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Editorial on the Research Topic
The Epidemiology, Diagnosis and Prevention of Infectious Diseases in Livestock

The infectious disease in livestock plays a vital role in the economy and food security of many
developing countries. An approach in veterinary epidemiology to animal infectious diseases
focuses on controlling and managing disease in the livestock population. Additionally, the risk
of transmission and spread of emerging diseases is increasing because of intensive human traffic.
In such circumstance, those outbreaks cause severe economic losses when the livestock industry
become affected. Therefore, a major component of animal disease policies and disease management
strategies are a viable prevention measure. However, the same prevention doesn’t work everywhere
due to strategies has changed over time. An emergency preparedness needs to do before outbreaks
were reported.

This Research Topic yielded 45 articles of which 10 were brief research report, 30 original
research articles, one clinical trial, one opinion, two systematic reviews, and one review, involving
321 authors from 17 countries. The two areas of research cover by this Research Topic are
included: (i) infectious disease and control or eradication in livestock; (ii) development of diagnosis,
monitoring, and surveillance program.

A first line of research includes the infectious disease and control or eradication in livestock.
Intervention can vary depending on clinical fields and local circumstances. In this part, their
works presents the appropriate framework needed for strengthening a surveillance program in
each region. Serology has been performed for many years and the present of antibody refer as
a marker to identify reservoir that may boost the outbreaks. In their work, Sun et al. report
of Chlamydia seroprevalence in domestic, black-boned sheep and goats in southwest China.
Involving same methods, Ullah et al. also reported anti-Brucella antibodies in sheep and goats at
these livestock farms in Punjab, Pakistan. Furthermore, serological cross-reactivity was detected
between alphaherpesvirus-2 and alphaherpesvirus—1 in a calf located in Central Italy by Petrini
et al. However, this method is only required for early diagnosis and infection occurring in
previously vaccinated animals may not be detectible. To overcome the limitation mentioned above,
the molecular epidemiology of infectious diseases is also discussed in this Research Topic. For
examples, isolation and characterization of a porcine transmissible gastroenteritis coronavirus in
Northeast China by Yuan et al; epidemiology of bovine tuberculosis in Ethiopia by Tulu et al.
Similarly, an interesting work led by Hamada et al. described the new investigation on molecular
prevalence of bovine leukemia virus in Egyptian cattle. In an article by Shi et al., they revealed
bovine pestivirus isolates from cattle have extensive genetic variations in Central China.

There were still many studies highlighted the evaluation of the prevention of infectious disease in
livestock. As the case in Vietnam, Mai et al. find out the possible risk factors for transmission pattern
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of PEDV in an endemic region. They indicated that there have
three of these 29 variables such as farrow-to-wean production
type, distance from the farm to the slaughterhouse, and the
presence of chickens on site. Recently, Makita et al. also
examined the decision-making process for farm biosecurity
among livestock farmers through elevated attitudes and self-
efficacy. An integrated community-based intervention is also
applied for control and prevention of epizootic lymphangitis in
mules, Bahir Dar, Ethiopia, which was reported by Duguma et al.

This Research Topic is further investigating the role of wildlife
in the epidemiology of infectious diseases. In addition, the
identification of microorganisms by vectors has been useful for
identifying reservoirs and verifying modes of transmission. An
outcome of the papers by Chang et al. indicated pigeons play an
important role in transmission pattern of Pigeon paramyxovirus
type I. Works reporting the evidence of wild animals, as the case
in Korea, wild leopard cat and Asian badger may spread feline
parvovirus and its related viruses, which was reported by Kim
et al. or in Germany, Q fever is presented by Winter et al. in
ruminant. In particular, the work led by Shimizu et al. shown
that infected wild boars are a major source of infection for the
current classical swine fever occurred in Japan. A retrospective
survey by Zhou et al. indicated that the blue fox’s outbreak
of abortions was derived from brucellosis which caused by B.
melitensis strain. Moreover, a survey by Kivali et al. identified
trypanosome species in cattle and their spatial distribution in
western Kenya.

It was well-known that those novel pathogens are also
responsible for emerging infectious diseases. A work led by
Yu et al. shown that, as in goat, the impact of endogenous
and exogenous factors affecting susceptibility to orf virus
will likely reflect the host’s specific in term of a particular
strain such as NZ7-like orf viruses. An additional paper by
Shimizu et al, presented the report of genetic variability
of orf viruses in Japan, which can be spread to sheep or
farmers and can be transmit to Japanese serows. Along
this line, Su et al. showed that a coinfection porcine
astrovirus with PEV and GARYV in diarrheic piglets in China.
Furthermore, Getah virus was reported by Ren et al. in
southern China.

A second related aspects of research that drew the
development of diagnosis, monitoring, and surveillance
program. The application of new innovative diagnostic
technologies for rapidly detect of pathogens is required for
limit the economic impact of emerging infectious animal
diseases. The desirable characteristics are fast, simple, cost-
effective, highly sensitive, and specific. In these lines, a rapid
detection of PCV2 and direct identification of PCV2 genotypes
from clinical samples was developed by Wang, Song, Shin,
Kim et al., examined the performance of two newly available
methods, multiplex real-time PCR assay and PCR-reverse blot
hybridization assay. These techniques can also yield results
in 2-3h for differentiate between the PCV2 genotypes and
detect PCV2 from clinical specimens. Continuing with the
search of novel diagnostic, Wang, Song, Shin, Choi et al. also
highlighted that using the new clinical molecular assay for
diagnosis in porcine cytomegalovirus (PCMV) can be used to

screen with dramatic reduction in false positives and negatives.
Besides, Arrieta-Villegas et al. examined the applicability of
the P22 antigen complex as a complementary tool for TB
diagnostics in goats with a cost-effective alternative. The review
by Rodriguez-Herndndez et al. also highlight application of
Volatilome analysis to the diagnosis of mycobacteria infection
in livestock, which was fulfills part of the mycobacterial
diagnosis requirements.

The remaining works further highlighted the novel methods
such as one-tube nested RT-PCR which required ~1.5h for
completion for the characterizing pathogen responsible for
porcine cytomegalovirus infection (Wang, Song, Shin, Choi et
al.); or multiplex PCR is design to provide a rapid, specific
and sensitive detection method for the identification of four
pathogenic bacteria in minks (Li et al.) and thermal image
scanning for the early detection of fever induced by highly
pathogenic avian influenza virus infection in chickens and
ducks (Noh et al). Similarly, a procedure for partial or
full genome sequencing of peste-des-petits-ruminants virus
is described by Torsson et al. The use of a portable
laboratory such as miniPCR and MinION to the field
and to the production of a full genome with the results
just 24h of collection. On the other hand, Ruggeri et al.
indicated that the newly scoring system could be used to
exam pathological lesions in the respiratory tracts in porcine
respiratory disease complex.

Taken together, all the published papers in this Research
Topic reflects that a combined effort across borders is
needed to control infectious diseases in livestock on such
epidemiology, diagnosis, and prevention and coordinated
action around the globe required to fill gaps in the
literature regarding control and eradication programs for
infectious diseases.
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Emerging evidence suggests that the tripartite motif containing 62 (TRIM62), a member
of the TRIM family, plays an important role in antiviral processes. The objective of the
study was to explore the role of TRIM62 in reticuloendotheliosis virus (REV) infection
and its potential molecular mechanism. We first demonstrated that the REV infection
affected the TRIM62 expression first upregulated and then downregulated in CEF cells.
Next, we evaluated the effect of TRIMB2 on viral replication. Overexpression of TRIM62
decreased REV replication. On the contrary, silencing of endogenously expressed
TRIM62 increased viral replication. Then, to explore the necessity of domains in TRIM62’s
negative regulation on viral replication, we transfected CEF cells with TRIM62 domain
deletion mutants. Deletion domain partially abolished TRIM62’s antiviral activity. The
effect of SPRY domain deletion was the highest and that of coiled-coil was the lowest.
Further, we identified 18 proteins that coimmunoprecipitated and interacted with TRIM62
by immunocoprecipitation and mass spectrometry analysis. Strikingly, among which,
both Ras-related protein Rab-5b (RAB5B) and Arp2/3 complex 34-kDa subunit (ARPC2)
were involved in actin cytoskeletal pathway. Altogether, these results strongly suggest
that chicken TRIMB2 provides host defense against viral infection, and all domains are
required for its action. RAB5B and ARPC2 may play important roles in its negative
regulation processes.

Keywords: TRIM62, negative regulation, reticuloendotheliosis virus, domain deletion, RAB5B and ARPC2

INTRODUCTION

TRIM62 (tripartite motif containing 62) is a member of the TRIM family proteins and is also
known as DEARI (ductal epithelium-associated RING chromosome) (1). TRIM family proteins,
also known as RBCC proteins, contain conserved RING finger, B-box, coiled-coil domains, and
a variable C terminus (2). Despite their common domain structure, TRIM proteins play critical
roles in distinct cellular processes such as intercellular signaling, innate immunity, transcription,
autophagy, and carcinogenesis (3, 4). Members of the TRIM family of E3 ligases exhibit antiviral
activities (5, 6). More than 20 TRIM proteins, which affected the entry or release of retrovirus such
as human immunodeficiency virus 1 (HIV), murine leukemia virus (MIV), or avian leucosis virus
(ALV), were screened (6). Expression of low amounts of TRIM62 enhanced HIV gene expression
and release, and the E3 mutant of TRIM62 inhibited HIV release more potently than the wild-type
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protein (6). However, TRIM62 from orange-spotted grouper  of RE with other secondary infectious agents. Since breeder and
(ECTRIM62) negatively regulated the innate antiviral immune  layer flocks are commonly vaccinated against MD, the possible
response against fish RNA viruses (7). congenital transmission of REV between chickens was also be
Reticuloendotheliosis virus (REV) is an avian retrovirus that  taking into account. The occurrence of RE has major economic
can induce immunosuppression, runting syndrome, lymphomas,  importance. So far, no effective vaccines have been developed
and acute reticulum cell neoplasia (8, 9). The occurrence of  against RE; thus, the only protection remains flock renewal
reticuloendotheliosis (RE) has an immunosuppressive effect and ~ with elimination of affected birds or application of experimental
REV as the contaminant within vaccines against Marek’s Disease ~ antiviral treatment. In a previous study, we have confirmed that
(MD) (10), fowlpox (11, 12), and Gallid herpesvirus 2 (GaHV-2) ~ TRIM62 possesses restriction of avian leukosis virus subgroup J
(13), which may lead to vaccination failures and co-incidence ~ (ALV-]) replication (14). ALV-J is another avian retrovirus. At
present, no data are available regarding the role of TRIM62 from

chicken in REV infection.
TABLE 1 | Primers used for quantitative reverse transcription-PCR. To explore the role of TRIM62 in REV infection, in the present
study, we detected and analyzed the association of TRIM62

Gene target  Primer sequence Fragmentsize (bp) oy pyression with viral replication. Then, we evaluated the effects
of TRIM62 on viral replication by overexpression, silencing, and
TRIMB2 Forward: TACTGGGAGGTGGTGGTGTC 246 . . . . . .
Rorwar COTCGEOGTTGTAGAAGATG domain deletion of TRIM62 in CEF cells with REV infection.
vVerse: . . .
-y Fe © SZ_ T GTTOAAGGOAAGCATCAG 530 Further, with TRIM62 overexpression, we screened key proteins
e Rorwar .GAGGATAGCATCTGCCCTIT that interacted with TRIM62. Our study provided evidence that
everse: chicken TRIM62 negative regulated the REV replication.
RAB5B Forward: CCCCAGCATCGTCATTG 101
Reverse: GGCTGTTGTCATCTGCGTAA
ARPC2 Forward: CGGAAAGGTGTTTATGC 223 MATERIALS AND METHODS
Reverse: CAGGTAGTCTCGGAATGTG Cell Culture and Viral Infection
GADPH Forward: GAACATCATCCCAGCGTCCA 132 The CEF cells cultural protocol was conducted as described in a
Reverse: CGGCAGGTCAGGTCAACAAC previous study (14). CEF cells were incubated with a diluted stock
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FIGURE 1 | Effect of REV infection on TRIM62 expression. CEF cells were infected with REV. The RNA expression levels of REV (A) and of TRIM62 (B) at 12, 24, 48,
72, and 96 h post-infection in CEF cells were assessed by gRT-PCR. (C) The protein expression levels of REV and TRIM62 were detected by WB. Uninfected CEF
cells were used as the control. *p < 0.05, *p < 0.01, and **p < 0.001.

Frontiers in Veterinary Science | www.frontiersin.org 12 April 2020 | Volume 7 | Article 152


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Lietal

TRIM62 Regulated REV Replication Negatively

of SNV strain of REV (China strain: JX0927, maintained in our
laboratory) at a multiplicity of infection (MOI) of 0.1. The mRNA
expression of TRIM62 and REV in CEF cells were detected
at different times (12, 24, 48, 72, and 96h post-infection).
The mRNA expression of TRIM62 in the supernatant was also
detected in parallel at the same sampling times.

Plasmid of Chicken TRIM62 and Short

Hairpin RNA (shRNA) Transfection

To identify the antiviral function of TRIM62, CEF cells
were seeded on six-well-plates for 12h and transfected with
plasmids using a lentiviral vector for TRIM62 overexpression
and silence. The transfected plasmids containing chicken
TRIM62 (pTRIM62)/domain deletion mutants were for TRIM62
overexpression, and those containing short hairpin RNA
targeting TRIM62 (shTRIM62) were for TRIM62 silence. The
gene sequence of chicken TRIM62 was obtained from GenBank
(XM_015297235.2) (14). These plasmids fused to a Flag tag. The
transfected empty vector CEF cells were used as control. The
pTRIM62/shTRIM62/pTRIM62-AR/B/C/S and empty vector
were purchased from Jikai Gene Technology, Inc. (Shanghai,
China). After stably expressing TRIM62/shTRIM62 for 12 h/24 h,
the transfected CEF cells were incubated with REV. After

72h, the TRIM62 and viral mRNA/protein levels were detected
by qRT-PCR/WB.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA from CEF cells was isolated using the Tiangen
RNeasy mini kit according to the manufacturer’s instructions.
RNA was reverse transcribed to cDNA using the TagMan Gold
Reverse Transcription kit (Applied Biosystems). gqRT-PCR was
performed according to a previously described protocol (15, 16).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as a control for basal RNA levels. Primer sequences are listed in
Table 1.

Western Blotting

The CEF cells were lysed in RIPA lysis buffer [25mM
Tris (pH 7.4), 150 mM NaCl, 1mM EDTA, 1% NP-40, 5%
glycerol] containing protease and phosphatase inhibitor cocktails
(Novasygen, Beijing, China). The lysis was separated by SDS-
PAGE and transferred to PVDF membranes (Millipore, Bedford,
USA) as reported previously (17, 18). The target proteins
were detected with specific primary antibodies against TRIM62
(19) and REV env (primary antibodies were prepared by our
laboratory, anti-REV gp90) at a 1:200, 1:500, and 1:3,000
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FIGURE 2 | Restriction of REV replication in CEF cells induced by TRIM62. (A,B) CEF cells were transfected with pTRIM62 or empty vector before infection with REV.
The expression levels of TRIM62 (A) and REV (B) were assessed by gRT-PCR and Western blotting. (C,D) CEF cells were transfected with shTRIMB2 or a
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dilution, respectively. The secondary antibodies were horseradish
peroxidase (HRP)-conjugated enhanced chemiluminescence
(ECL) goat. The blots were visualized by the ECL-enhanced
chemiluminescence kit (Roche, Basel, Switzerland).

