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High pathogenicity island (HPI), a critical genomic element of pathogenic Yersiniabactin (Ybt) carries
out synthesis, regulation, transportation as well as virulence. As a virulent determinant for the E. coli,
the role of HPI in Saba pig was explored to provide some perspective about disease association. This
is the first study in which 44 E. coli superior serotype strains were isolated and identified from Yunnan
Saba pigs. The genomic DNA of all isolated superior serotypes of E. coli was obtained. Five major high
pathogenicity island (HPI) structural genes (irp1, irp2, irp3, irp4 and irp5) were cloned, sequenced and
referenced with GenBank database. The sequence identities of irp1, irp2, irp3, irp4 and irp5 with GenBank
were 98 %, 99 %, 99 %, 98 %, and 99 %, respectively. Forty-four E. coli isolates characterized similarity
with enteroinvasive E. coli (EIEC), uropathogenic E. coli (UPEC), Y. pestis and enteropathogenic E. coli
(EPEC). The secondary and tertiary structures of high molecular weight proteins (HMWPs), encoded
by five structural genes, were predicted using bioinformatics tools. These proteins had differences in
random curls, α-helix and slight amount of β-sheet. After validation, 10 iron deficient isolates expressed
the ferritin HMWPs similar to those of Yersinia. Later on, Kunming mice were infected with E. coli HPI+
and HPI- strains, respectively for the histopathology examination. The higher organ damage was observed
by E. coli HPI+ than HPI- strain in mice. This study postulates the predicted protein structures of major
genes, and validates the HMWP expression under iron starvation and provides a theoretical basis for
prevention and treatment of E. coli related diseases.
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INTRODUCTION

E

scherichia coli is a typical Gram-negative and
coliform bacterium, which is ubiquitously distributed
among intestinal tract of warm-blooded animals and the
environment (Croxen et al., 2013; Stromberg et al., 2017).
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The infections caused by E. coli span from the gastrointestinal
tract to extra-intestinal sites, such as the urinary tract,
bloodstream, and central nervous system (Croxen and
Finlay, 2010; Kaper et al., 2004). High pathogenicity
island (HPI) is one of the specific virulence determinants of
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E. coli, which contributes to synthesis, regulation,
and transportation of siderophore yersiniabactin (Ybt)
(Magistro et al., 2017; Schubert et al., 2002). This
pathogenicity island was originally described in Yersinia
spp. with a 35-45 kb genome, and spreads across a variety
of Enterobacteriaceae, and is potentially considered
virulent (Heesemann et al., 1993; Lawlor et al., 2007).
HPI has a functional core region, in which the irp2irp1-irp3-irp4-irp5-FyuA gene axis is termed irp2-FyuA
cluster, and irp2 is the marker gene among them (Schouler
et al., 2012). The irp2-FyuA gene cluster is reported to be
closely involved in the synthesis of siderophore Yersinia
(Buchrieser et al., 1999; Gehring et al., 1998; Rakin et al.,
1999; Liu et al., 2018). High molecular weight proteins
(HMWPs), which are encoded by irp2-FyuA gene cluster
and they have members such as HMWP1, 2, 3, 4 and 5,
respectively. HMWPs are actively expressed in highly
pathogenic Yersinia strains and play an important role
in the synthesis of Yersinia siderophores (Heesemann,
1987; Liu et al., 2018). A few Y. enterocolitica isolates
from chicken and fish are capable to produce HMWPs
(Shanmugapriya et al., 2014). Further evidence entails that
Acyl-CoA hydrolysis, a HMWP1 subunit, could promote
a cascade reaction of four acyl-enzyme intermediates
during hydrolytic editing (Suo et al., 2000). HMWP2, a
specific protein which is encoded by irp2 gene of highly
pathogenic Yersinia species, participates in the nonribosomal synthesis of small biologically active peptides
(Guilvout et al., 1993). The pathogenicity of irp2-FyuA
gene cluster, encoding the virulence of highly pathogenic
Yersinia bacteria, has been studied in human (Schubert et
al., 1998), but the mechanism of its pathogenesis has not
been clearly described yet.
Saba pig, is an excellent and indigenous local breed
in Yunnan province of China, which is domesticated in a
relatively isolated environment and distributed in a high
altitude areas (>1500 m above the sea level), (Lian et al.,
2005). E. coli strain has been isolated previously from Saba
pig and the sick pigs developed noticeable symptoms such
as diarrhea, grayish or yellow loose stools, and emaciation,
which are responsible for the high morbidity and mortality
of E. coli-related diseases and offers challenges to the
veterinary community (Lu et al., 2014; Wei et al., 2018).
As a virulent determinant for the E. coli, the role of HPI
in Saba pig and its characteristic still remains elusive and
needs further exploration.
In the present study, 44 E. coli superior serotype
strains were isolated and identified from Saba pigs. The
HPI structural genes of irp1, irp2, irp3, irp4 and irp5 were
detected and sequenced. Subsequently the evolutionary
tree was drawn and homology was calculated. In the case
of iron deficiency, HMWPs were detected in all E. coli
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isolates by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). Furthermore, Kunming
(KM) mice were infected with E. coli HPI+ and HPIstrains, respectively and compared with saline control
and the histopathology was carried out. Our data shows
the role of HPI in the occurrence of E. coli associated
diseases in Saba pigs. Moreover, this study may provide
interesting perspective that could benefit further research
into bacterial response in some native animals.

