escherichia species. Among these, the most 
important finding was the marked accumulation of 
E. coli virulence genes in C-I, in particular the pres-
ence of STEC and/or ETEC hallmark virulence genes 
in half of the C-I strains in the dataset (Fig. 2a). These 
strains were classified into three pathotypes, namely, 
the STEC, ETEC and STEC/ETEC hybrid types, and all 
the types included notable numbers of human isolates 
(Fig. 3). This finding, together with the abovementioned 
cases of human infections caused by ETEC- and STEC/
ETEC hybrid-type strains, indicates that a considerable 
portion of C-I strains are human pathogens.

Fig. 6  Stx production levels of C-I strains. Stx concentrations of five 
stx2a- and two stx2g-positive C-I strains after mitomycin treatment 
are shown. The STEC strain Sakai carrying stx2a is also included for 
comparison. The mean values of three measurements are presented. 
Error bars represent standard errors
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In this regard, it is noteworthy that among the various 
subtypes of stx detected in stx-positive C-I strains (180 
of 465 strains), the most prevalent was stx2a (86 strains), 
followed by stx1a (62 strains) (Additional file  1: Fig. 
S4). STEC strains carrying stx1a and/or stx2a are often 
associated with human diseases [46], and stx2a-positive 
strains are most frequently associated with severe dis-
eases, including haemolytic colitis and haemolytic urae-
mic syndrome [39–41]. In addition, although it is known 
that STEC strains produce various levels of Stx2 [32, 
42–45], which is associated with the variation in the Stx2 
phage genome [32], the levels of Stx2 production and the 
genomic structures of Stx2a phages in the stx2a-positive 
C-I strains analysed were comparable to those of a repre-
sentative STEC O157 strain (Figs. 5 and 6). In contrast, 
as reported in STEC [47–49], the Stx2 production levels 
of C-I strains carrying only stx2g, which was also the stx2 
subtype frequently detected in the strain set (33 strains; 
Additional file  1: Fig. S4), were much lower than those 
in the stx2a-positive strains or were below the detec-
tion limit (Fig. 6). Moreover, all the stx2g-positive strains 
identified possessed esta4 and/or esta5 (Additional file 2: 
Table S1), and stx2g-positive STEC strains are rarely iso-
lated from humans [50, 51]. Therefore, it remains unclear 
to what extent stx2g is responsible for human diseases.

Regarding the pathogenicity of C-I strains, it is also 
noteworthy that among the three subtypes of elt (elt1, 
elt2a and elt2c) found in 54 elt-positive C-I strains (Addi-
tional file 1: Fig. S4 and Additional file 2: Table S1), elt1, 
which is predominantly associated with human disease, 
was detected in 22 strains, and elt2 (elt2a and elt2c), 
which is mainly associated with diseases in livestock ani-
mals [52], was detected in 32 strains. Moreover, all elt1-
positive strains were human isolates, and almost all the 
elt2-positive strains (28/29) were bovine isolates (Fig. 2c). 
ST is also divided into two types: STa is mainly responsi-
ble for human diseases, and STb is associated with dis-
eases in livestock animals, particularly piglets and calves 
[52]. The est genes detected in 97 C-I strains (esta1, esta4, 
esta5 and estb1) also exhibited host-specific distributions; 
esta1 was specifically detected in human isolates (n = 17), 
and esta4, esta5 and estb1 showed highly biased distri-
butions in bovine and swine isolates (n = 61, 28 and 17, 
respectively) (Fig.  2c). The distribution patterns of CFs 
were also apparently host specific (Fig.  2c). These data 
suggest that C-I is also a source of LT- and/or ST-produc-
ing strains pathogenic to human and livestock animals, 
although the roles of esta4 and esta5 as virulence factors 
are unknown and disease information for these elt/est-
positive livestock animal isolates is not available.