Immunocoprecipitation

According to the instructions of Pierce Co-Immunoprecipitation
(Co-IP) Kit (Thermo, Thermo Fisher Scientific, Massachusetts,
USA), the 12-h pTRIM62 transfected CEF cells were subjected
to REV infection for 72 h. The REV-infected CEF cells were then
harvested and lysed. The anti-Flag label antibody was incubated
with AminoLink coupling resin for 2h at room temperature
for antibody immunobilization. After centrifugation of cell
lysates, supernatants were immunoprecipitated with coupling
antibody. After another centrifugation of immunoprecipitated

supernatants, the protein complex was washed three times with
RIPA lysis buffer. Immunoprecipitates were incubated with
elution buffer for 5min at room temperature and centrifuged.
The prey complex was collected and stored at —80°C. CEF cells
were transfected with empty vector infected with REV as control.

Liquid Chromatography-Mass

Spectrometry Analysis

Ten micrograms of the above prey complex was incubated in
SDS-PAGE sample buffer (Solarbio, Beijing, China) for 5min
at 95°C. Proteins of cell lysates were separated by SDS-PAGE
gels for 10 min and formed into a line. Each of the SDS-PAGE
gel lanes was cut and subjected to trypsin digestion. Mass
spectrometry (MS) analysis was performed according to a
previously reported protocol (20) for detecting polypeptide
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FIGURE 3 | Effect of domain deletion on TRIM62 expression. The relative mRNA expression of TRIM62 in CEF cells transfected with RING (A), B-box (B), coiled-coil
(C), or SPRY (D) domain deletion mutant with or without REV infection were measured by gRT-PCR using pEmpty and pTRIMB2 as controls. (E) TRIMG2 protein
expression levels were detected with specific primary antibodies against Flag label and TRIM62 by Western blotting, respectively. pEmpty represent empty vector,
pTRIMB2 represent TRIMB2 full length, pTRIM62-AR represent RING domain deletion, pTRIM62-AB represent B-box domain deletion, pTRIM62-AC represent
coiled-coil domain deletion, and pTRIM62-AS represent SPRY domain deletion. *p < 0.05, **p < 0.01, and ***p < 0.001.
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sequence of proteins. Independent triplicate samples were  upregulated and reached the plateau at 96 h post-infection in CEF
analyzed. Polypeptide sequence was identified against using  cells (17).

the Gallus (chicken) database and viral database (uniport- The protein levels of REV and TRIM62 were detected by WB,
Gallusgalluschicken_REV_Combined.fasta) using Proteome  which were consistent with the dynamic changes of mRNA levels.
Discoverer 1.4 (Thermo Fisher Scientific, Massachusetts, — Compared with control, the viral protein levels were significantly

USA) software. increased (p < 0.001) from 48 to 96 h post-infection, and TRIM62
protein levels were also significantly upregulated at 48 and 72h
Statistical Analysis (p < 0.01). However, there were no changes of TRIM62 protein

Results are presented as the means £ standard deviations (SD) of levels at another time point observed (Figure 1C).

at least three sample replicates. Statistical analysis was performed TRIM62 Restricted REV Replication in CEF
using SPSS 19.0 statistical software, and p < 0.05 was considered Cells

statistically significant. )
We overexpressed or silenced TRIM62 to detect the role of
TRIMS62 in REV replication in infected CEF cells. Compared with
RESULTS non-transfected cells, despite REV infection, the TRIM62 mRNA
. i level was significantly greater (p < 0.01) in pTRIM62-transfected
REV Infection Affected TRIM62 Expression  Cgr cells (Figure 2A) and lower (p < 0.01) in shTRIM62-
in CEF Cells transfected CEF cells (Figure 2C). The TRIM62 overexpression
To assess association between the expression of TRIM62 and  decreased the REV mRNA expression in transfected cells
REV, we measured the TRIM62 expression and REV replication  (Figure 2B), whereas silence of TRIM62 increased the mRNA
in REV-infected CEF cells at the transcriptional and translational ~ expression of REV (Figure 2D). These results were confirmed in
level. Time course infection of REV in CEF cells showed protein levels by Western blotting (Figures 2A-D). Our results
that the REV mRNA levels were significantly increased (p <  strongly suggest the role of TRIM62 in restricting REV infection.
0.001) from 48 to 96h post-infection (Figure 1A), and the . .
TRIM62 mRNA levels were also significantly upregulated at Domain Deletion-Induced TRIM62’s
48h (p < 0.1) and 72h (p < 0.1) as compared to that Antiviral Activity Abolished Partially
in uninfected CEF cells. However, compared with control, = To further investigate the effect of domain on negative
there were no changes of TRIM62 mRNA levels at another  regulation of TRIM62, we explored the effect of TRIM62
time point (Figure 1B). The REV mRNA expression was domain deletion mutants on TRIM62 expression and REV
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FIGURE 4 | Inhibition of REV RNA expression in CEF cells by TRIM62 RING, B-box, coiled-coil, and SPRY domain deletion mutants. The relative mRNA expression
levels of REV in CEF cells transfected with RING, B-box, coiled-coil, or SPRY domain deletion mutants were measured by gRT-PCR and Western blotting. pEmpty (A)
and pTRIM62 (B) were used as controls. pEmpty represent empty vector, pTRIM62 represent TRIMB2 full-length, pTRIM62-AR represent RING domain deletion,
pTRIM62-AB represent B-box domain deletion, pTRIM62-AC represent coiled-coil domain deletion, and pTRIM62-AS represent SPRY domain deletion. *p < 0.05,
**p < 0.01, and **p < 0.001.
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replication. The mutants were prepared as previously described
(14). Regardless of REV infection, the expression of TRIM62
was significantly higher in cells transfected with deletion of
RING (Figure 3A) and B-box (Figure 3B) than empty vector
(p > 0.1). When transfected with coiled-coil domain deletion
mutant, viral infection decreased the expression of TRIM62
in cells (Figure 3C). These results indicated that the effect of
REV infection on TRIM62 may associate with the coiled-coil
domain. Compared with empty vector, there was no difference

TABLE 2 | Identified proteins interacting with TRIM62.

No. Accession Gene Protein Coverage
1 AOATL1RRL2 ACTB Actin, cytoplasmic 1 30.12
2 AOATLTRSN4 ACTC1 Actin, alpha cardiac 25.61
muscle 1
F1NJO8 VIM Vimentin 17.39
E1C2H4 LEMD2 LEM domain containing 4.79
2
AOATLTRWD5  RPL15 Ribosomal protein L15 17.16
FINSP8 HNRNPU Heterogeneous nuclear 1.78
ribonucleoprotein U
AOA1D5PW24  RPL19 Ribosomal protein L19 14.05
P01994 HBAA Hemoglobin subunit 10.56
alpha-A
9 AOA1L1RLB1 PKM Pyruvate kinase PKM 5.81
10 AOA1D5PKU6 RAB5 Ras-related protein 5.14
Rab-5
IR Q05744 CTSD Cathepsin D 4.52
12 AOA1L1RPQ9 Arp2/3 Arp2/3 complex 34 3.90
kD subunit
13 AOATLTIRM78 PPIA Peptidyl-prolyl cis-trans 12.00
isomerase
14 AOATDSNYWS  N/A Peptidylprolyl 7.35
isomerase
15 AOA1D5PZE3 APOA1 Apolipoprotein A-l 5.70
16 FINK96 PDIA6 Protein disulfide 6.04
isomerase family A
member 6
17 AOA1ID5SPUME  NUP214 Nucleoporin 214 0.59
18 FINWX0 LOC425049 Tubulin alpha chain 6.46

The bold means the two proteins are involved in the skeleton pathway.

obtained of TRIM62 expression in cells transfected with deletion
of SPRY domain mutant (Figure 3D). The qRT-PCR primers
located in the SPRY domain may explain this result that deletion
of SPRY domain did not result in difference of TRIM62 mRNA
expression. To further confirm the results, we measured the
TRIM62 protein expression with specific primary antibodies
against TRIM62 (Figure 3E). The expression of TRIM62 in
mutant-transfected cells is lower than that in complete TRIM62-
transfected cells.

As compared with pEmpty vector-transfected cells, the level
of REV mRNA expression was significant lower (p < 0.1) in CEF
cells transfected by any of the TRIM62 domain deletion mutants
(Figure 4A). The effect of coiled-coil domain deletion was the
highest (77.9 & 2.3%), and that of SPRY domain deletion was
the lowest (22.8 & 2.5%). Compared with complete TRIM62,
the mRNA expression of REV was significantly higher in cells
transfected with domain deletion mutants (Figure 4B). The viral
expression in SPRY domain deletion-transfected cells was the
highest (435.5 & 6.2%), and that in coiled-coil domain deletion-
transfected cells was the lowest (53.2% =+ 6.4%). These results
suggested that the deletion of domains partially abolished the
antiviral activity of TRIM62.

Identification of Cell Proteins That Interact

With TRIM62

The REV infection affected the TRIM62 expression first
upregulated and then downregulated in CEF cells. We
hypothesized that other important interacting proteins
besides the domains were involved in TRIM62’s negative
regulation of REV replication. To identify host cell proteins that
interact with TRIM62, we used a tandem affinity purification
approach coupled with mass spectrometry-based proteomics
technology. These experiments identified 18 cell proteins
that coimmunoprecipitated with transiently expressed Flag-
tagged TRIM62 (Table2). Decades of HIV research have
testified to the integral role of the actin cytoskeleton in both
establishing and spreading the infection (21). Of the TRIM62-
interacting cell proteins identified, we focused on cytoskeletal
proteins RAB5B and ARPC2. To verify the interaction between
TRIM62 and RAB5B/ARPC2, CEF cells were transfected with
a plasmid expression Flag-tagged RAB5B/APRC2 before REV
infection, immunoprecipitated with anti-Flag antibody, and
immunoblotted with anti-TRIM62 antibody. CEF cells were

v

p-actin
REV - - - -
pRABSB - + . +

FIGURE 5 | Validation of the interaction of TRIM62 with ARB5B and ARPC2. CEF cells were transfected with a plasmid expression Flag-tagged RABSB (A) and
APRC?2 (B) before REV infection/uninfection and immunoprecipitated with anti-Flag antibody. The TRIMG2 in immunoprecipitates was detected by Western blotting

with anti-TRIM62 antibodly.

TRIM62 =

REV . . " £
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transfected with plasmid or empty vector uninfected with REV
and transfected with empty vector infected with REV as control,
respectively. Upon REV infection, anti-TRIM62 coprecipitated
Flag-tag RAB5B (Figure 5A) and Flag-tag ARPC2 (Figure 5B).

Further, we found that TRIM62 affected the expression
of RAB5B and ARPC2. As shown in Figures 6A,B, in CEF
cells infected with REV, overexpression of TRIM62 exhibited
a decrease of RAB5B expression, and silencing of TRIM62
enhanced the expression of RAB5B. On the contrary, in CEF cells
infected with REV, the overexpression of TRIM62 resulted in an
increase of ARPC2 expression, and silencing of TRM62 reduced
the expression of ARPC2 (Figures 6C,D). These results indicated
that RAB5B and ARPC2 play important roles in the negative
regulation of TRIM62 on REV replication.

DISCUSSION

The host innate immune system senses antigen and elicits
local antiviral defense to control infection. However, the REV
can evade surveillance by the immune system after infection.
TRIM62 is an innate immune regulator (6). In this study,
we found that the TRIM62 expression levels were first up
and then down with the increase of REV replication in CEF
cells. These results suggest that as an innate immune factor,
TRIM62 was activated and induced a short periodic significant
upregulation at the fast replication period of REV (p <
0.001), and REV may circumvent TRIM62’s restrictive effects
by reducing its expression levels. However, we did not obtain

valid data of TRIM62 expression in supernatant because the
RNA concentration was too low. The reason that TRIM62
expression was first increased and then decreased needed
further confirmation.

In the current study, TRIM62 has been identified as a protein
that negatively regulates REV replication. Gene silencing of
TRIM62 enhanced REV infection, which indicated that TRIM62
contributes to the endogenous restriction of REV in CEF cells.
The further characterization of mechanisms by which REV
reduces TRIM62 expression is warranted.

Owing to the presence of similar domains, the TRIM proteins
were involved in similar antiviral biological processes. However,
the domains of TRIM proteins played complicated roles in
the inhibition of different viruses. Deletion of the PRY-SPRY
domain of TRIM62 from human did not compromise its signal
transduction properties. Rather, in addition to the RING domain,
both B-box and coiled-coil domains were required for NF-kB
and AP-1 induction by TRIM62 (5). Thus, the B-box and/or
coiled-coil domains that confer oligomerization/dimerization
properties (22) are indispensable for TRIM62-mediated signaling
(5). The SPRY domain mediated the affinity for the viral capsid
and the function of RING domain to TRIM5a restriction of
retrovirus infection was determined by the target virus (23). The
antiviral activity of fish TRIM36 required both RING and SPRY
domains (24). The RING and C-terminal tail were essential for
TRIMS56’s antiviral activity against flaviviruses (25). Interestingly,
the inhibitory effect of fish TRIM62 on interferon immune and
inflammation response to negatively regulate virus replication
was also dependent on RING and SPRY domains (7). In our
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study, this varied expression level of mutants (Figure 3) could
be due to variation in transfection and expression efficiency
of different plasmids in primary cells. Even though our results
demonstrated that RING, B-box, coiled-coil, and SPRY domains
contribute to the antiviral activity of chicken TRIM62, the
effect of RING and SPRY was more significant than that of B-
box and coiled-coil (Figures 4A,B). These results indicated that
RING and SPRY domains are related to the antiviral activity of
TRIM proteins.

Retroviruses are considered to use vesicular trafficking in
infected cells (18, 26, 27). RAB5B is an isoform of RAB5, which
is a member of the RAB family, a small GTPase family. RAB5B
regulates fusion and motility of early endosomes, and is a marker
of the early endosome compartment (28). RAB5B is a major
regulator of hepatitis B virus (HBV) production (29). APRC2
is a component of Arp2/3 complex. The T cell-specific deletion
of ARPC2 results in compromised peripheral T cell homeostasis
(30). T cell survival and proliferation are mediated by complex
homeostatic signals. Peripheral T cells are maintained at a
constant cell number so that they can efficiently recognize foreign
antigens and protect the host from pathogen invasion (31). Thus,
of the TRIM62-interacting cell proteins identified, we focused
on RAB5B and ARPC2. The interaction between RAB5B/ARPC2
and TRIM62 indicated that they played important roles in
TRIM62 negative regulation on REV replication. A detailed
understanding of host restriction may lead to antiviral therapies
aimed at strengthening the innate immunity to retroviruses at the
cellular and molecular level.