MATERIALS AND METHODS
Ethics approval
Animals involved in this study were looked after
according to the guidelines of Animal Care and Use
Committee of Yunnan Agricultural University. All standard
procedures concerning animal care and management were
taken throughout the experiment.
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Experimental strains and animals
Forty-four E. coli superior serotype strains were
isolated and identified from forty-eight live Yunnan Saba
pigs (obtained from a farm in Chuxiong County, Yunnan
Province) through fecal and rectal swabs. The sampling
was carried out after seeking formal written consent of
the farm. Klebsiella pneumoniae (ATCC700603), was
purchased from China Institute of Veterinary Drug Control
(Beijing, China), and was used as the negative control.
Avian pathogenic E. coli (China Veterinary Culture
Collection Center1565; CVCC 1565) was donated by Dr.
Jiao XA (Yangzhou University, China), and treated as
a positive control. The serotypes were identified as: O3
(19/44), O4 (15/44), O24 (10/44).
Twelve healthy 5-week-old Kunming (KM) mice
(female, weight 20-25g) were purchased from Kunming
Medical University with prior written consent about their
use and were housed in three cages in best management
conditions (the animal breeding room at Yunnan Agricultural
University) and acclimatized prior to experimentations. All
mice were provided feed and water ad libitum. Twelve
mice were randomly divided into 3 groups (n=4 mice per
group): HPI+-infected group, HPI--infected group and saline
control. Mice were infected by intraperitoneal injection
with 0.3 mL of bacterial suspension (3×108 cfu/mL). The
control group was administered saline by the same way.
After treatment of 24 h, all mice were euthanized by
cervical dislocation to record gross pathological changes
and collect tissue samples.
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E. coli genomic DNA extraction and PCR detection of
main structural genes of HPI
The genomic DNA of all isolated superior serotypes
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of E. coli from Saba pig was extracted according to
manufacturer’s instructions (Beijing Bio Teke Co. Ltd.,
China) and protocol (Sakallah et al., 1995). All extracted
DNA was stored at -20°C for further use. The GenBank
database was referred and the sequences of irp1, irp2, irp3,
irp4 and irp5 were blasted to obtain a conserved region.
Oligo for each gene was designed by Primer 5.0 software
and synthesized by Shuoyang Company (Table I). PCR
reaction mixture (50μl) was processed as follows: predenaturation at 95°C for 15 min; denaturation at 94°C for
1 min, annealing at 54°C for 1 min, extension at 72°C for
1 min, a total of 32 cycles; extension at 72°C for 10 min,
and storage at 4°C. Gel electrophoresis was carried out and
photographs were visualized through gel imaging system.
Colony spots in situ hybridization detection of main
molecular structures in superior serotype E. coli HPI
Colony spots in situ hybridization was carried out
according to the protocols (Höltke et al., 1995; Southern,
1975). The PCR products were subjected to gel recovery,
plasmid transformation, ligation vector, and restriction
enzyme digestion. Then DNA was labeled by random
primer method and DIG-dUTP (digoxigenin-deoxyuridine
triphosphate). Chromogenic substrate NBT/BCIP (nitro
blue tetrazolium/ 5-bromo-4-chloro-3-indolyl phosphate)
was used for color development of hybrid molecules.
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Ltd. The results of the sequencing yielded genetic trees by
homology comparison and mapping of phylogenetic trees.
Bioinformatics analysis of superior serotype E. coli HPI
The secondary structures of protein encoded by
HPI irp1, irp2, irp3, irp4 and irp5 genes were predicted
respectively (http://bioinf.cs.ucl.ac.uk/psipred/). The
isoelectric point (pI) and molecular weight (Mw) of
proteins, encoded by five genes, were analyzed by using
ExPASy’s online compute pI/Mw tool. The five gene
protein glycosylation sites of HPI were predicted through
NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/
NetNGlyc/).
Using the homology modeling method (http://www.
expasy.org/swissmod/ SWISS-MODEL.html), the amino
acid sequences of five proteins were submitted to the
SWISS-MODEL Server for automatic modeling, and
the tertiary (three-dimensional) protein structures were
predicted.
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Expression of high molecular weight proteins (HMWPs) in
superior serotype E. coli strains
HMWP1, HMWP2, HMWP3, HMWP4 and HMWP5
in E. coli superior serotype HPI strains were detected by
SDS-PAGE at a concentration of 0.2 mM 2, 2´-dipyridine
iron deficiency. Proteins were extracted after expression of
HMWPs, and added appropriate sample buffer and placed
in boiling water at 100°C for 5-15 min to denature proteins.
After two-dimensional electrophoresis, Coomassie blue
was used for staining.
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Comparison of HPI homology of superior serotype E. coli
Superior serotype strain samples possessing HPI irp
(iron regulatory protein)1, irp2, irp3, irp4 and irp5 gene,
as identified by PCR, were collected for gel recovery
(operated according to the specifications of Bioteke’s
multifunctional DNA purification and recovery kit), and the
products were sequenced by Huada Gene Technology Co.,