In terms of the potential virulence of C-I strains, it is 
also noteworthy that the other potential virulence fac-
tors of ETEC and STEC were accumulated in intestinal 

pathogenic C-I strains (Fig. 2b and Additional file 1: Fig. 
S4). Although the roles of these factors in pathogen-
esis have not been fully understood even in STEC and 
ETEC, many of them are genetically linked with MGEs 
that were found to be associated with ETEC and STEC. 
A more important finding related to potential sources of 
human infection caused by these intestinal pathogenic 
C-I strains is that most of the STEC- and STEC/ETEC 
hybrid-type strains were bovine isolates, accounting 
for 77% of the bovine isolates (Fig. 3). This finding sug-
gests that bovines are the major reservoir of STEC- and 
STEC/ETEC hybrid-type C-I strains and that the source 
of human infections caused by these strains is similar to 
that of STEC [53–55]. In fact, beef was the most likely 
infection source in the human case of Stx2a-producing 
C-I strain infection identified in this study.

In addition to stx, elt and est, various virulence genes 
were more frequently detected in C-I strains isolated 
from bovines compare to those isolated from humans 
and the other animals (Fig.  2c). Previous research has 
indicated that among bovine commensal E. coli strains, 
various virulence genes are accumulated in stx-positive 
strains, which implies that these virulence factors are 
functionally associated with Stx and likely confer benefits 
to these E. coli strains as they adapt to the bovine intes-
tinal environment. This phenomenon may also hold true 
for C-I strains.

It is also of note that although the known E. coli viru-
lence factors were rarely identified in recently defined 
Escherichia species and other cryptic clades, cdt-IV 
was identified in many C-V strains (82 out of 213). The 
cdt was initially discovered in E. coli and has been cat-
egorized into five subtypes (cdt-I to cdt-V) [56]. The cdt 
is only present in a subset of E. coli strains, while most 
E. albertii strains possess the cdt belonging to the cdt-
II/III/V. As E. albertii strains are also frequently isolate 
from the environment and wild animals, cdt may be nec-
essary to adapt these natural niches in E. albertii and C-V 
strains.

The accumulation of AMR genes is another impor-
tant feature of C-I. Many strains possess multiple AMR 
genes (Fig. 4 and Additional file 1: Figs. S6 and S7), and 
as many as 32.9% of the C-I strains in our dataset were 
genotypically MDR stains. The AMR gene-positive 
strains were widely distributed in the C-I lineage irre-
spective of isolation source (Additional file 1: Figs. S7 and 
S8), but nonintestinal pathogenic strains carried more 
AMR genes (Additional file  1: Fig. S9). These findings 
suggest the close association of C-I strains, particularly 
nonintestinal pathogenic strains, with humans and live-
stock animals. Among the 55 AMR genes detected, the 
presence of genes for ESBLs and carbapenemases has 
particularly strong clinical implications considering their 
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wide spectrum. Although the prevalence of such strains 
was not high, their distribution was apparently biased to 
human and poultry isolates (Additional file  1: Fig. S8). 
This may also support the close association of nonintesti-
nal pathogenic C-I strains with humans, for which third- 
and fourth-generation cephalosporins and carbapenems 
are increasingly prescribed, although the background 
underlying the association of these AMR genes with 
poultry isolates is unclear.

The present study, however, has limitations that should 
be considered. The primary limitation of our study is the 
possibility of sampling bias resulting from the employ-
ment of a substantial proportion of publicly available 
genome data. Specifically, in the context of C-I strains, 
genomic sequencing may be biased towards strains that 
harbour virulence and AMR genes as well as those that 
isolated from clinical and veterinary sources, such as 
humans and livestock animals. This can be attributed to 
extensive surveillances and large-scale genomic studies 
of pathogenic E. coli strains. Another limitation of this 
study is that only a sporadic case of clinically relevant C-I 
isolate was identified, and no C-I isolate that causes dis-
ease in livestock animals was detected. Consequently, the 
severity and prevalence of C-I infections in humans and 
animals remain obscure. Nevertheless, despite these limi-
tations, through analyses using a large number of strains 
that were precisely classified as C-I and other cryptic 
clades, our study has provided invaluable insights into 
the global population structure and virulence potential of 
C-I.