In addition, TRIM62 is a putative tumor suppressor and the
TRIMG62 levels represent an important prognostic marker in lung
tumor (32) acute myeloid leukemia (AML) (33) and cervical
cancer (34). ARPC2 promotes proliferation and metastasis (35,
36). REV is an oncogenic retrovirus. Further study is warranted to
investigate the potential function of chicken TRIM62 and ARPC2
on REV infection inducing tumor formation.
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Bovine pestiviruses include Pestivirus A (BVDV-1), Pestivirus B (BVDV-2), and Pestivirus
H, which was originally called HoBi-like pestivirus. We conducted an epidemiological
investigation for pestiviruses circulating in backyard cattle farms in central China. RT-PCR
assays and sequences analysis were conducted on 54 nasal swabs, 26 serum samples,
and three lung samples from cattle with respiratory infections and identified 29 pestivirus
strains, including 24 Pestivirus A and five Pestivirus H strains. Phylogenetic analysis
based on partial 5’-UTR and Npro sequences showed that the genotypes of 24 Pestivirus
A strains included Pestivirus A 1b (six isolates), Pestivirus A 1m (six isolates), Pestivirus
A 1qg (two isolates), Pestivirus A 1u (one isolates), and Pestivirus A 10 (nine isolates, a
putative new sub-genotype). In addition, a single Pestivirus H agenotype included all
five Pestivirus H strains. This study revealed extensive genetic variations within bovine
pestivirus isolates derived from cattle in backyard farms in Central China, and this
epidemiological information improves our understanding of the epidemics of bovine
Pestiviruses, as well as will be useful in designing and evaluating diagnostic methods
and developing more effective vaccines.

Keywords: Pestivirus A, Pestivirus H, cattle, genotype, China

INTRODUCTION

Pestiviruses are single-stranded, positive-sense, enveloped RNA viruses with a genome of ~12.3 kb,
which belong to the family Flaviviridae, genus Pestivirus. According to the proposed revision to
its taxonomy, the Pestivirus genus includes 11 species, namely Pestivirus A (bovine viral diarrhea
virus 1, BVDV-1), Pestivirus B (bovine viral diarrhea virus 2, BVDV-2), Pestivirus C (classical
swine fever virus, CSFV) and Pestivirus D (border disease virus, BDV), Pestivirus E (pronghorn
pestivirus), Pestivirus F (Bungowannah virus), Pestivirus G (giraffe pestivirus), Pestivirus H
(Hobi-like pestivirus), Pestivirus I (Aydin-like pestivirus), Pestivirus J (rat pestivirus), and Pestivirus
K (atypical porcine pestivirus) (1). Among these species, Pestivirus A, Pestivirus B, and Pestivirus
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H aroused great concern because these cause significant
economic losses in the cattle industry worldwide (2-4). Pestivirus
A and Pestivirus B are major viruses associated with a number
of clinical manifestations that range from mild to severe in
feedlot cattle, including respiratory disease, digestive disease,
and/or reproductive system disturbances and suppression of the
immune system (5-7). Natural infections in cattle involving
Pestivirus H showed similar clinical signs as those of Pestivirus
A or Pestivirus B infections (8-11).

To date, at least 23 genotypes of Pestivirus A (12-16) and
six genotypes (17) of Pestivirus B have been classified based on
sequence comparison analyses and the palindromic nucleotide
substitutions (PNS) genotyping method (18, 19). Pestivirus H,
first isolated from fetal calf serum (20), has spread to different
continents, including North America, South America, Europe,
and Asia (21-26). In China, nine genotypes of Pestivirus A (1a,1b,
1¢,1d, 1m, lo, 1p,1q, and 1u) (27-30), two genotypes (2a, 2b)
of Pestivirus B (31-33), and Pestivirus H (24, 34) have been
reported. Cattle production by backyard farming is a widespread
cattle-keeping pattern in developing countries. In central China,
which includes Henan Province, more than 3,720,000 cattle have
been raised (35), and previous data showed that over 20% of
cattle were kept in small farms (cattle number <10), including
a large number of backyard farms in China (36), especially in the
southern region of Henan Province, where free-range cattle farms
are key economic sectors (35). However, the limited biosecurity
measures in these farms usually lead to the introduction and
spread of exotic or endemic disease (37-39). Furthermore, in
backyard cattle farms in China, most of the animals graze in the
wilderness, and thus come into contact with infected cattle. To
our knowledge, information on the epidemiology of pestiviruses
in cattle in backyard farms in China is limited. The aim of
this study was to investigate the distribution of pestiviruses that
are associated with respiratory disease from backyard farms in
Henan Province, China.

MATERIALS AND METHODS

Samples

From November 2014 to April 2019, a total of 54 nasal swabs
and 26 serum samples were collected from different cattle in
41 backyard farms in Henan Province in Central China; these
animals had never been vaccinated against Pestivirus A and were
diagnosed with respiratory infections by rural veterinarians and
treated with antibiotics for days, resulting in slow recovery. In
addition, three lungs of deceased calves were collected in 2015,
2016, and 2018. All samples were stored at —80°C until analysis.

Primer Selection

The nested RT-PCR primers for genotyping bovine pestiviruses,
including Pestivirus A, Pestivirus B, and Pestivirus H (40)
were used to detect the pestivirus genome in the samples.
For phylogenetic analysis, the BVDV-positive samples were
further subjected to 5-UTR and Npro RT-PCR using primers
324/326 (41) and BDI1/BD2 (42), respectively. Because the
sequences of Pestivirus H-positive samples were most closely
related to the HN1507 strain (43), the positive samples further

subjected to RT-PCR covering a partial 5-UTR fragment
and the entire Npro region with the primers HN-F (sense;
5-CCTTCAGTAGGACGAGCATAA-3') and HN-R (antisense;
5'- AGACGGGCTATACCACAATAA-3'), corresponding to nt
109-1,107 of Pestivirus H strain HN1507 (GenBank accession
number: KU563155).

RNA Extraction, Amplification, and

Sequencing
The three lung samples were first homogenized, then RNA
was extracted from the lung homogenates, nasal swabs, and
serum samples using an EasyPure Viral DNA/RNA Kit (Transgen
Biotech, China) according to the manufacturer’s instructions.
The RNA was resuspended in DEPC-treated water and kept
until analysis. cDNA was synthesized from RNA using Easyscript
Reverse Transcriptase kit (Transgen Biotech, China) using
random 9-mers as reverse transcription primer.

nRT-PCR to detect the pestivirus genome was performed as
described elsewhere (40). Then, the BVDV-positive samples were
further subjected to 5'-UTR and Npro RT-PCR earlier described
(41, 42). The Pestivirus H-positive samples were subjected to
RT-PCR in a 50-uL reaction mixture similar to the Pestivirus
A reaction mixture according using the following conditions:
reverse transcription at 50°C for 60 min, then denaturation at
93°C for 3 min; followed by 30 cycles of 94°C for 455, 56°C for
455, and 72°C for 1 min; and a final extension at 72°C for 10 min.
Then the amplified products were recovered from the agarose
gel using a gel extraction kit (Omega Bio-Tek, China), and the
purified amplicons were directly sequenced in both directions
using an ABI automated A373 sequencer (ABI, USA). Lastly, all
of the sequences were compared to the NCBI databases using a
BLAST search.

Phylogenetic Analysis
The nucleotide regions of the 5'-UTR were compared and aligned
using CLUSTAL W program. Molecular Evolutionary Genetics
Analysis version 6 (MEGA6) (44) was used for phylogeny
inference according to the neighbor-joining criterion and the
Kimura 2-parameter model. The robustness of the hypothesis
was tested with 1000 non-parametric bootstrap analyses.
Following strains were used for 5'-UTR Phylogenetic analysis:
NADL [M31182] and Singer [L32875] are the references for
the Pestivirus A la genotype, strains Osloss [M96687], and
Draper [L32880] are the references for the Pestivirus A 1b
genotype and strains Europa [AB000898], and F [AF298065]
are the reference for the Pestivirus A 1.3 genotype. Strains
438/02 [AY159540], PT42-03 [AY944293], 23-15 [AF298059],
so CP/75 [AB042661], Shitara-02-06 [LC089876], 1S25CP/01
[AB359931], AQGN96B15 [AB300691], Bega [AF049221],
Manasi [EU159702], KM [AF298068], G [AF298066], SD0803
[JN400273], isolate 6 [JX276543], 10-84 [AF298054], 3186V6
[AF298062], 11207/98 [AJ304390], 22146/81 [AJ304376], 2561
(]Q920287], 17P [AF244954], KS86-Incp [AB042713], Deer
[AB040132], TR70 [MG670547], TR75 [MG670549], ZM-
95[AF526381], TJ0801 [GU120255], BJ1305 [KF925505], XZ-24
[KJ578918], TR-2007-Gu-175454-4695 [EU716150], TR16
[MG670548], TR72 [MG670546], ] [AF298067], W [AF298073],
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BJ0702 [GU120248], BJ0703 [GU120249], A [AF298064],
L [AF298069], CH-01-08 [EU180024], 71-03 [KF205294],
PG/13a/07 [not deposited], GXBH-EB34 [K]578813], GXLZ-
BB4 [KJ578814], 130/15-4215 [KY085998], 130/15-5364
[KY085999], Rebe [AF299317], SuwaCp [AF117699], SuwaNcp
[AF117700], CH-05-b1 [EU180030], and S153 [KF006964] are
references for the Pestivirus A 1.4 to Pestivirus A 1.23.

Following strains were used for Npro Phylogenetic analysis:
NADL [M31182], Oregon C24V [AF091605] and SD-1 [M96751]
are the references for the Pestivirus A la genotype, strain
Osloss [M96687] is the reference for the Pestivirus A 1b
genotype. Strains F [AF287284], 10JJSKR [KC757383], 23/15
[AF287279], 58-1 [KF023454], 2541 [JQ920342], so CP/75
[AB105590] are references for the Pestivirus A 1.3, 1.5 and
1.6 genotypes. Strains IS25CP/01 [AB359931], IS26NCP/01
[AB359932], Bega [AF049221], 519 [AF144464], Deer-NZ1
[U80903], G [AF287285], CH-SM09/20 [AY895007], SD0803
[JN400273], isolate 6 [KC207072], 3186V6 [AF287282] and
26-V639 [AF287282] are references for the Pestivirus A 1.7
to Pestivirus A 1.11 genotypes. Strains Deer-GB1 [U80902]
and KS86-1ncp [AB078950] are references for the genotypes
Pestivirus A 1.13. Strains TR70 [KF154779], TR73 [KF154777]
and TR75 [KF154778], reported as genotype R (Yesilbag et
al., 2014), are references for genotype 1.14. Strains BJ1305
[KF925522], TJ0801 [GU120262] and ZM-95 [AF526381] are
references for the genotype Pestivirus A 1.15. Strains TRI16
[EU163964], TR27 [EU163975], TR29 [EU163977] and TR72
[KF154776] are references for the genotype Pestivirus A 1.16.
Strains ] [AF287286], W [AF287290], BJ0701 [GU120259],
BJ0702 [GU120260], BJ0703 [GU120261], A [AF287283], L
[AF287287], CH-01-08 [EU180033], 71-03 [KF205326], M31182
[JQ799141], 441/09 [KY040435], CH-Bohni [AY894997] and
CH-Suwa [AY894998] are references for the Pestivirus A 1.17 to
Pestivirus A 1.22 genotypes.

RESULTS

Using first-round nRT-PCR to identify bovine pestivirus by
amplification of a 1,013-bp fragment, 83 samples were screened
and the pestivirus genome was detected in 17 out of the 54 nasal
swab samples, 10 out of the 26 serum samples, and two out of
three lung samples. The results of the second-round nRT-PCR
showed that in 17 positive nasal swab samples, 14 were positive
for Pestivirus A and the other three were positive for Pestivirus H;
in the 10 positive serum samples, nine were positive for Pestivirus
A and one was positive for Pestivirus H; in the two positive
lung samples, one was positive for Pestivirus A and the other
was positive for Pestivirus H; no Pestivirus B-positive samples
were detected. The 29 pestivirus-positive samples are presented
in Figure 1.

The sequences detected by 5'-UTR and Npro RT-PCR in
24 BVDV-positive samples were deposited in GenBank under
accession numbers: MN442360-MN442383 and MN442389-
MN442412. Sequence alignment of the 5-UTR and Npro
region of the 24 samples using CLUSTAL W indicated a
sequence identity within the range 82.0-100% and 70.0-99.8%,

respectively. BLAST analysis of the 5-UTR and Npro sequences
showed that all 24 BVDV-positive isolates belonged to Pestivirus
A. The comparative analysis among Henan isolates and the
reference strains of Pestivirus A (NADL, VEDEVAC) shared a
5'-UTR and Npro region sequence identity within the range
82.9-98.8%, 72.2-97.6%, respectively.

The sequences detected by 5'-UTR and Npro RT-PCR in the
five Pestivirus H-positive samples were deposited in GenBank
as accession numbers MN442384-MN442388 and MN442413-
MN442417. Sequence alignment using CLUSTAL W program of
the five samples revealed a 5'-UTR and Npro region respective
sequence identity within the range 95.8-99.5% and 98.4-99.6%.
BLAST analysis of the 5-UTR and Npro sequences showed
that all five Pestivirus H-positive isolates belonged to Pestivirus
H. Comparative analysis of the 5-UTR and Npro region
of the Henan isolates and the reference strains of Pestivirus
H (TH/04_KhonKaen, HN1507) revealed a sequence identity
within the range of 87.5-99.5% and 90.3.2-99.4%, respectively. In
particular, the nucleotide homologies between these isolates and
the other strain (HN1507) (24, 43) isolated from goat in the same
area were 97.911.6% and 98.6 =+ 0.4% in the above two regions.

All 24 isolates from the BVDV-positive samples were classified
as Pestivirus A, and on the basis of phylogenetic analysis of
5'-UTR and Npro genes (Figure 2) further classified into five
genotypes: Pestivirus A 1b (six isolates), Pestivirus A 1m (six
isolates), Pestivirus A 1q (two isolates), Pestivirus A lu (one
isolate), and the other nine Pestivirus A isolates cluster in the
same genotype with Chinese strain XH-2 which was assigned as
Pestivirus A 1o, but phylogenetic analysis showed this cluster of
isolates were under different cluster from other Pestivirus A 1o
strains, further analyzed by the PNS software which available at
www.pns-software.com (45), these cluster should be members
of a new sub-genotype (1.7.2) within the genotype 1o (1.7). In
addition, five isolates from Pestivirus H-positive samples were
classified as Pestivirus H, and all further were classified into
genotype “Pestivirus H a” based on the results of phylogenetic
analysis of the 5'-UTR and Npro genes (46) (Figure 2).

DISCUSSION

China is one of the countries that have the largest domesticated
ruminant population in the world, including a large number
of backyard farms (35). In 2017, commercial Pestivirus A or
Pestivirus B vaccines were released to the market. However,
vaccination is not mandatory, and awareness of the importance of
immunization to prevent Pestivirus infections among backyard
farm keepers is rare, despite the occurrence of pestivirus
epidemics in large-scale farms in China in recent years (27-
29, 47). Tt is thus essential to investigate the genetic diversity
of pestiviruses in backyard farms. Furthermore, the new
genotype pestivirus might result in the immune failure of
pestivirus vaccine (48). For these above reasons, the genetic
diversity of 29 pestivirus-positive samples derived from infected
calves in backyard farms from central China was investigated
by phylogenetic analysis of the 5-UTR and Npro partial
genomic regions.
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FIGURE 1 | Schematic representation of 29 bovine Pestivirus positive in this work. 2indicate the information of sample including sample number/genotype/county.
The county names: Zhe, Zhenping; Fan, Fangcheng; Sha, Shangcai; She, Sheqi; Xin, Xinye; Xix, Xixia; Yuc, Yucheng. The blue rectangle represents Peativirus A 1b
genotype; the red rectangle represents Peativirus A 1m genotype; the yellow rectangle represents Peativirus A 1g genotype; the green rectangle represents Peativirus
A 10 genotype; the light blue rectangle represents Peativirus A 1u genotype; the purple rounded rectangle represents Peativirus H a genotype.