3

Simple microscopic histopathology
HPI+ and HPI− strains of pathogenic E. coli were
identified and preserved by the Department of Animal

Table I. PCR primers used in this study.
Primer designation

Sequence of primer (5’—3’)

Annealing temperature

Length of product(bp)

*GenBank

irp1

CAGCCTCACGGCCCTTAT

54

360

Y12527.1

irp2

TTCCTTCAGCATCGCCTGTTA

55

484

L18881.1

53

407

Y12527.1

67

459

Y12527.1

57

786

Y12527.1

CGGCGTATGCTCAGTCAGTA
CAAGCCCGACATACTCAATCT
irp3

TGCTGCTATTGGGTAAACACG
GCGACAAACAGGCTGGATGA

irp4

CGAACTGGAAGCGTCCGTAT
TCGCCGTCAATCACCACC

irp5

CCCTGCTGTTCGCCTTGT
CCTGGCTGTGGAGAATAGTGG

*Reference: Yersinia enterocolitica HMWP1 (irp1), HMWP3 (irp3), HMWP4 (irp4) and HMWP5 (irp5) genes. GenBank, Y12527.1; (https://www.ncbi.
nlm.nih.gov/nuccore/Y12527); *Reference, Yersinia enterocolitica HMWP2 (irp2) gene, complete cds. GenBank, L18881.1; (https://www.ncbi.nlm.nih.
gov/nuccore/L18881).
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Pathology (Yunnan Agricultural University, China) (Liu et
al., 2018). HPI+ and HPI− strains have the same serotype
(O119) and biochemical characteristics which were
tested by the method (Linxi et al., 2019). The liver and
kidney were sampled from each group (HPI+-infected
group, HPI-- infected group and saline control) and ﬁxed
with 10% formalin, embedded in parafﬁn, cut into 6 μm
thick sections with a sledge microtome (Leica RM 2235,
Germany), and stained using the hematoxylin- eosin (H-E)
method. These sections were observed under 40 × /100 ×
/400 × amplifications (Olympus CX43 microscope, Japan).
Ultrastructural histopathology
The liver and kidney were sampled from each group
(HPI+-infected group, HPI-- infected group and saline
control) and excised (0.6 cm) immediately and fixed by
immersion in 2.5 % buffered glutaraldehyde for more than
4h. Samples were then rinsed in 0.1 M phosphoric acid
rinsing solution and post fixed in 1 % osmium tetroxide,
dehydrated in ascending grades of ethanol, and embedded
in epon, sectioned by ultra-thin slicer (LKBV). The ultra
structural changes were observed under transmission
electron microscope (TEM-100 CXII, JEOL, Japan) after
3 % uranyl acetate and lead citrate staining.

irp5 gene was closely related to LF82, (enteroinvasive
Escherichia coli (EIEC), GenBank.