Conclusions
Escherichia cryptic clade I (referred to as C-I in this arti-
cle) includes human and animal intestinal pathogenic 
strains of STEC, ETEC or STEC/ETEC hybrid types, 
and the major source of human infections caused by 
STEC- and STEC/ETEC hybrid-type strains is most likely 
bovines. Multiple AMR genes have accumulated in many 
C-I strains, particularly nonintestinal pathogenic strains, 
suggesting their close association with humans and live-
stock animals. To better understand the features of C-I 
strains and their infections, extensive surveillance of C-I 
strains and larger population studies using strain sets well 
supplemented with metadata are needed. Although C-I 
strains are difficult to distinguish from E. coli ss strains 
by routine species identification methods, the PCR sys-
tem highly specific to C-I developed in this study will be 
a powerful tool for screening and identifying C-I strains.

Methods
Database searches of the genome sequences of C‑I strains
To identify strains belonging to C-I, C-II (“Ew”), Er 
(C-III/IV), Em (C-V) and other cryptic clades in the 

170,489 Escherichia spp. genomes available in EnteroBase 
(last access: 2021/07/31), we excluded those deposited 
as E. albertii or E. fergusonii and those assigned to any 
of the E. coli phylogroups by both ClermonTyping and 
EzClermont, obtaining a total of 1088 genomes, including 
those of the type strains of Er and Em (strains OPT1704T 
and HT073016T, respectively). To eliminate low-quality 
assembly, CheckM was employed to assess the complete-
ness and contamination levels [57] (Additional file  2: 
Table S1). Genomes with ≥ 90% completeness have been 
categorized as nearly complete, whereas those with > 10% 
contamination have been classified as having a high 
degree of contamination [57]. In this study, we removed 
23 genomes that exhibited either < 95% completeness 
or > 10% contamination. We then classified the remaining 
1065 genomes into Escherichia species or cryptic clades 
by whole-genome-based phylogenomic analysis. Raw 
read data were also obtained from the Enterobase data-
base if available. Additionally, the genome sequences of 
a representative strain for E. fergusonii and E. albertii, 
alongside each of the major E. coli phylogroupes, were 
obtained from EnteroBase and used as references 
[ATCC_35469T (E. fergusonii), EC06-170 (E. albertii), 
MG1655 (E. coli phylogroup A), SE11 (E. coli phylogroup 
B1), SE15 (E. coli phylogroup B1), APEC O78 (E. coli phy-
logroup C), UMN026 (E. coli phylogroup D), CB9615 (E. 
coli phylogroup E), SMS-3–5 (E. coli phylogroup F) and 
PSUO78 (E. coli phylogroup G)]. The genome sequences 
of 17 C-II strains [9] that were available in the NCBI 
database but not in the EnteroBase database were also 
obtained from the NCBI database. Detailed information 
for the strains used in this study is provided in Additional 
file 2: Table S1.

SNP detection and phylogenomic analysis
To construct core gene-based phylogenomic trees, 
pangenome analyses of each strain set were performed 
using Roary with the options (-i 80 -cd 100 -s) [58]. SNP 
sites were extracted from the core gene alignment using 
snp-sites [59], and ML phylogenomic trees were con-
structed using RAxML [60] with the GTR-GAMMA 
model of nucleotide substitution and 500 bootstrap repli-
cates and displayed and annotated using iTOL [61].

Development of the PCR‑based C‑I detection system
Through a pangenome analysis of 792 genomes of C-I, 
C-II (“Ew”), Er (C-III/C-IV), Em (C-V), C-VI and C-VIII 
strains and the reference strains of E. albertii, E. fergu-
sonii and E. coli using Roary [58] (-i 80 -cd 100 -s) and 
a subsequent pangenome-wide association study using 
Scoary [62], we identified one gene (1368  bp in length) 
that was conserved in nearly all C-I strains (452/453) 
and completely absent in the other strains analysed and 
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designed a C-I-specific primer pair (F: TGC​GAA​ACA​
TGA​GAC​AGT​CC, R: TTC​GGT​AAG​CCC​ATT​CTC​TG) 
for this gene. PCR was performed using the primer pairs 
and KAPATaq polymerase (Kapa Biosystems, Woburn, 
MA, USA) with a programme of 30 cycles of 20 s at 98 °C, 
30 s at 60 °C and 1 min at 72 °C.