The results of phylogenetic analysis showed that Pestivirus
A—1lo, Pestivirus A—1b, and Pestivirus A—Ilm were the
predominant genotypes in our samples, followed by Pestivirus
A—1q and Pestivirus A—1u. Furthermore, among these three
predominant genotypes, Pestivirus A—1b and Pestivirus A—1m
are frequently reported in China (27-30, 49, 50) the Pestivirus A
la found in Henan province (51) was not detected in this work.

Six isolates of the Pestivirus A 1b genotype were detected in
Zhenping, Fangcheng, Shangcai, Sheqi, and Yucheng in this study
(Figures 1, 2). This widespread distribution of Pestivirus A is not
surprising, as the first genotype of Pestivirus A was isolated in
China in 1983. Subsequently, Pestivirus A—1b was later detected
in most of the provinces, including Henan Province and the
neighboring provinces numerous reports (27-29, 47, 49, 52-55).
Meanwhile, a recent study has shown that 31.6% (2193:6939) of
the corresponding Pestivirus A isolates around the world were
Pestivirus A—1b (16). These reports indicate the strong spreading
ability of Pestivirus A—1b among large-scale farms, and the high
detection rate (6/24) in our study also suggests that Pestivirus
A—1b is a predominant genotype among backyard farms.

Six isolates of the Pestivirus A 1m genotype were detected in
Fangcheng, Sheqji, Shangcai, and Xinye in this study (Figures 1,
2). The first Pestivirus A—1m strain ZM-95 in China was
isolated from pigs in 1995 (56). Subsequent reports revealed
that Pestivirus A—1m is emerging in most of provinces and
is considered to be a predominant Pestivirus A genotype

in herds (27, 30, 50, 54, 57), and also detected in Henan
province and neighbor province (29). In addition, sequences
of Pestivirus A—1m strains in different regions showed high-
nucleotide homology, indicating that these strains share the
same origin (27, 49). Recently, other surveys on goats uncovered
that the Pestivirus A—1m could infect goats naturally and cause
diarrhea (58). In this study, Pestivirus A 1m strains were detected
in different backyard farms that shared grassland with goats,
this feeding method provided more chances for interspecies
transmission of BVDV-1m, further accelerating the evolution of
these viruses and more widely spreading disease.

The other nine Pestivirus A isolates shared the highest
sequence identities (97-98%) in strains such as XH-6, XH-5, XH-
1, XH-2, and BJ09 that were isolated from other provinces in
China which was assigned as Pestivirus A lo. Furthermore, the
Npro sequences of these strains were not found in GenBank,
and thus, confirmation could not be done based on the Npro
phylogenetic tree analysis. The Npro sequences of the 21 isolates
were also analyzed by BLAST, and the highest identities (86—
91%) were observed in strain 1S26/01ncp from Japan, and BJ0703,
BJ0702, BJ0701, and JS12/02 that were isolated from other
provinces including the Jiangsu province near to the Henan
province in China and were classified as BVDV-1o or BVDV-
1p (27, 58, 59). Then the PNS method was used to analyze the
existing strain such as XH-2, then the genotype Pestivirus A 1.7
(Lo) was verified, but the cluster in phylogenetic tree this cluster

Frontiers in Veterinary Science | www.frontiersin.org

April 2020 | Volume 7 | Article 197


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Shi et al.

Pestiviruses in Backyard Cattle Farms

Pestivirus H

1152

1201

Pestivirus A

1.21(10)

| 1,10 (1q)

7.1 (10)

115 (1m)

1.72(10)

75 251
2214681
J
w

NG
KM

e
£

153

symbol (e).

® HN1641
® HN1626
® HN1814
® HN1864
® HN1852
®HN1859

76 @ HN1918
1S25CP/01
1S26NCP/01

B8J0701
BJ0702

® HN1618
SD0803
9~ @ HN1729

100 CH-SM09/20
—1 G
9% J
w

100 10JJ-SKR
F
SoCPI75
®HN1802
. 1 441009
M31182

100

IndABI15385/12

Th/04 KhonKaen
® HN1743

HN1507

® HN1872
® HN1837
 HN1856

1.7.2(10)

1.7.1 (1)

1.15 (1m)

1.10 (1q)

16

1.21 (1u)

c
d

Pestivirus A

Pestivirus H

FIGURE 2 | Phylogenetic analysis of bovine Pestivirus from cattle in backyard farms in Central China, and reference strains using the 5’-UTR (A) and Npro (B)
sequences. Bootstrap analyses that were supported by >60% of 1,000 replicates are indicated in nodes. Henan pestivirus isolates in this work are highlighted with a

was in different cluster from other Pestivirus A 1.7 (1o) strains,
this result indicated these strains form a new sub-genotype
(1.7.2). (Figures 2A,B). Pestivirus A 1o was first isolated from a
calf that developed a mucosal disease and from PI calves in Japan
(60), and has been detected in camels, goats, and pigs in China
(30, 50, 58). In this study the new sub-genotype Pestivirus A 1o

were detected in different backyard farms in a few of counties,
and the Pestivirus A lo could infect goats and sheep, it is in
need that necessary measures should be taken to avoid this new
sub-genotype Pestivirus A 1o spread in other hosts.

Five isolates of the Pestivirus H “a” genotype were detected
in Fangcheng and Shangcai in this study (Figures 1, 2). Before
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this research, Pestivirus H has been previously detected in goats
and sheep in Fangcheng (24), and phylogenetic analysis showed
that these five isolates were closely related to the HN1507 strain
isolated from goat (43). These results indicated that these isolates
shared the same origin. Furthermore, considering that these
strains were all isolated from animals raised in backyard farms
where livestock commonly grazed in the mix, this specific feeding
method provides a convenient route for interspecies transmission
of Pestivirus H. To date, in China, Pestivirus H has been reported
in contaminated cells, commercial FCS, goats, and sheep (24,
34, 61). This study showed that Pestivirus H could be detected
in cattle immediately after being detected in goats and sheep in
Central China (24).

Bovine pestivirus isolates in backyard farms exhibited a high
level of genetic diversity, as indicated in the novel epidemic
genotypes of Pestivirus A and Pestivirus H first emerging in cattle
in China. These results indicate that backyard cattle farms could
be a special reservoir for the evolution of bovine Pestivirus and
provide an important complement to understand the epidemics
of bovine Pestivirus. Furthermore, this study will be useful in
designing and evaluating diagnostic methods and in developing
more effective vaccines.

CONCLUSION

Several genotypes of Pestivirus A and Pestivirus H infections were
identified in cattle with respiratory diseases and kept in backyard
farms by RT-PCR, sequencing, and phylogenetic analysis. This is
the first report on the molecular evidences on natural infections
of Pestivirus H in cattle in China.
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Orf virus is a prototype species of the genus Parapoxvirus, subfamily Chordopoxvirinae,
family Poxviridae. Japanese orf viruses, infecting sheep and wild Japanese serows
(Capricornis crispus), have been considered to be genetically closely related based on the
sequence identities of the open reading frames (ORFs) 11, 20, and 132 in their genomes.
However, since the genome size of orf viruses is about 140 kbp long, genetic variation
among Japanese orf viruses remains unclear. In this study, we analyzed the sequences
of ORFs 117, 119, 125, and 127 located in the 3’-proximal region of the viral genome
using two strains from sheep and three strains from Japanese serows isolated from
1970 to 2007, and compared them with the corresponding sequences of reference orf
viruses from other countries. Sequence analysis revealed that ORFs 125 and 127, which
encode the inhibitor of apoptosis and viral interleukin (IL)-10, respectively, were highly
conserved among the five Japanese orf viruses. However, high genetic variability with
deletions or duplications was observed in ORFs 117 and 119, which encode granulocyte
macrophage colony-stimulating factor and IL-2 inhibition factor (GIF), and inducer of cell
apoptosis, respectively, in one strain from sheep and two strains from Japanese serows.
Our results suggest that genetic variability exists in Japanese orf viruses even in the same
host species. This is the first report of genetic variability of orf viruses in Japan.

Keywords: genetic variability, Japanese serows, nucleotide sequence, orf virus, sheep

INTRODUCTION

Orf virus is a prototype species of the genus Parapoxvirus, subfamily Chordopoxvirinae, family
Poxviridae (1). Orf virus has a linear double-stranded DNA genome (134-139 kbp) with high
GC content (~63-64%) and encodes 132 putative gene products (2). Orf virus is the causative
agent of orf disease, also known as contagious pustular dermatitis, contagious ecthyma, or scabby
mouth mainly in sheep and goats, and can be transmitted to humans (3). In Japan, the first reports
of orf virus infections in sheep and wild Japanese serows (Capricornis crispus) were published in
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1952 (4) and 1979 (5), respectively. Previously, we have reported
nucleotide sequence homology in three open reading frames
(ORFs) 11, 20, and 132 among 13 orf viruses isolated or
polymerase chain reaction (PCR)-detected from sheep and wild
Japanese serows (6). These ORFs encode viral envelope (7), virus
interferon resistance (8), and viral vascular endothelial growth
factor (VEGF) (9), respectively. The amino acid sequences
derived from ORFs 11 and 20 were identical among the 13 orf
viruses, and only one amino acid substitution was found in ORF
132 in an orf virus isolated from sheep (6). Therefore, the three
viral genes of Japanese orf viruses are highly conserved. However,
since only a part of the whole genome (~140 kbp) has been
sequenced so far, the degree of genetic variation in other regions
remains unclear.

To explore genetic differences between Japanese orf viruses,
we conducted next-generation sequencing (NGS) of some strains
of these orf viruses. However, whole genome sequences were not
obtained, due to the large number of unmapped reads in the 3’-
proximal region of viral genome (Figure 1). We hypothesized
that the 3’-proximal region of a viral genome has genetic
variation. Thus, in the present study, we characterized four
ORFs 117, 119, 125, and 127, which are located in the 3'-
proximal region of the viral genome. ORFs 117, 119, 125, and
127 encode granulocyte macrophage colony-stimulating factor
and interleukin 2 (IL-2) inhibition factor (GIF) (11), inducer of
cell apoptosis (12), inhibitor of apoptosis (13, 14), and viral IL-10
(15), respectively.

MATERIALS AND METHODS

Viruses

For epidemiologic and genetic characteristics of Japanese orf
virus, five Japanese strains isolated from 1970 to 2007 were used.
Two strains of Iwate (16) and HIS (17) were isolated from sheep
and three strains of S-1 (18), R-1 (19), and GE (6) were isolated
from wild Japanese serows (Table 1). Viruses were propagated
in fetal lamb lung cells (kindly provided by Dr. H. Sentsui,
Nihon University, Japan) at 37°C in Dulbecco’s modified Eagle’s
medium (Wako, Osaka, Japan) supplemented with 10% fetal
bovine serum (PAA Laboratories, Pasching, Austria).

Whole Genome Re-sequencing and
Assembly

Total DNA extracted from virus-infected cells using a DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany) were used
for constructing the libraries using Nextera XT DNA sample
Prep Kit (Illumina, San Diego, CA, USA), and sequenced using
an Illumina MiSeq (Illumina). Obtained short read sequences
collected in FASTQ files were aligned to the orf virus strain
NZ2 (DQ184476) as the reference genome using Burrows-
Wheeler transformation (BWA) ver 0.7.12-r103 software (25)
and constructed binary version of the sequence alignment/map
(bam) file using SAM tools ver. 0.1.19-96b5f2294a software (26).

Abbreviations: GIF, granulocyte-macrophage colony-stimulating factor and IL-2
inhibition factor; IL-2, interleukin 2; ORFE, open reading frame; PCR, polymerase
chain reaction; VEGE, vascular endothelial growth factor.

Analysis of ORF

DNA was extracted from virus-infected cells using a DNeasy
Blood and Tissue Kit (Qiagen) according to the manufacturer’s
instructions. Four different PCRs were carried out with GoTaq
Hot Start Green Master Mix (Promega, Madison, WI, USA)
using Veriti thermal cycler (Applied Biosystems, Foster City, CA,
USA). The PCR conditions and analyzed ORFs are provided
in Supplementary Table S1 and Figure 1, respectively. PCR
products were purified using NucleoSpin Gel and PCR Clean-
up (Macherey-Nagel, Duren, Germany), and the nucleotide
sequences were determined by direct sequencing using a BigDye
Terminator Cycle Sequencing Kit v3.1 (Applied Biosystems,
Foster City, CA, USA). Sequence analysis was carried out
using the software Genetyx-Win version 13 (Genetyx, Tokyo,
Japan), and phylogenetic analysis was performed using the
MEGA?7 program (27). Phylogenetic trees were constructed
using maximum likelihood methods, and the reliability of
the branches was evaluated by 1,000 replicates. Sequence and
phylogenetic analyses were compared with the reference orf
viruses (Table 1).

RESULTS

NGS was performed using total DNA extracted from the
concentrated virus. However, whole genome sequences were not
obtained, possibly due to the large number of deletion in the
3’-proximal region of viral genome (Figure 1).

Specific PCR products of 799 bp for ORF 117 and 537-652 bp
for ORF 119 were obtained from the four strains (Iwate, HIS, S-1,
and GE) and from all five Japanese orf viruses, respectively. High
genomic variability was seen in ORFs 117 and 119 in Japanese orf
viruses. In ORF 117, 96.6-100% nucleotide identity was observed
among four strains. Surprisingly, R-1 strain from Japanese serow
completely lacked ORF 117 (Figure 2A). Partial deletion in ORF
117 was also observed in the amino acid sequences in reference
orf virus strain NA1/11 isolated from sheep in China. In ORF
119, deletions were observed in the first half of the amino acid
sequences in S-1 and R-1 strains as well as the reference Chinese
NA1/11 strain (Figure 2B). Two and 12 amino acid deletion was
observed in HIS and three reference strains from sheep and goat
(NZ2, IA82, and YX), respectively. In the Iwate strain, 10 amino
acids were found to be duplicated.

Specific PCR products of 522 and 561 bp were obtained
for ORFs 125 and 127 from all of five Japanese orf viruses.
Amino acid sequences derived from these ORFs from four
Japanese orf viruses (Iwate, S-1, R-1, and GE) were found
to be 100% identical. The sequence from HIS strain revealed
only two and seven amino acid substitutions in ORFs 125 and
127, respectively (Supplementary Tables S2, S3). The sequences
of ORFs 125 and 127 were highly conserved among Japanese
orf viruses. In the phylogenetic analysis, there were mainly
two branches, and all Japanese orf viruses were classified into
the same group (Figure 3). Our results indicate that Japanese
orf viruses are closer to the IA82 and NZ2 strains isolated
in the United States and New Zealand, respectively, than
other reference strains. Sequences obtained in this study were
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FIGURE 1 | Visualization of next-generation sequencing (NGS) coverage of Japanese orf virus R-1 strain and the details of the open reading frame (ORF) analyzed in
this study. NZ2 strain (GenBank accession no. DQ184476) was used as the reference strain. Binary version of the sequence alignment/map (bam) file was loaded
onto the Integrated Genome Viewer (IGV) (10). The vertical axis shows the number of reads mapping to each location of the genome. Zoomed view of ORF 117 (A),
ORF 119 (B), ORF 125 (C), and ORF 127 (D). Whole genome view (E).
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TABLE 1 | Japanese and reference orf viruses used in this study.