RESULTS
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Homology comparison and phylogenetic tree construction
of HPI main structural genes
The targeted HPI structural genes were sequenced
and processed subsequently by DNASTAR software and
compared with its “published” sequences in GenBank
database. The results are shown in (Fig. 2). The sequence
identities of irp1, irp2, irp3, irp4 and irp5 with GenBank
were 98 %, 99 %, 99 %, 98 %, and 99 %, respectively.
The irp1 gene of isolated strain was closely related to the
strain CFT0734 (uropathogenic Escherichia coli (UPEC),
GenBank). The irp2 gene was closely related to ECOR38
(Escherichia coli ECOR38, B1 group pathogenic,
GenBank). The irp3 gene was closely related to strain
D106004 (Yersinia pestis, GenBank). The irp4 gene was
closely related to UT189 strain (UPEC, GenBank). The
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Major structural genes of HPI in superior serotype strains
PCR and colony spots in situ hybridization were used
to detect the presence of irp1, irp2 irp3, irp4 and irp5 genes
in 44 superior serotypes of E. coli strains. The results are
shown in Figure 1A-E and Table II. The PCR results were
consistent with the expected product size that indicated
all E. coli isolates carrying HPI genes. With colony spots
in situ hybridization test, the results were consistent with
PCR amplification (Fig. 1F and Table II).
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Fig. 1. Detection of PCR and colony spots in situ
hybridization for HPI irp1, irp2, irp3, irp4, irp5 gene (AE, genetic test results of HPI irp1, irp2, irp3, irp4, irp5 in
turn; F, colony spot hybridization for irp2 gene; M, DL
2000 Marker; 1, negative control; 2, positive strain; 3,
experimental strain).

Table II. Detection of HPI irp1, irp2, irp3, irp4 and irp5
genes in all 44 E. coli isolates from Saba pigs.
Virulence Positive
Positive
gene
number stain rate (%)
irp1

38

86.37%

Superior serotype
positivestain
O3

O4

O24

17

12

9

irp2

39

88.64%

18

12

9

irp3

26

59.09%

9

6

8

irp4

30

68.18%

13

11

6

irp5

33

75.00%

16

8

9

Irp, iron regulatory protein.

Prediction of secondary and tertiary protein structure
encoded by HPI irp1, irp2, irp3, irp4 and irp5 genes and
expression of HMWP proteins in HPI experimental strains
The data on secondary structure prediction of
proteins that were encoded by HPI irp1, irp2, irp3,
irp4 and irp5 genes, pI, MW and protein glycosylation
sites is shown in Figure 3 and Table III. The threedimensional structures of HPI irp1, irp2, irp3, irp4 and
irp5 proteins are shown in Figure 4. The structures of
the five proteins are consistent with the prediction of the
secondary structure, which is a mixture of α-helix, β-sheet
and random coil. The synthesis of iron vector of E. coli
dominant serotype HPI strain was detected by chrome
azurol S (CAS) solid medium. Under iron deficiency
conditions, 10 strains of E. coli dominant serotype HPI
expressed five high molecular weight proteins comprising
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Fig. 2. The homology of HPI major part gene sequences and phylogenetic trees (A-E, in sequence, the homology comparison of
HPI irp1, irp2, irp3, irp4, and irp5 part gene sequence and corresponding phylogenetic trees).
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Fig. 3. Predication of protein secondary structure of HPI major structure genes (A-E, in sequence, prediction of protein secondary
structure of irp1, irp2, irp3, irp4 and rp5 genes, respectively).
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HMWP1, HMWP2, HMWP3, HMWP4 and HMWP5,
while the other 15 strains expressed different proteins
from HMWPs (Fig. 5). The HPI major structural protein
genes showed that 5 types of proteins mainly include more
random curls, α-helix and slight amount of β-sheet; among
which the random coils accounted for a larger proportion.
Analysis of isoelectric point verified that irp1, irp2, irp4
and irp5 were acidic proteins, while irp3 was the basic
protein. Subsequent SDS-PAGE electrophoresis (pH 8.8)
did not detect irp3 protein bands.

hepatic sinus and few red blood cells were observed in
the interlobular veins in the portal area (Fig. 7B, C). The
glomerulus was enlarged and filled the entire renal cavity.
The epithelial cells of the renal tubules were blurred and
shed. A few red blood cells were also observed in the renal
stroma, and local inflammatory cells were infiltrated (Fig.
7E, F). In addition, more severe histopathological changes
were observed in the HPI+ -infected group compared to
HPI—infected group.