Genome sequencing, assembly and annotation
Genomic DNAs of the C-I strains isolated in this study 
were purified from 1 ml of an overnight culture using the 
DNeasy Blood and Tissue Kit (Qiagen). Libraries were 
prepared using the Nextera XT DNA Sample Prepara-
tion Kit (Illumina, CA, USA) or the NEBNext Ultra DNA 
Library Prep Kit for Illumina (NEB) and sequenced on 
the Illumina MiSeq platform to generate 300-bp paired-
end reads. Genome assembly of the Illumina sequence 
reads was performed using the Platanus_B assembler 
[63].

The four finished C-I genomes (HH-P024, KS-P079 
and 10,290) were obtained by mixed assembly of MiSeq 
and MinION (Oxford Nanopore Technologies, Oxford, 
UK) reads using the Unicycler pipeline version 0.4.4 
with the default settings [64]. Libraries for long-read 
sequencing were prepared using the Rapid Barcoding 
Kit (SQK-RBK004; Oxford Nanopore Technologies, Ltd.) 
and sequenced using an R9.4.1 flow cell on the Oxford 
Nanopore MinION platform. Annotation was carried out 
using the DDBJ Fast Annotation and Submission Tool 
(DFAST) with the default settings [65]. Comparisons of 
prophage, plasmid and CS locus sequences were con-
ducted using GenomeMatcher version 3.02 [66].

In silico serotyping and identification of virulence and AMR 
genes
In silico serotyping was conducted by using ECTyper ver-
sion 1.0.0 with the default settings [67]. The identifica-
tion and variant typing of E. coli hallmark virulence genes 
were performed using an in-house database (Additional 
file  2: Table  S4) by a BLASTN search with a threshold 
of 99% identity and 90% coverage and a read mapping-
based strategy by SRST2 [68] with the options “–max-
divergence 1”. Genes detected by either the BLASTN 
or SRST2 analyses were considered to be present. The 
other E. coli virulence genes were identified by BLASTN 
searches using an in-house database (Additional file  2: 
Table S5) with a threshold of 90% identity and 90% cov-
erage. The identification of genes encoding the known 
ETEC colonization factors was conducted via BLASTN 
searches of the scaffold sequences of each strain against 
the database file ETEC_vir_db (https://​github.​com/​
avonm/​ETEC_​vir_​db). The result was considered posi-
tive when all genes of a given CF were conserved (> 90% 
identity and > 80% coverage). AMR genes were identified 

using ABRicate version 1.0.1 (https://​github.​com/​tseem​
ann/​abric​ate) with the default settings using the CARD 
(http://​www.​mgc.​ac.​cn/​VFs) databases.

Stx2 production assay
Bacterial cells were inoculated into 40  ml of lysogeny 
broth and grown to mid-log phase at 37 °C with shaking. 
MMC was then added to the culture at a final concentra-
tion of 500 ng/ml. At 5 h after MMC addition, 100 µl of 
the culture was collected and immediately subjected to 
sonication using a Bioruptor (Cosmo Bio, Tokyo, Japan). 
The soluble fractions of each cell lysate were obtained via 
centrifugation at 14,000 × g at 4 °C for 10 min. The Stx2 
concentration in each cell lysate was determined using a 
previously described sandwich ELISA [69] using RIDAS-
CREEN Verotoxin microtiter plates (R-Biopharm GmbH, 
Germany) coated with capture antibodies that recognize 
Stx2 and monoclonal antibodies against Stx2 (LSBio, 
WA, USA) conjugated with horseradish peroxidase using 
a Peroxidase Labeling Kit–NH2 (Dojindo, Kumamoto, 
Japan) as detection antibodies. Note that both Stx2a and 
Stx2g could be quantified at a certain level of accuracy 
using the detection antibodies [70].

Statistical analysis
All statistical analyses were performed using R version 
3.6.1 (R Project for Statistical Computing). The prop 
test was conducted to examine the differences in the 
proportion of strains containing no AMR gene between 
nonintestinal pathogenic strains and intestinal patho-
genic strains (STEC-, ETEC- or STEC/ETEC hybrid-type 
strains). The t test was used to examine the differences in 
the average number of AMR genes between strains.

Abbreviations
STEC	� Stx-producing E. coli
ETEC	� Enterotoxigenic E. coli
EPEC	� Enteropathogenic E. coli
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T2SS	� Type 2 secretion system
T3SS	� Type III secretion system
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LT	� Heat-labile enterotoxin
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ESBL	� Extended-spectrum β-lactamase
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