Strain Host Year of isolation Country Deposited and reference accession no.? References
ORF 111-119 ORF 125 ORF 127 Complete genome

lwate Sheep 1970 Japan L.C487906 LC476578 LC476583 (16, 20, 21)
HIS Sheep 2004 Japan LC476574 LC476579 LC476584 (17, 21)
S-1 Japanese serow 1985 Japan LC476575 LC476580 LC476585 (18, 20, 21)
R-1 Japanese serow 1999 Japan LC476576 LC476581 LC476586 (19, 20)
GE Japanese serow 2007 Japan LC476577 LC476582 LC476587 ()]
NZ2 Sheep 1982 New Zealand DQ184476 2)
I1A82 Sheep 1982 USA AY386263 (22)
SA0O Goat 2000 USA AY386264 (22)
NA1/11 Sheep 2011 China KF234407 (23)
GO Goat 2012 China KP010354 (24)

YX Goat 2012 China KP010353 (24)

40RF, open reading frame.

submitted to DDBJ/EMBL/GenBank, and the accession numbers
are given in Table 1.

DISCUSSION

In this study, we carried out ORF sequence analysis for five
Japanese orf viruses, and our results revealed that the sequences
of ORFs 125 and 127 were highly conserved. However, high
genomic variability was seen in ORFs 117 and 119. Observed
genetic variability was found to be the 3'-proximal region of
Japanese orf viruses. To the best of our knowledge, this is the first
report on the genetic variability of Japanese orf viruses.

In the phylogenetic analysis of ORF 125, Japanese orf viruses
isolated from Japanese serows were classified into a group isolated
from sheep. It has been reported that analyses of the phylogenetic
tree of 47 ORFs including ORF 125 were found to assist in easily
distinguishing between goat- and sheep-originated orf viruses
(24). These results indicate a possibility that sheep orf virus
may have infected Japanese serows. Furthermore, analyses of the
phylogenetic tree of ORFs 125 and 127 clearly showed that the
Japanese orf viruses were closer to IA82 and NZ2 strains than to
other reference strains. In Japan, sheep are frequently imported
from the United States and New Zealand for improved growth
and to encourage breeding (28). Therefore, it is possible that
these orf viruses came along with the imported animals and
were introduced into breeding sheep and wild Japanese serows
in Japan.

Our results showed genetic variability in ORFs 117 and 119
in the Japanese orf viruses, suggesting that there is heterogeneity
even in viruses infected with the same host species. In addition,
deletions in ORF 119 were observed in Japanese (HIS, S-1, and R-
1) and reference (NZ2, IA82, NA1/11, and YX) strains. Based on
the previous comparative analysis, it is presumed that genes in
the central region of the orf virus genome are more conserved,
whereas those in the terminal region show remarkably high
variability (29). Notably, this variability is accompanied by a
high frequency of gene recombination and nucleotide deletions

(23). The genetic analysis of ORFs 117 and 119 may help to
characterize or differentiate strains that are otherwise shown
to be identical by the envelope coding genes (30). A previous
study demonstrated that viruses with high deletion in ORFs 114-
120 showed low virulence in animal inoculation experiments
and that genomic deletions attenuate virulence (24). At present,
the relationship between the deletion of ORF 117 and virulence
in the R-1 strain is unknown. Therefore, there is a need to
analyze the correlation between genetic variability and virulence
in more detail.

In this study, it was revealed that there were differences in
conservation and variability among ORFs. Viral IL-10 encoded
by ORF 127 shares remarkable similarity to mammalian IL-10.
Mammalian IL-10 is highly conserved across all mammalian
species (15). IL-10 is a multifunctional cytokine that has
suppressive effects on inflammation, antiviral responses. Orf
virus produces viral IL-10 by itself and avoids host’s inflammatory
and immune response by it (31). This suggests that viral IL-
10 encoded by ORF 127 might require high conservation in
orf virus. On the other hand, GIF encoded by ORF 117 does
not resemble any known mammalian granulocyte-macrophage
colony-stimulating factor (GM-CSF)- or IL-2-binding proteins,
and indeed, there are no reports of any other protein capable
of binding both GM-CSF and IL-2. In addition, human GM-
CSF does not respond in sheep cells due to its inability to
bind to ovine receptor (32). Therefore, GIF was thought to
have evolved a unique binding specificity in sheep, the natural
host of the orf virus (33). This suggests that GIF encoded by
ORF 117 is gene whose necessity changes depending on the
host species. It is thought that differences in necessity of gene
may affect conservation and variability of the gene encoded
by ORFs.

Japanese serows are wild animals and a natural monument
that is endemic in Japan (34). Japanese serows are often witnessed
in mountain villages and can come into contact with livestock
sheep. There have been reports that a single strain of orf virus
caused outbreak of proliferative dermatitis in various ruminant
species at a zoo (35). Orf virus from Japanese serows can be
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FIGURE 2 | Alignment of the amino acid sequences derived from ORF 117 (A) and ORF 119 (B). Amino acids identical to GE strain at the given positions are
represented by dots. R-1 strain completely lacked ORF 117. In ORF 119, deletions were observed in the first half of the nucleotide sequences in S-1 and R-1 strains.
In the box, duplicate in lwate strain is shown.
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FIGURE 3 | Phylogenetic tree based on deduced amino acid sequences derived from ORF 125 (A) and ORF 127 (B). Strains used in this study are underlined. The
percentage bootstrap values calculated from 1,000 replicates are indicated above the internal nodes.

B GE
R1
86| Iwate
S1
69 HIS
58 [ 1A82
NZ2
NA1/11

— SA00

681YX

[ ————— |
0.01

spread to sheep or farmers, or orf virus from sheep can be spread
to Japanese serows. It is important to know the characteristics of
Japanese orf viruses in order to reduce the spread risk.

We tried NGS analysis, but it was unsuccessful. NGS results
indicated the 3’-proximal region of the genome of Japanese orf
viruses has genetic variation. Our results obtained by Sanger
sequencing for variable region of Japanese orf viruses may be
useful for understanding the characteristics of these viruses.
However, we analyzed the limited region of the viral genomes,
and sequencing other regions using improved methods for NGS
might be required to better understand the characteristics of
Japanese orf viruses.
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Porcine circovirus type 2 (PCV2), the causative agent of porcine circovirus-associated
diseases (PCVAD), poses a serious economic threat for the swine industry. Currently,
PCV2 is classified into five major genotypes: PCV2a, PCV2b, PCV2c, PCV2d, and
PCV2e. The aim of this study is to evaluate the performance of two commercially
available methods, multiplex real-time PCR assay and PCR-reverse blot hybridization
assay (REBA), for the rapid detection of PCV2 and direct identification of PCV2 genotypes
from clinical samples as well as to compare the results with that of sequence analysis.
Molecular diagnostic methods were used to evaluate a total of 180 samples, including
tissues and blood samples from pigs that were suspected of PCVAD infection. The results
of this study showed that the detection rate for positive PCV2 was 48.3% (n = 87) in both
multiplex real-time PCR and PCR-REBA methods. Using sequence analysis, which is
the gold standard, and multiplex real time PCR assay, the sensitivity, specificity, positive
predictive value, and negative predictive value of PCV2 genotyping were found to be
97.1% (n = 67, 95% Cl 0.894-0.998, p < 0.001), 100% (n = 93, 95% CI 0.966-1.000,
p < 0.001), 100% (95% CI 0.953-1.000, p < 0.001), 97.9% (95% CI 0.921-0.998,
p < 0.001), respectively. The results of PCR-REBA were found to be consistent with
those of sequence analysis for all the samples and showed good agreement (k = 1). The
most prevalent genotypes detected in this study were PCV2d (n = 53, 60.9%), followed
by PCV2a (n = 17, 19.5%), PCV2b (n = 14, 16.1%), and PCV2a/b co-infection (n = 3,
3.5%). Both the methods required ~3h for completion. Therefore, we conclude that
two molecular methods are rapid and reliable for the characterization of the causative
pathogen with PCV2 genotypes.

Keywords: porcine circovirus type 2, multiplex real-time PCR, PCR-REBA, ORF2, diagnosis

INTRODUCTION

Different from the non-pathogenic porcine circovirus (PCV) type 1 strain (1), PCV type 2 is
considered to be an important emerging pathogen that causes porcine circovirus associated
diseases (PCVAD) including postweaning multisystemic wasting syndrome (PMWS), porcine
dermatitis nephropathy syndrome (PDNS), porcine respiratory disease complex (PRDC), enteritis,
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reproductive failure (2, 3), and one of the most economically
important swine diseases worldwide (4). Whenever there
are outbreaks of respiratory clinical signs, wasting, and
granulomatous inflammation of lymphoid tissues in pigs,
PMWS is clinically suspected (5). PCV2-associated systemic
infection is clinically characterized by wasting, dyspnea, and
lymphadenopathy, and in some cases, might be associated with
diarrhea, pallor, and jaundice (6). PCV2, belonging to the genus
Circovirus of the family Circoviridae, is a small non-enveloped
virus with a circular single-stranded DNA genome (7). The PCV2
genome is ~1.7kb nucleotide long and encodes for two open
reading frames (ORFs) (8, 9). In the viral genome, ORF1 codes
for the replicase (Rep) protein and ORF2 for the capsid (Cap)
protein. Rep is a non-structural protein and is responsible for
the viral replication, while the structural Cap protein controls
the immunogenicity of the virus (10-13). With emerging viral
strains, PCV2 has undergone much genetic variation in recent
years and has been divided into five genotypes, namely PCV2a-
e strains, which are classified based on the diversity level of the
ORF2 nucleotide sequences (14, 15). Continuous mutations in
the PCV2 genome have made the identification of PCV more
difficult, especially by traditional molecular detection methods
(16, 17). It has also been demonstrated experimentally that
subclinical PCV2 infection might be associated with decreased
vaccine efficacy (18). Therefore, PCV2 subclinical infection is
not only the most common form of infection in pigs but is
also resistant to the effect of vaccines. Hence, rapid and early
identification of PCV2 subclinical infection is very important for
the effective prophylaxis against PCVAD (19).

Until now, commercial diagnostic tests based on ELISA (9, 12)
and PCR (19) have only been developed to confirm the presence
or absence of PCV2. Although it has the advantage of being able
to detect PCV2 in a short time, it is required expensive antibodies
for diagnostic purposes, and the PCV2 genotypes cannot be
distinguished simultaneously, so most PCV2 genotypes have
been identified separately using PCR-based Restriction Fragment
Length Polymorphism (RFLP) (20) or sequence analysis (13,
17, 20-22). In this study, a novel diagnostic assay based on
multiplex real-time PCR (Opti PCV2-genotyping; Optipharm,
Osong, Republic of Korea) was developed for the rapid and
accurate identification of PCV2 as well as to discriminate between
the PCV2 a/e, b, and d genotypes. The PCR-based reverse
blot hybridization assay (PCR-REBA, REBA PCV2-genotyping;
Optipharm) was to detect PCV2 and distinguish between PCV2a,
PCV2b, PCV2¢, PCV2d, and PCV2e genotypes. In this study,
we evaluated the clinical applicability of multiplex real-time PCR
and PCR-REBA methods and compared their efficiency to that
of the sequence analysis method used for detecting PCV2 and
differentiating the different PCV2a-e genotypes directly from the
serum and tissue samples of pigs.

METHODS
Preparation of DNA Samples

To evaluate the diagnostic performance of the multiplex real-
time PCR and PCR-REBA methods, a total of 180 samples
suspected to be infected with PCVAD including 109 tissues

and 71 bloods were provided by the Optipharm Animal
Disease Diagnostic Center, which was commissioned from
January to December, 2019. DNA was extracted from 200
ML of serum or 20mg of organ tissue homogenate using
a commercial automated system (Miracle-AutoXT Automated
Nucleic Acid Extraction System, intronbio, Seongnam, Republic
of Korea) according to the manufacturer’s recommendations.
To avoid cross contamination, all the samples were processed
individually and stored at —20°C. The content and purity of
the extracted DNA were assayed by measuring absorbance at
260 and 280nm using an Infinite 200 NanoQuant (Tecan,
Switzerland) spectrophotometer.

Multiplex Real-Time PCR Assay

Detection of PCV2 and identification of genotypes in
clinical samples was performed with Opti PCV2-genotyping
(Optipharm), a quantitative multiplex real-time PCR-based
assay, using the CFX-96 real-time PCR system (Bio-Rad,
Hercules, CA, USA) for thermocycling and fluorescence
detection. Both the detection and genotype identification of
PCV2 can be performed in a single tube using this assay [PCV2
(Cy5), PCV2a/e (FAM), PCV2b/d (CAL Flour Red 610), and
PCV2d (HEX)] by incorporating specific TagMan probes labeled
with different fluorophores. Real-time PCR amplification was
performed in a total reaction volume of 20 wL containing 10 wL
of 2x Thunderbird probe qPCR mix (Toyobo, Osaka, Japan), 5
KL of a mixture of primer and TagMan probe that were labeled
with different fluorophores, and 5 pwL template DNA. The
real-time PCR Kkits consisted of an internal control (IC) DNA,
which was used to indicate successful nucleic acid extraction,
the quality of the sample and to check for the presence of
PCR inhibitors in the reaction. The IC DNA is designed to
have minimal sequence similarity with the target gene and also
facilitates detection of false negatives. Therefore, it does not
directly compete with the amplification of the species-specific
target in multiplex real-time PCR. Positive (Plasmid DNA with
mixed PCV2a, b, d genotypes) and negative controls consisting of
molecular grade (DNAse/RNAse-free) water (Ultra pure water;
Welgene, Gyeongsan, Republic of Korea) without template DNA
were included in each assay and the assay was performed under
the following conditions: 95°C for 3 min followed by 40 cycles
of 95°C for 20s and 55°C for 40s. Each sample was tested in
duplicate by running the PCR cycles twice. The viral load was
quantified by determining the cycle threshold (Cr), and the
number of PCR cycles required for the fluorescence to exceed
a value significantly higher than the background fluorescence.
Positive result was indicated when the Ct value was <38.