Table III. Prediction of secondary structures of five
major structural genes in all 44 E. coli isolates from
Saba pigs.
irp4

irp5

The number 55
of spiral

81

67

59

67

Extended
chain

7

7

5

8

5

Swiss roll

39

60

35

72

35

pI

5.85

5.79

10.57

5.05

5.13

Mw (Da)

12068.93 16344.48 11661.4 15534.54 26713.50

Glycosylation site

1

Variables

irp1

irp2

0

irp3

0

0

pI, Isoelectric point; Mw, molecular weight.
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Fig. 4. Prediction of protein tertiary structure of HPI major
structure genes (A-E, in sequence, prediction of protein
tertiary structure prediction of irp1, irp2, irp3, irp4 and
irp5 genes).

Simple microscopic histopathological observations
As shown in Figure 6, gross pathological findings
showed severe hemorrhage and swelling in the lungs and
liver. There was mild bleeding in the renal cortex. The
wall of small intestine was bleeding and thinning, which
filled with yellow contents (Fig. 6). No visible microscopic
lesions were observed in the liver and kidney control
groups (Fig. 7A, D). The hepatocyte enlargement and
disordered arrangement of hepatocyte cords was observed.
Moreover, some lymphocyte infiltrations were seen in the

A
t

i
t
r

Fig. 5. The expression profile of HMWPs under iron
starvation (M: Protein marker; 1, Positive strain; 2-10,
The experimental strains. HMWPs bands, irp1-348kDa,
irp2-229kDa, irp4-29kDa, irp5-57kDa; irp3 was the basic
protein (pH 8.8) so did not detect protein bands).
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Fig. 6. Gross pathological signs of mice (A, control group;
B, HPI+ infection group; C, HPI- infection group).

Ultra structural histopathological observations
Under the transmission electron microscope, the liver
cells of the control mice had round nucleus, clear nuclear
membrane, obvious nucleolus, and often chromatin was
evenly distributed in the nucleus; the mitochondria and
endoplasmic reticulum around the nucleus were abundant,
and the round rod-shaped or spherical, mitochondrial crest
structure is clear, rough endoplasmic reticulum (RER)
is relatively developed, neatly arranged, and abundant
ribosomal particles are distributed on it, without ribosome
shedding and lipidation. After infection in HPI mice,
the complete morphology of liver cells disappeared, the
nucleus was irregular, the nuclear membrane was uneven,
and the nuclear pores were significantly increased;
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mitochondrial crest structure is fuzzy, and some crests are
broken; rough endoplasmic reticulum ribosomes reduce; a
large number of lipid droplets can be seen. The HPI + was
more severe than the HPI- group (Fig. 8).

the mitochondria were deformed and the ridges were
disordered; the rough endoplasmic reticulum was swollen,
and the ribosomal particles were reduced with visible
lipidation. The HPI + was more severe than the HPI- group.

DISCUSSION

Fig. 7. Histopathology observations of liver and kidney
in mice (HE, 400×); A, liver of control group; B, liver of
HPI+ -infection group; C, liver of HPI--infection group; D,
kidney of control group; E, kidney of HPI+-infection group;
F, kidney of HPI--infection group). Black arrow indicates
red blood cells; yellow arrow indicates lymphocyte
infiltrations.
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Under the transmission electron microscope, the
kidney cells of the control group mice have a clear
structure of renal tubular epithelial cells with large and
round nuclei, often chromatin is evenly distributed in the
nucleus; the inner fold of the plasma membrane at the base
and the structure of the tubular basement membrane are
complete; the mitochondrial ridge structure is clear and
densely arranged; the microvilli are densely arranged in
the lumen, and the tight connection between the cells is
clearly visible. After infection in HPI group mice, most of
the renal tubular epithelial cells show shrunken nucleus
with abnormally rich heterochromatin condensation; and
a small amount of nucleoli dissolves; the microvilli on
the cell surface are sparsely arranged; the base is swollen,
and the inner pleats disappear; mitochondrial swelling,
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Fig. 8. Ultrastructural histopathology observations of liver
and kidney in mice. Control group, HPI+-infection group,
and HPI--infection group.