PCR-Reverse Blot Hybridization Assay
(PCR-REBA)

Oligonucleotide primers corresponding to both strands
of the ORF2 region of PCV2 (Figurel) were designed
by Primer3Plus (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi). The primers were made as
probes corresponding to the complementary strand and were
used exclusively thereafter. To validate the efficiency of the
selected probes, target DNA samples amplified from the PCV2
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FIGURE 1 | Schematic representation of the ORF2 gene to distinguish PCV2 genotyping from positions of primer and probes used in this study.
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strains were applied to the REBA membrane strips and spotted
with the selected probes. Two types of DNA samples (PCV2c
and PCV2e) were synthesized (Bioneer, Daejeon, Republic of
Korea) and amplified with custom PCR primers (PCV2c, F-5'-
TAAGTGGGGGGTCTTTAAGA-3" and R-5-TCCTCCGCC
GCCGCCCCTGG-3; PCV2e, F-5-TAAGTGGGGGGTCTT
TAA-3' and R-5-CTTGGCCATATCCTCCGCC-3'), resulting
in amplicons of 630 and 640 bp, respectively. The resultant
products were mutagenized after subcloning into the pBHA
vector. Two plasmids were extracted from the transformants,
and the mutated sequences were confirmed by sequence analysis
(CosmoGenetech, Daejeon, Republic of Korea). PCR was
performed using a 20 L reaction mixture (GeNet Bio, Daejeon,
Republic of Korea) containing 2x master mix (10 pL), 2 pL
of primer mixture, 5 pL sample DNA, and 3 pL Ultra pure
water (Welgene) to make up the final volume. The reactions
were run on a Verity thermocycler (Applied Biosystems, CA,
USA) under the following conditions: one cycle at 94°C for
5 min, followed by 35 cycles of 94°C for 30s, annealing 60°C
for 30s, initial extension at 72°C for 30s, and a final extension
of 72°C for 10 min to complete the synthesis of all strands. The
amplified target was visualized as a single band corresponding to
a length of 620 bp using the ChemiDoc system (Vilber Lourmat,
Eberhardzell, Germany).

For REBA PCV2 genotyping, the hybridization and washing
processes were performed as follows; each sample was tested
in duplicate and all PCR-REBA runs were performed twice. In
brief, biotinylated PCR products were denatured at 25°C for
5min in denaturation solution and then the denatured single-
stranded PCR products suspended in hybridization solution
were incubated with REBA PCV2-genotyping membrane strips
at 55°C with shaking at 90 rpm in a blotting tray for 30 min.
The strips were then washed twice with gentle shaking in
Iml of washing solution for 10min at 55°C, incubated at
25°C with 1:2,000 diluted streptavidin-alkaline phosphatase
(AP) conjugate (Roche Diagnostics, Mannheim, Germany)

in conjugate diluent solution (CDS) for 30 min, and finally
washed twice with 1 ml CDS at room temperature for 1 min.
The colorimetric hybridization signals were visualized by
adding a 1:50 dilution of nitro blue tetrazolium chloride/5-
bromo-4-chloro-3-indolyl (NBT/BCIP) AP-mediated staining
solution (Roche Diagnostics), and then incubated until a color
change was detected. Finally, the band pattern was read and
interpreted visually.

Sequence Analysis

To confirm the results of the two molecular diagnostic methods,
the PCR amplicons of all the clinical samples were sequenced
using an ABI 3730 automated DNA sequencer (Applied
Biosystems, Foster City, CA, USA) and the ABI Prism BigDye
Terminator (Applied Biosystems) system (CosmoGenetech,
Republic of Korea). The primer set used to amplify the target
ORF2 gene was 5 -TCTGAATTGTACATACATRGTTAYACGG-
3’ (1070F) and 5- TACCGYTGGAGAAGGAAAAATGG-3'
(1630R), which resulted in a 560-bp PCR product. The obtained
sequences were compared with sequences in the National Center
for Biotechnology Information (NCBI) GenBank database for
species identification.

RESULTS

Analytical Sensitivity and Specificity of the
Multiplex Real-Time PCR and PCR-REBA
Methods

Analytical sensitivity of the two molecular methods for the
detection of PCV2 was determined by using 10-fold diluted (1 ng,
100 pg, 10 pg, 1 pg, 100 fg, 10 fg, and 1 fg) samples for obtaining
the standard curve for the DNA extracted from PCV2 strains. The
detection limit of the multiplex real-time PCR assay for PCV2-P
(PCV2 species-specific probe), PCV2a/e-P (PCV2a/e genotype-
specific probe), PCV2b/d-P (PCV2b/d genotype-specific probe),
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PCV2c¢ (PCV2c genotype-specific probe), PCV2d-P (PCV2d
genotype-specific probe), and PCV2e-P (PCV2e genotype-
specific probe) ranged from 100 to 10 fg DNA per reaction.
The Cr values for PCV2-P, PCV2a/e, PCV2b/d, PCV2c, PCV2d,
and PCV2e for each DNA concentration ranged from 17 to
36.8, 16.5 to 349, 16.7 to 35.1, 16.1 to 35, 16.8 to 35.3,
and 15.5 to 33.1, respectively (Supplementary Figures 1A-D).
The PCR-REBA detection limit for PCV2a, PCV2b, PCV2c,
PCV2d, and PCV2e was ~100 fg to 10 fg DNA per reaction
(Supplementary Figures 1E-J). In addition, the detection limit
for mixed co-infection PCV2 subtypes in multiplex real-time
PCR was 1 pg DNA per reaction, and the Cr value was found to
be 17.97-32.86 (Data not shown). The PCR-REBA detection limit
for mixed co-infection PCV2 subtypes detected ~100 fg DNA per
reaction (Supplementary Figure 1K).

To determine the specificity of the two molecular assays,
primers and probes for detecting PCV2 positive genotypes were
used for testing 55 DNA samples, respectively, extracted from
specific pathogen-free swine serum samples and used as negative
controls. The multiplex real-time PCR and PCR-REBA assay for
detecting PCV2 positive genotypes yielded negative results with
all strains except PCV2 strains (including mixed co-infection
PCV2 subtypes), hence, the cross reactivity was not detected
(Supplementary Table 1).

Detection of PCV2 DNA Using Multiplex
Real-Time PCR and PCR-REBA Methods in

Clinical Samples

To evaluate the performance of the multiplex real-time PCR and
PCR-REBA assay, a total of 180 clinical samples including tissue
(n =109, 60.6%) and whole blood (n = 71, 39.4%) were analyzed.
Of 180 clinical samples, 87 (48.3%) samples were positive for
PCV2, and 93 (51.7%) samples were negative as detected by both
multiplex real-time PCR and PCR-REBA (Table 1).

Multiplex Real-Time PCR and PCR-REBA
Methods for the Detection of PCV2

Genotyping in Clinical Samples

Of the 87 PCV2 positive samples, 53 (60.9%), 17 (19.5%), 12
(13.8%), and 3 (3.5%) samples showed positive fluorescence
signals for PCV2d, PCV2a, PCV2b, and PCV2a/b co-infections,
respectively, as evaluated using multiplex real-time PCR assay
(Figure 2A) while no PCV2 genotypes were detected in 2
cases (2.3%). All the clinical samples showed positive IC
signals and the Ct values of the 87 positive and 93 negative
samples ranged from 23.62 to 32.7 (mean 24.89, SD =+ 1)
and 22.47 to 33.4 (mean 25.36, SD =+ 0.47), respectively. The
Cr values of the PCV2d, PCV2a, PCV2b, and PCV2a/b co-
infections samples ranged from 15.75 to 35.08 (mean 23.43,
SD =+ 5.6), 20.97 to 33.85 (mean 26.5, SD £ 4.07), 22.89 to
34.37 (mean 28.81, SD =+ 5.78), and 21.2 to 30.73 (SD =+
2.4), respectively. PCR-REBA, which is another method for
performing the molecular identification of PCV2 genotypes,
was performed with the same clinical samples (Figure 2B). Of
the 87 positive samples, the following PCV2 genotypes were
identified using PCR-REBA: PCV2d was the most prevalent at

60.9% (n = 53), followed by PCV2a (n = 17, 19.5%), PCV2b
(n = 14, 16.1%), and PCV2a/b co-infections (n = 3, 3.5%),
respectively (Table 2).

Comparison of the Results Between the
Two Molecular Assays and Sequence
Analysis for Identification of the PCV2

Genotypes in the Clinical Samples

To confirm the results obtained from the multiplex real-
time PCR and PCR-REBA assay, sequence analysis was
performed using the same clinical samples (Figure 2C). Only
69 (79.3%) of the 87 PCV2 positive samples could be identified
for PCV2 genotyping by sequence analysis. Therefore, 18
samples including 11 PCV2d, 2 PCV2a, 4 PCV2b, and 1
PCV2a/b co-infected samples identified by multiplex real-time
PCR and PCR-REBA were excluded from the comparative
analysis. The results of the multiplex real-time PCR and
sequence analysis methods were consistent except for two
cases. In these two cases, while PCV2 genotypes were
not detected using multiplex real-time PCR, the samples
were identified as PCV2b-positive by sequence analysis. The
results of the PCR-REBA for PCV2 genotyping of all 69
samples were consistent with the sequencing results (Table 2).
The phylogenetic tree was constructed using Phylogeny.fr
software (23) after alignment of the 69 sequenced results.
Analysis of the phylogenetic tree indicated that the sequences
could be divided into three genotypes (PCV2d, PCV2a,
and PCV2b), which accounted for 60.9, 24.6, and 14.5%,
respectively (Figure 3).

DISCUSSION

Although the severity of the economic losses caused by
PCV2 infection has been mitigated by vaccination, PCVAD
is still detected quite often and is an important porcine
pathogen. It is important to distinguish between the PCV2
genotypes for the laboratory diagnosis of PCV2 as different
PCV2 genotypes have been found in samples from pigs
affected with other PCVAD (24). The currently used PCR-based
methods for diagnosis, including nucleotide sequencing, PCR,
nested PCR, and PCR-RFLP (25-28), are time consuming for
general veterinary clinical applications; they can only be used
in specialized diagnostic institutes as these methods require
specialized equipment and reagents, and need to be inspected
by professionals to differentiate the subtype virus. Therefore,
there is an increasing requirement for diagnostic techniques
that can be complemented with traditional methods in clinical
diagnostic laboratories.

In the present study, two molecular assays were developed
for detecting PCV2 genotypes. The purpose of the present
study was to evaluate the clinical efficacy of the multiplex RT-
PCR assay (Opti PCV2-genotyping) and PCR-REBA (REBA
PCV2-genotyping) for rapid and accurate detection as well
as identification of PCV2 genotypes based on the OREF2
regions. We also compared the results of these two molecular
assays with those obtained from conventional methods such
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TABLE 1 | Detection of porcine circovirus 2 DNA in 180 clinical samples suspected of PCVAD infection using the multiplex real-time PCR and PCR-REBA assay.

Sample Total no. (%) of samples Multiplex real-time PCR PCR-REBA
Positive (%) Negative (%) Positive (%) Negative (%)
Tissue 109 (60.6) 54 (49.5) 55 (50.5) 54 (49.5) 55 (50.5)
Blood 71 (39.4) 33 (46.5) 38 (53.5) 33 (46.5) 38 (53.5)
Total 180 (100) 87 (48.9) 93 (51.7) 87 (48.3) 93 (51.7)
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FIGURE 2 | Typical results of the multiplex real-time PCR, PCR-REBA, and sequence analysis with clinical samples. (A) Overall results for PCV2-positive, PCV2a,
PCV2b, and PCV2d. Fluorescent dyes of specific TagMan probes for multiplex real-time PCR were used PCV2 (Cy5), PCV2a/e (FAM), PCV2b/d (CAL Flour Red 610),
and PCV2d (HEX), respectively. (B) Results of PCR-REBA; Lanes 1-3, 16, 21-23: PCV2d; lanes 4, 6, and 11: PCV2a; lanes 5 and 20: PCV2a and PCV2b
co-infection; lane 7-10, 14-15, 17, and 24: PCV2b; lane 12: PCV2c; lane 13: PCV2e¢; lane 18 and 19: negative. PCV2c¢ and PCV2e were used to synthesize the DNA
as a control. (C) Sequence alignment results of a fragment of the genomic sequence of the clinical samples; P4, PCV2a; P7, PCV2b, P29, PCV2d, P5 and P83
showed that the two samples detected as PCV2a/b co-infection positive by the multiplex real-time PCR and PCR-REBA methods were shown as only PCV2a positive
by sequence analysis; The red boxes indicate the position where three genotypes (PCV2a, 2b, and 2d) can be identified.
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PCV2a and PCV2b

93 (100)
95 (52.8)

93 (100)

0(0)
87 (48.9)

PCV2 negative (n = 93)

Total (n = 180)

18 (20.7)

69 (79.3)

93(51.7)

N/A, not applicable; *A total of 18 samples including 11 PCV2d, 2 PCV2a, 4 PCV2b, and 1 PCV2a/b co-infection identified by multiplex real-time PCR and PCR-REBA were excluded because they were not sequenced; 95% Cl, 95%

confidence interval.

as sequence analysis. The characteristics of the multiplex real-
time PCR and PCR-REBA used in this study were similar as
they were both rapid (turnaround time of 2-3h), sensitive,
specific, and comparatively easy to perform without requiring
any specialized laboratory equipment, other than a PCR machine
and water bath.

The Opti PCV2-genotyping assay is designed to
simultaneously detect PCV2 and to distinguish PCV2a/e,
PCV2b, and PCV2d genotypes. Multiplex real-time PCR, a
recognized technique, is faster and more effective for the
rapid detection of bacterial or viral infection compared to
conventional PCR and other detection methods. Multiplex
real-time PCR assay is a rapid method with a turnaround
time of ~1.5-2h, which includes 30 min for DNA preparation
and 1.5h for target DNA amplification. The combination of
excellent sensitivity and specificity as well as ease of handling
enable rapid and simultaneous detection of multiple species, and
minimizes the possibility of contamination by eliminating the
need for additional post-PCR processing of the samples, which
has made this technology appealing for clinical microbiology
laboratory applications (29). PCR-REBA is a highly sensitive and
specific probe-based method in which multiple oligonucleotide
probes are immobilized on nitrocellulose strips, hybridized
with biotin-labeled PCR products, and can be used to derive
rapid results within 4h (30). In addition to the time required
for target DNA amplification (1.5h), PCR-REBA is a 3-step
process with a hybridization step (30 min), a washing step
(20 min), and a chromogenic detection and data interpretation
step (40 min). It also requires a fully automated system for
the washing, hybridization, and interpretation steps. The
PCR-REBA molecular diagnostic assay can be used to isolate
all types of PCV2 genotypes as well as detect PCV2 directly
from serum or tissue samples. In addition, PCR-REBA has
the advantage of the flexibility to add more specific-probes
to the membrane strip for increasing the range of PCV2
genotypes detected.

In this study, the concordance rate of the multiplex real-time
PCR assay and sequence analysis was 98.8% (95% confidence
interval [CI] 0.953-0.999, p < 0.001). Using sequence analysis
as the gold standard, the sensitivity, specificity, and positive and
negative predictive values of the PCV2 genotyping results by
multiplex real-time PCR assay were 97.1% (n = 67, 95% CI
0.894-0.998, p < 0.001), 100% (n = 93, 95% CI 0.966-1.000, p
< 0.001), 100% (95% CI 0.953-1.000, p < 0.001), 97.9% (95% CI
0.921-0.998, p < 0.001), respectively. The results of PCR-REBA
were found to be consistent with those of sequence analysis and
showed good agreement (k = 1).