Major structural genes of HPI in superior serotype strains
The current study found that PCR results were
consistent with the expected product size that indicated
all E. coli isolates carrying HPI genes. With colony spots
in situ hybridization test, the results were consistent with
PCR amplification. HPIs, a subset of genomic islands,
encode several virulent determinants such as toxins and
siderophore systems and play a key role in the evolution
of pathogenic bacteria such as E. coli (Hu et al., 1998;
Poey and Lavina, 2018; Schneider et al., 2011). A possible
mechanism revealed that HPIs, among E. coli (ECOR31)
and other Enterobacteriaceae, more likely caused the
extra-intestinal infections due to possessing an additional
35 kb fragment at the right border compared to traditional
HPIs in E. coli and Yersinia species (Schubert et al., 2004).
Homology comparison and phylogenetic tree construction
In the present study, the sequence identities of irp1,
irp2, irp3, irp4 and irp5 with GenBank were 98%, 99%,
99%, 98%, and 99%, respectively. The irp1 gene of
isolated strain was closely related to the strain CFT0734
(uropathogenic Escherichia coli (UPEC), GenBank). The
irp2 gene was closely related to ECOR38 (Escherichia coli
ECOR38, B1 group pathogenic, GenBank). The irp3 gene
was closely related to strain D106004 (Yersinia pestis,
GenBank). The irp4 gene was closely related to UT189
strain (UPEC, GenBank). The irp5 gene was closely
related to LF82, (enteroinvasive Escherichia coli (EIEC),
GenBank). In contrast to our study, overall, irp1 and irp2
were present in 63 and 77% of E. coli strains, respectively,
and fyuA was detected in 77% of isolates (Koczura and
Kaznowski, 2003). The sizes of PCR products generally
reckoned with expected values except four isolates (RK12,
RK13, RK18 and RK22) which represented a 750bp
product of fyuA (Koczura and Kaznowski, 2003) that was
shorter than the corresponding fragment in Yersinia pestis
(780bp long); in our study, the sizes of PCR products of
five structural genes, i.e., irp1, irp2, irp3, irp4 and irp5
were 360, 484, 407, 459, 786bp, respectively and these
were referenced to Yersinia enterocolitica (GenBank:
Y12527.1 and GenBank: L18881.1). Furthermore, the
identities between Yersinia enterocolitica (Yen; O:8 WA
strain) HPI and avian pathogenic E. coli HPI irpl (799bp),
irp2 (414bp), irp3 (798bp), irp4 (504bp), irp5 (758bp) and
fyuA (948bp) were found to be 98 %, 98 %, 98 %, 95 %, 98
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%, and 98%, respectively (Xu et al., 2010). This highlights
that high HPI expression implies widespread occurrence
and greater pathogenicity and vice versa. The variation in
number of E. coli strains, their expression and virulence
may also be related to the type of species as well sampling
site. The sampling source of E. coli (44 strains) was fecal
and rectal swabs from live Yunnan Saba pigs in our study
whereas 35 strains of E. coli were clinical specimens
comprising of urine (18), blood (5), cervical canal (3),
semen (3), conjunctiva (2), wound (2), foreskin abscess
(1), and cerebrospinal fluid (1) (Koczura and Kaznowski,
2003). The results further suggest that as E. coli strains of
Yunnan Saba pigs carry genes which are located on the
Yersinia enterocolitica HPI, which may provide a chance
of transferring these genes between Yersinia enterocolitica
and E. coli strains of Yunnan Saba pigs.
Prediction of secondary and tertiary protein structure
The structures of the five proteins were consistent with
the prediction of the secondary structure, which are mixture
of α-helix, β-sheet and random coil. Under iron deficiency
conditions, 10 strains of E. coli dominant serotype HPI
expressed five high molecular weight proteins comprising
HMWP1, HMWP2, HMWP3, HMWP4 and HMWP5,
while the other 15 strains expressed different proteins
from HMWPs. With a fast increasing pool of identified
tertiary structures, the significance of protein structure
comparison corresponds to that of sequence alignment
(Holm and Sander, 1993). The HPI major structural
protein genes showed that 5 types of proteins mainly
include more random curls, α-helix and slight amount of
β-sheet; among which the random coils accounted for a
larger proportion. Since the epitopes easily form secondary
structures especially by random coils, this indicates that
these five proteins are rich in antigenic epitopes. The
random curly structures are comparatively prominent,
mainly on the surface of the protein molecules, and often
contain advantageous antigen epitope (Liu et al., 2007), so
it is easy to induce the host to produce effective immune
response. Analysis of isoelectric point verified that irp1,
irp2, irp4 and irp5 were acidic proteins, while irp3 was the
basic protein. Subsequent SDS-PAGE electrophoresis (pH
8.8) did not detect irp3 protein bands. Many pathogens
uptake iron with some low molecular weight high iron
chelates -siderophores, which are transported into bacterial
cells to maintain growth. Siderophore includes element of
Enterobacter, Yersinia pestis and Bacillus; each of which
possess the specific affinity for iron. Its biosynthesis is
regulated by concentration of external iron that absorbs
iron chelated on the siderophore into cell via a specific cell
membrane receptor to meet ferric demand for its growth.
HMWPs play an important role in synthesis of siderophore
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of Yersinia bacterium. HMWPs may be involved in the
synthesis of siderophore to induce expression of tyrosine
receptors and siderophore (Fetherston et al., 1995;
Johnson and Stell, 2000). When ions are deficient, irp1
and irp2 express HMWP1 and HMWP2, but their sizes
are not consistent as molecular weight of HMWP1 and
HMWP2 in Yale’s plague bacteria were reported as 240
kDa and 228 kDa, respectively (Fetherston et al., 1995,
1996) whereas in enterocolitis Yale sen bacteria these were
380 kDa and 228 kDa (Carniel et al., 1987, 1996; Pelludat
et al., 1998). This highlights that HMWP1 stripe size is
different, which may be related to glycosylation sites in
HMWP1 of the protein prediction. This further implies
that the E. coli serotype strains containing the HPI may
not have expression of HMWPs protein, and additionally,
variable protein expression of HMWPs was observed in
these E. coli serotype HPI strains. A study further reported
that not all E. coli strains containing HPI could express
HMWPs, which may be related to microbe in different
living environment and modify the exogenous genes
according to their own needs, as well as the extent of iron
uptake (Sun et al., 2007). The protein prediction of HPI
of the superior serotype E. coli strain in this study showed
the difference of HMWPs protein expression possibly due
to the variations in spiral, folding and curly construction
in the secondary structure. This expression may also be
caused by missing or point mutation in a gene and the
strains of serotype and protein expression differences in
E. coli HPI.
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Histopathology
Gross pathological findings and severe hemorrhage
and swelling in the lungs and liver were noticed. No
visible microscopic lesions were observed in the liver
and kidney control groups. In addition, more severe
histopathological changes were observed in the HPI+
-infected group compared to HPI—infected group. As iron
acquisition determinant, HPI is absolutely necessary for
expression of the trait of virulence in mice (Carniel et al.,
1992; Fetherston et al., 1992). A study reported that E.
coli HPI up regulated the expression of IκB-α and IL-1
into porcine small intestine epithelial cells (IPEC-J2), and
HPI+-infection strongly induced IL-1 expression than that
of HPI—strain (Liu et al., 2018). E. coli harboring HPI
was more virulent in ducklings than that E. coli strains
without HPI even their genotype was highly homologous
(Dian-hong and Xiu-rong, 2011). Transmission electron
microscopy also revealed normal histology in control
kidney and liver groups; however, HPI+ was more drastic
than the HPI- group. Our results indicate that the dominant
serotype E. coli strain containing HPI was more virulent
and had certain pathogenic ability.
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CONCLUSIONS
This is the first study about E. coli HPI structural genes
(irp1, irp2, irp3, irp4 and rp5) and their bioinformatics
analysis in clinical isolates of Saba pigs. We further
postulated the predicted secondary and tertiary protein
structures of these major genes, and validated the HMWP
expression under iron starvation. In addition, the E. coli
isolates harboring HPI element induced severe tissue
damages in mice than those of HPI-deficiency strains. Our
data may provide a new perspective of E. coli epidemic
and its related diseases in Saba pigs and other animals in
future.
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