Studies have shown that the most common PCV2 genotypes
detected worldwide are PCV2b (53.1%) and PCV2a (34.4%) in
Taiwan (24), PCV2b (87.5%) and PCV2a (12.5%) in Mexico
(31), and PCV2d (45.3%) and PCV2b (41.1%) in China
(13). In this study, the most prevalent genotypes detected
were PCV2d (n = 53, 60.9%), followed by PCV2a (n =
17, 19.5%), PCV2b (n = 14, 16.1 %), and PCV2a/b co-
infection (n = 3, 3.5%). Co-infection of PCV2a and PCV2b
in clinical samples has been suggested to be the primary
cause of other PCVAD while dual heterologous infection of
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FIGURE 3 | Phylogenetic analysis of the 69 PCV2 isolates. The phylogenetic tree was constructed using Phylogeny.fr software after alignment of the 69 sequenced
results. The PCV2genomes were mainly assigned to three genotypes (PCV2a, PCV2b, and PCV2d).
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PCV2a and PCV2b in gnotobiotic pigs has been shown to
induce severe clinical symptoms (24, 32). Therefore, rapid
identification of co-infection of PCV2a and PCV2b is crucial.
Generally, when identified samples from dually infected pigs
were sequenced, only the predominant PCV2 genotype was
detected. Our results also showed that only PCV2a could be
identified by sequence analysis method in the three samples
in which PCV2a/b co-infection was detected using the two
molecular diagnostic methods.

There are potential limitations in this study. Firstly, the
multiplex real-time PCR assay cannot distinguish between
PCV2a type and PCV2e type, and does not include PCV2c
type that has not yet been detected in Korea. Therefore,
there should be an additional tube to include all of these
genotypes. Secondly, although PCR-REBA detect all other
genotypes in addition to PCV2, additional steps are required
after PCR. Thirdly, the PCV2c and PCV2e genotypes were not
detected in this study and further investigations of the samples
are required.

CONCLUSIONS

The two recently developed molecular assays are accurate, rapid,
and convenient tools for identifying PCV2. These assays can also
discriminate between the PCV2 genotypes and directly detect
PCV2 from clinical samples in only 2-3h. Therefore, these
two molecular assays can provide essential information that can
help expedite therapeutic decisions for early and appropriate
vaccinations during the acute phase of PCV2 infection. We
believe that these assays can reduce the labor and time for PCV2
diagnosis in industrial animal area.
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Current eradication strategies of tuberculosis (TB) in goats mainly rely on the single
intradermal tuberculin test (SIT) and single intradermal cervical comparative tuberculin
tests (SICCTs). TB vaccination has been proposed as a cost-effective option in
high-prevalence herds or countries where economic compensation for the slaughter of
positive animals is not affordable. However, TB vaccination compromises the efficiency
of tuberculin-based diagnostic tests. In this study, the performance of a new diagnostic
platform, based on the P22 antigenic complex, was assessed for skin test (ST),
interferon-gamma release assay (IGRA), and serology under different TB scenarios. The
sensitivity (Se) of diagnostic tests was assessed in TB-infected goats from the same
farm (herd A, N = 77). The specificity (Sp) was assessed in two TB-negative farms
(both vaccinated against paratuberculosis): one TB unvaccinated (herd B, N = 77) and
another vaccinated with bacille Calmette-Guérin (BCG) (herd C, N = 68). The single
(s) P22-IGRA showed the highest Se among IGRA tests (91%), and the comparative
(c) P22-ST showed the highest Sp (100% in herd B and 98% in herd C). Combined
interpretation of techniques enabled the best diagnostic performances. Combining the
SICCT + sP22-IGRA improved Se (97%) compared to SICCT + tuberculin-based IGRA
(95%), with a reduction of Sp (95 and 100%, respectively). Besides, combination of
P22-ELISA with cP22-ST or SICCT elicited a similar performance in the non-vaccination
context (Se: 94 and 95%; Sp: 95 and 95%, respectively), but Sp was significantly higher
for the combination with cP22-ST compared to SICCT in the TB vaccination context
(95 and 79%, respectively). The combination of serological tests based on P22 and
MPB83 showed higher complementarity and improved 13 percentage points the Se of
P22-ELISA alone. These findings suggest that either cell-mediated or antibody-based
diagnostic techniques, using the P22 antigen complex, can contribute to improve the
immunodiagnostics of TB in goats under different TB control strategies.

Keywords: tuberculosis, diagnosis, goats, bacille Calmette-Guérin (BCG), skin test, interferon-gamma release
assay (IGRA), serology, P22
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INTRODUCTION

Tuberculosis (TB) in goats is a chronic infectious disease, mainly
caused by Mycobacterium bovis and Mycobacterium caprae,
members of the Mycobacterium tuberculosis complex (MTBC).
This disease entails important economic costs for livestock
industries (1) and could be a source of TB for cattle (2), other
domestic animals (3, 4), wildlife (5), and humans (6).

Spain has the second-highest goat census of the EU, with
2.7 million goat heads (data extracted from FAOSTAT on
17/02/2020). Besides, the high TB burden in goats could explain
a number of new bovine TB breakdowns, hampering the goal
of TB eradication in cattle (7). Therefore, some regions with a
high concentration of caprine herds carry out TB eradication
campaigns in caprine flocks (8); however, goat herds are still
not subjected to a national eradication program, except for those
epidemiologically linked with cattle (9).

The cornerstone of an efficient caprine TB eradication
program is the diagnosis. The Spanish bovine TB eradication
program effectiveness is highly dependent on the routine
tuberculin skin testing (10). Current bovine TB testing is based
on the single intradermal tuberculin test (SIT) and single
intradermal cervical comparative tuberculin tests (SICCTs), and
the interferon-gamma release assay (IGRA). However, in goats
under certain epidemiological contexts, those diagnostic tests
have some drawbacks in terms of sensitivity (Se) and specificity
(Sp) (8, 11),

Another concern for TB diagnostics is the vaccination against
Mpycobacterium avium subsp. paratuberculosis (MAP), which
has been largely implemented in small ruminants, to prevent
the development of clinical disease (12). Nevertheless, even
though MAP vaccines are authorized (e.g., Gudair® vaccine), it
has been demonstrated that paratuberculosis (PTB) vaccination
interferes with STs and IGRA used for TB diagnosis (13, 14). In
addition, the efficacy of M. bovis bacille Calmette-Guérin (BCG)
vaccine has also been assessed in goats during the last decade
in different vaccination trials (15-19). Even though these trials
showed that BCG conferred certain protection to experimentally
and naturally infected goats, it was evidenced that vaccination
interfered with current TB diagnostic tests (16, 20).

To overcome diagnostic interferences due to BCG
vaccination, defined antigens to differentiate infected from
vaccinated animals (DIVA) have been developed (14, 21);
nevertheless, those antigens have shown lower Se compared to
tests based on standard tuberculins (22). Recently, a new multi-
protein complex called P22, obtained from purified protein
derivative of M. bovis (PPD-B) by affinity chromatography, has
been developed (23), yielding high Se and variable Sp, depending
on the animal species and epidemiological contexts (24). To
date, this antigen has been tested to detect humoral response
against MTBC in different species (25-30); however, there is a
lack of information regarding its performance for cell-mediated
immunity (CMI)-based diagnostics.

The aim of this study was to evaluate the performance of
different cell-mediated and humoral immunodiagnostic tests,
based on the P22 antigenic complex, for the diagnosis of TB in
goats under different epidemiological and control scenarios.

MATERIALS AND METHODS

Herds and Experimental Design

A total of 222 goats from three herds were included in the
study (Table1): 77 infected goats (infection was confirmed
postmortem by gross lesions, histopathology or mycobacterial
culture, or both) from a TB-positive herd of murciana-granadina
goats (herd A); 77 goats belonging to an officially TB-free herd
of alpine goats (herd B) that were vaccinated against PTB with
Gudair (CZ Vaccines, Porrino, Spain), around 2 years before
sampling; and 68 goats from another TB-free herd (herd C) of
Blanca de Rasquera autochthonous breed, that were vaccinated
against PTB (Gudair®) and against TB with M. bovis BCG
Danish 1,331 strain (ATCC, Ref. 35733) as described previously
(15). In herd C, 50% of goats were vaccinated with BCG and
Gudair® 9-10 months before sampling, and the remaining 50%
were vaccinated more than 1 year before. STs, IGRAs, and
immunoglobulin G (IgG) enzyme-linked immunosorbent assays
(ELISAs) were carried out in the 77 infected goats, as well as in
138, 142, and 142 noninfected goats, respectively (Table 1).

Two TB control scenarios were hypothesized in order to study
the performance of each diagnostic test: the conventional (TB
unvaccinated) scenario, using data from herds A and B, and the
BCG-vaccinated (TB-VAC) scenario, using data from herds A
and C. Se was calculated using data from herd A, and Sp was
calculated using data from herds B and C depending on TB
control scenario (Table 2).

Antigens
M. tuberculosis var. bovis (PPD-B) and M. avium (PPD-A)
tuberculins (2,500 IU/ml) were obtained from CZ Vaccines

TABLE 1 | Herd and treatment distribution of tested animals.

No. of animals tested

Herd TB status BCG!' Gudair®? ST IGRA ELISA
A Positive No No 77 77 77
B Free No Yes 77 74 74
C Free Yes Yes 61 68 68

1BCG, bacilli Calmette-Guérin Mycobacterium bovis vaccine. 2Gudair vaccine, vaccine
against paratuberculosis (Mycobacteium avium subspecies paratuberculosis).
TB, tuberculosis; ST, skin test; IGRA, interferon-gamma release assay.

TABLE 2 | TB control scenarios distribution of tested animals.

No. of animals tested

Control scenario Herds BCG!' Gudair®? ST IGRA ELISA
Conventional® A+B No Yes 154 151 1561
TB-VACP A+C Yes Yes 138 145 145

aConventional scenario: composed by TB unvaccinated goats. P TB-VAC Scenario: TB
negative animals from herd C were vaccinated with BCG and TB-positive animals
from herd A were not vaccinated. 'BCG, bacili Calmette-Guérin Mycobacterium
bovis vaccine. 2Gudair vaccine, vaccine against paratuberculosis (Mycobacteium avium
subspecies paratuberculosis).

TB, tuberculosis; ST, skin test; IGRA, interferon-gamma release assay.
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and used at concentrations recommended by the Spanish
Ministry (9). The protein complex P22 was produced by
immunopurification of PPD-B (CZ Vaccines) as described
previously (23) and prepared at a concentration of 500 pg/ml
(unpublished data). The DIVA reagent based on a cocktail of
recombinant ESAT-6 and CFP-10 proteins (500 jLg/ml) (31) and
the recombinant MPB83 (MPT83) protein (500 jug/ml) (32) were
purchased from Lionex (Braunschweig, Germany).

Skin Tests

SIT was performed by intradermal inoculation of 0.1 ml of PPD-
B in the left-hand side of the neck by using a Dermojet® syringe
(Akra Dermojet, Pau, France). In the same way, SICCT was
performed by intradermal inoculation of 0.1 ml of PPD-B and
PPD-A, both in the left-hand side of the neck, at the proximal
and distal parts of the neck, respectively. Besides, 0.1 ml of P22
(at 500 pg/ml) was inoculated in the right-hand side of the
neck. The increase in skinfold thickness (SFT) was measured
just before the inoculation and after 72 h. Severe interpretations
of SIT and SICCT were performed, as previously described in
the manual of the Spanish bovine TB eradication program (9).
Briefly, positive criterion for SIT: SFT PPD-B > 2 mm (severe);
and for SICCT: positive to SIT and SFT PPD-B - SFT PPD-
A > I mm (severe) or presence of clinical signs in the PPD-B
inoculation site. P22 single and comparative STs (sP22-ST and
cP22-ST) were interpreted using the same criteria as SIT and
SICCT, respectively, i.e., considering SFT P22 and SFT P22 - SET
PPD-A measures, respectively.

Whole-Blood Interferon-Gamma Release

Assays

Blood samples were collected from the jugular vein prior to
ST performance using heparinized tubes and were processed as
described previously (16). Shortly, blood samples were stimulated
with PPD-B, PPD-A, and P22 at a final concentration of
20 pg/ml, and with DIVA reagent (ESAT-6/CFP-10) at 20 pg/ml,
while PBS was added as an unstimulated control. Samples were
incubated at 37 £ 1°C with 0.5% CO, overnight. Finally, plasma
supernatant was collected and analyzed by ELISA (BOVIGAM®,
Thermo Fisher Scientific, Waltham, MA, USA) and read at
450 nm using a spectrophotometer (Biotek Power Wave XS). The
interpretation of tuberculin-based IGRA (STAND-IGRA) results
was performed according to the cutoff point recommended by
the manufacturer, i.e.,, the criterion for positivity: PPD-B OD -
PBS OD > 0.05 and PPD-B OD > PPD-A OD. Similarly, cP22-
IGRA was considered positive when P22 OD - PBS OD > 0.05
and P22 OD > PPD-A OD, whereas sP22-IGRA and DIVA-IGRA
were considered positive when P22 OD - PBS OD > 0.05 and
DIVA OD - PBS OD > 0.05, respectively.

Antibody Detection Tests

Plasma samples were analyzed for antibody detection by using
two in-house indirect ELISA, one for detecting MPB83 antigen,
performed and interpreted as described previously (33), and
another one for detecting P22, performed as described previously
(24, 25). P22-ELISA was interpreted as follows: ELISA percentage
(E%) = [mean sample OD/(2 x mean negative control OD)] x

100. A sample E% <100% was classified as negative, and a sample
E% >100% was classified as positive.

Post-mortem Examination

Seventy-seven goats from the positive herd (herd A) were
euthanized after ST reading by intravenous injection of a sodium
pentobarbital overdose. A complete necropsy procedure was
conducted for TB lesion examination. Lesions were collected and
immediately fixed in 10% buffered formalin for histopathological
confirmation by hematoxylin/eosin staining. Mediastinal and
tracheobronchial lymph nodes (LNs) were removed and stored
at —20°C for bacterial culture.

Bacteriology

Whole pulmonary LNs of each animal were thawed, pooled,
homogenized, and decontaminated as previously described (34)
and plated on Middlebrook 7HI11 medium (BD diagnostics,
Sparks, MD, USA). Then, cultured plates were incubated at
37°C for 28 days. Finally, plates were read, and colonies were
confirmed as MTBC by multiplex PCR (35).

Data Analysis

The Sp was calculated in TB-free farms (herds B and C) using the
formula Sp = True negatives/(True negatives 4 False positives).
The Se was calculated in the TB-infected farm by the formula
Se = True positive/(True positive + False negative). Clooper-
Pearson 95% confidence intervals were calculated for Sp and Se.
Differences in diagnostic results, between tests, were evaluated
by the McNemar test. Moreover, agreement between tests was
calculated by Cohen’s Kappa coefficient (k) and interpreted as
follows: <0.00 poor, 0.00-0.20 slight, 0.21-0.4 fair, 0.41-0.60
moderate, 0.61-0.80 substantial, and 0.81-1.00 almost perfect.
The diagnostic performance of each test was calculated using the
diagnostic odds ratio (DOR) (36). All statistical tests and 95%
confidence intervals were calculated using the Epitools calculator
(Sargento, ESG, 2018, Epitools Epidemiological Calculators,
Ausvet, Pty., Ltd., Australia; available in www.epitools.ausvet.
com.au).

RESULTS

The results of Se of herd A and Sp of herds B and C are
summarized in Table 3. The TB-positive status of all animals
from herd A was confirmed by positive mycobacterial culture
and/or positive lesions in histopathological analysis.

Skin Tests

The Se of the cP22-ST was the lowest among tests, but the Sp in
herd B was the highest, being identical to the Sp of the SICCT, and
a 6 percentage point (p.p.) and 8 p.p. more specific than the SIT
and the sP22-ST, respectively. Regarding the herd C, the cP22-ST
and the sP22-ST displayed similar Sp, being significantly more
specific than the SIT (31 p.p. of increase, p < 0.001, and 30 p.p.
of increase, p = 0.005, for cP22-ST and sP22-ST, respectively) and
the SICCT (18 p.p. of increase, p = 0.0026, and 17 p.p. of increase,
p = 0.0094, for cP22-ST and sP22-ST, respectively).
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TABLE 3 | Sensitivity (Se) and specificity (Sp) of diagnostic tests.

Diagnostic TB positive Unvaccinated BCG vaccinated
test (farm A) (farm B) (farm C)
N° Se N Sp N Sp
(95% CI)'° (95% CI' (95% CI)'!

sP22-ST' 77 87% (717-94) 77 92% (84-97) 61 97% (89-100)

cP22-ST? 77 74% (63-83) 77 100% 61 98% (91-100)
(95-100)

SIT® 77 94% (85-98) 77 94% (85-98) 61 67% (54-79)

siccT? 77 91% (82-96) 77 100% 61 80% (68-89)
(95-100)

sP22-IGRA® 77  91% (82-96) 74 95% (87-99) 68 84% (73-92)

cP22-IGRA® 77 86% (76-93) 74 96% (89-99) 68 85% (75-993)

STAND- 77 77% (66-86) 74 100% 68 96% (88-99)

IGRAY (95-100)

DIVA-IGRA8 77  71% (60-81) 74 100% 68 100%
(95-100) (95-100)

P22-ELISA 77 74% (63-83) 74 93% (85-98) 68 96% (88-99)

MPB83- 77 75% (64-84) 74 92% (83-97) 68 94% (86-98)

ELISA

1sP22-ST, single P22 skin test; 2cP22-ST, comparative P22 skin test; SSIT, single
intradermal tuberculin test; *SICCT, single intradermal cervical comparative tuberculin
test; 5sP22-IGRA, single P22 IGRA test; 5cP22-IGRA, comparative P22 IGRA test;
"STAND-IGRA, standard tuberculin IGRA test; 8DIVA-IGRA, differentiating Infected from
Vaccinated animals (ESAT-6/CFP-10 peptide cocktail) IGRA test. °Number of animals
tested. 19Clopper-Pearson 95% confidence interval for Se. ''Clopper—Pearson 95%
confidence interval for Sp.

TB, tuberculosis; BCG, bacille Calmette-Guérin, IGRA, interferon-gamma release assay.

Interferon-Gamma Release Assays

The sP22-IGRA showed the highest Se among tests, being a 5,
14, and 20 p.p. more sensitive than the cP22-IGRA, the STAND-
IGRA, and the DIVA-IGRA, respectively. Indeed, the sP22-IGRA
detected 12 positive goats more than the STAND-IGRA, without
significant agreement between tests (k = 0.4, p = 0.098) and
diagnostic results significantly different (Supplementary Data, p
= 0.005). The sP22-IGRA and the cP22-IGRA showed similar
specificities in both herds B and C, being a 4-5 p.p. less
specific than the STAND-IGRA and the DIVA-IGRA. In herd
C, both cP22-IGRA and sP22-IGRA were a 10-9 p.p. and a
16-15 p.p. less specific than the STAND-IGRA and the DIVA-
IGRA, respectively.

Serological Tests

In terms of Sp and Se, diagnostic results of P22-ELISA were
similar to diagnostic results of MPB83-ELISA. In herd A, the
MPB83-ELISA detected 10 TB positive animals more than
the P22-ELISA, and the P22-ELISA detected nine TB positive
animals more than the MPB83-ELISA, and the agreement
between tests was considered fair although statistically significant
(k=0.35, p =0.001). In herd B, diagnostic results of Sp showed
a moderate but significant agreement between ELISA tests (k =
0.51, p < 0.001), but in herd C, no agreement was observed (k =
—0.05, p = 0.33).

TABLE 4 | Sensitivity (Se) and specificity (Sp) combined results of P22-based
diagnostic tests.

Diagnostic TB positive Unvaccinated BCG vaccinated
tests (farm A) (farm B) (farm C)

N& Se N Sp N Sp

(95% CI)° (95% CI)1° (95% CI)'°

SIT! + 77 97% (91-100) 73 89% (80-95) 61 59% (46-71)
sP22-IGRA?
SIT + 77 97% (91-100) 73 90% (81-96) 61 61% (47-73)
cP22-IGRA®
SIT + 77 96% (89-99) 73 89% (80-95) 61 66% (62-77)
P22-ELISA
SICCT* + 77 97% (91-100) 73 95% (87-98) 61 67% (54-79)
sP22-IGRA
SICCT + 77 97% (91-100) 73 96% (88-99) 61 67% (64-79)
cP22-IGRA
SICCT + 77 95% (87-99) 73 95% (87-98) 61 79% (66-88)
P22-ELISA
sP22-ST° + 77 95% (87-99) 73 88% (78-94) 61 82% (70-91)
sP22-IGRA
sP22-ST + 77 94% (85-98) 73 88% (78-94) 61 93% (84-98)
P22-ELISA
cP22-ST® + 77 95% (87-99) 73 95% (87-98) 61 84% (72-92)
sP22-IGRA
cP22-ST + 77 94% (85-98) 73 95% (87-98) 61 95% (86-99)
P22-ELISA
sP22-IGRA + 77 92% (84-97) 74 95% (87-99) 68 84% (73-92)
STAND-IGRA’
P22-ELISA + 77 95% (87-99) 74 89% (80-95) 68 79% (68-88)
sP22-IGRA
P22 ELISA + 77 95% (87-99) 74 91% (81-96) 68 81% (70-89)
cP22-IGRA
P22-ELISA + 77 87% (77-94) 74 92% (83-97) 68 90% (80-96)
MPB83-ELISA
P22-ELISA + 77 90% (81-95) 74 93% (85-98) 68 91% (82-97)
STAND-IGRA
SIT + 77 95% (87-99) 73 93% (85-98) 61 67% (54-79)
STAND-IGRA
SICCT + 77 95% (87-99) 73 100% 61 80% (68-89)
STAND-IGRA (95-100)

'SIT, single intradermal tuberculin test; 2sP22-IGRA, single P22 IGRA test; ScP22-IGRA,
comparative P22 IGRA test; “SICCT, single intradermal cervical comparative intradermal
tuberculin test; SsP22-ST, single P22 skin test; °cP22-ST, comparative P22 skin test;
"STAND-IGRA, standard tuberculin IGRA test. 8Number of animals tested; °Clopper—
Pearson 95% confidence interval for Se. °Clopper—Pearson 95% confidence interval
for Sp.

TB, tuberculosis; BCG, bacille Calmette-Guérin; IGRA, interferon-gamma release assay.

Complementarity of Diagnostic Tests
Combined interpretation of P22-based tests was evaluated.
Results of Sp and Se of complementarity of diagnostic tests are
shown in Table4. In general, complementarity between tests
yielded an overall rise of Se with a variable reduction in the Sp.
The combination of cP22-ST + P22 ELISA improved the Se in
20 p.p. and displayed a similar Sp in both herds B and C, being
the combined interpretation with the best results in all situations.
The combination of SICCT + P22 ELISA showed similar results
of Se and Sp in herd B. In herd C, the latter combination detected
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10 false-positives more than the cP22-ST + P22-ELISA, reducing
its Sp in 16 p.p., and with diagnostic results significantly different
between tests (p = 0.004). The combination of cP22-ST + cP22-
IGRA improved the Se and Sp in herd B at a similar level than the
combined interpretations above described, but in herd C, the Sp
was reduced in 11 p.p. respect to the cP22-ST + P22-ELISA test.

The combination of current diagnostic tests, e.g., SIT and
SICCT, with other diagnostic tests increased the Se but not the Sp,
except for the SICCT + STAND-IGRA. The latter combination
improved the Se in 4 and 18 p.p. compared to the SICCT and
the STAND-IGRA alone, respectively, and maintained the Sp
in herd B but not in herd C (reduction of 16 p.p. compared
to the STAND-IGRA alone). In herd A, the combined results
of MPB83-ELISA + P22-ELISA improved the Se in 12 and 13
p.p. with respect to the MPB83-ELISA and the P22-ELISA alone,
respectively, and maintained the Sp in herd B, and in herd
C showed a mild reduction of Sp (4 and 6 p.p. of reduction
with respect to the MPB83-ELISA and the P22-ELISA alone,
respectively). Other combinations of tests did not improve the Se
and the Sp, as did the aforementioned combined interpretations.

Performance of Diagnostic Tests

The results of DOR to assess the diagnostic performance for each
test are represented in Figure 1. In general, a reduced DOR in
TB-VAC scenario was observed compared to the conventional
one (0.47, 95% CI: 0.28-0.654, of mean reduction in log DOR).
In the conventional context, SICCT + STAND-IGRA (3.38, 95%
CI: 2.35-4.41), SICCT alone (3.16, 95% CI: 2.36-3.97), SICCT
+ cP22-IGRA (2.94, 95% CI: 1.12-4.76), and SICCT + sP22-
IGRA (2.81, 95% CI: 1.08-4.54) showed the best performances
(Figure 1A). In TB-VAC context, the best performances were
observed in DIVA IGRA (2.53, 95% CI: 1.98-3.8), cP22-ST +
P22 ELISA (2.44, 95% CI: 0.97-3.92), and sP22-ST + P22 ELISA
(2.31, 95% CI: 0.95-3.67) (Figure 1B).

DISCUSSION

Efficient and accurate diagnosis is of paramount importance for
the success of eradication programs based on test and slaughter
strategy. Here, the performance of new P22 antigenic complex-
based cell-mediated and humoral tests for the diagnosis of TB
in goats was assessed under different epidemiological and TB
control scenarios.

Recently, the P22 antigenic complex has been evaluated for
the detection of IgG in ELISA tests in different species: cattle
goat, sheep, pigs, and wild boar (24-27), red deer (28), badgers
(29), and alpacas and llamas (30). In the present study, the
performance of the P22 antigenic complex for diagnostic tests
based on CMI, namely, STs and IGRA, was evaluated for the
first time in goats. Indeed, the use of P22 for IGRA tests has
only been reported in red deer experimentally infected with M.
bovis (37).

The combined interpretation of tests leads to a substantial
improvement of Se at the expense of a variable loss of Sp.
As expected, in the conventional context, the SICCT alone or
combined with the STAND-IGRA (8, 11, 38) showed the best

performances by DOR analysis. The performances of tuberculin-
based tests were followed by the combinations of SICCT with
the P22-IGRAs, which increased Se at the cost of a certain loss
in Sp. Moreover, the combination of c¢P22-ST + P22-ELISA
clearly increased the Se with the benefit of a minimal decrease
of Sp, showing similar results than the combination of SICCT
+ P22-ELISA. These findings are in concordance with previous
studies of P22-ELISA and tuberculin-based skin testing. In cattle,
the combination of SIT 4 P22-ELISA showed an improvement
of Se of 30 and 6 p.p. compared to the SIT and the P22-
ELISA alone, respectively (25). In another study conducted in
goats (39), the same combination improved the Se of the SIT
and the P22-ELISA in 19 and 9.5 p.p., respectively. Also, in
the same study in goats, the combination of SICCT + P22-
ELISA improved the Se of the SICCT in a 24 p.p. These results
confirmed the benefits of the strategic use of serological and
CMI-based diagnostic tests in parallel to maximize the Se in
infected settings.

In the TB-VAC context, the combination of P22-ELISA with
the two P22-based STs showed similar performances than the
DIVA-IGRA. However, the latter showed considerably lower
Se than the combinations of P22-ELISA with P22-based STs
(reduction in 23-24 p.p.). Previous studies reported the excellent
Sp (16) and the lack of Se (40) of DIVA-IGRA, although the
DOR analysis tended to overestimate the Sp in this study. The Se
of vaccine-associated diagnostic tests is an essential requirement
for the development of an integral vaccination strategy (41),
and the combination of cP22-ST + P22-ELISA showed an
efficient and innovative diagnostic approach in the TB-VAC
context, showing the highest combined Se and Sp values (94 and
95%, respectively).

Concerning the use of the ST in solitary, the P22-based STs
showed lower Se compared to both the SIT and the SICCT tests,
although previous studies in dairy goat flocks, with larger samples
and different epidemiological situations, have shown lower Se
for SIT (65%, 95% CI: 63.3-68.2) (8) and SICCT (44.5%, 95%
CI: 35-55) (42). However, the Se of the cP22-ST (74%, 95%
CIL: 63-83) was similar to Se observed in two previous studies
using DIVA STs (based on the peptide cocktails ESAT-6, CFP-
10, and Rv3616c) developed for the diagnosis of TB in cattle:
76%, 95% CI: 59-93 (43) and 75%, 95% CI: 47.7-97.7 (44). In
the latter, the addition of the Rv3020c peptide improved the
Se to reach 87.5% (95% CI: 61.7-98.5), being similar to the
Se of sP22-ST (87%, 95% CI: 74-94) obtained in the present
study. On the other hand, in BCG-vaccinated animals, the Sp
of SIT and SICCT decreased dramatically (27 and 20 p.p. of
reduction, respectively), whereas the Sp of sP22-ST and cP22-
ST remained high (97 and 98%, respectively). These findings
again highlight the suitability of P22-based STs as TB vaccine-
associated diagnostic candidates, although improvements to
increase the Se should be necessary.

Moreover, herd PTB status and MAP vaccination may also
affect the interpretation of the results. MAP infection was not
reported in farms B and C, and no recent clinical history of
PTB was observed by the veterinarians. Despite this, vaccination
against MAP is a common practice in small ruminants in
Spain (12), and diagnostic interferences due to MAP vaccination
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on TB diagnosis cannot be ruled out in these two MAP-
vaccinated herds. In this sense, strong reactions to PPD-A were
observed at skin testing (Supplementary Data), but the results
of comparative tests (cP22-ST and SICCT) showed higher Sp
compared to their respective single STs (i.e., sP22-ST and SIT).
These findings indicate that some degree of cross-reactivity due
to MAP vaccination was still maintained. Similarly, interferences
of MAP vaccination on TB diagnosis, mainly in CMI-based
diagnostic tests, were previously observed in MAP-vaccinated
goats (14, 45).

Surprisingly, the P22-based IGRAs, particularly the sP22-
IGRA, showed higher Se compared to STAND-IGRA and even
higher compared to DIVA-IGRA. However, the Se of sP22-IGRA
was similar to that previously observed by the STAND-IGRA
(92%, 95% CI: 84-96) in other studies conducted in goats (26).
The results of Se of the cP22-IGRA in the present study were
also similar to those previously observed in experimentally M.
bovis-infected red deer (37). However, a slight loss of Sp in
the P22-IGRAs was detected compared to STAND-IGRA. Even
so, the Sp was within ranges (95-100%) described for STAND-
IGRA in previous studies (11, 38, 45). This mild reduction
in Sp could be explained by the high concentration of P22
used for stimulation of whole blood (20 wg/ml) and by the

fact that P22 complex contains 21 proteins also present in
M. avium (23), which can cause cross-reactivity with MAP
vaccination and/or infection. Indeed, the interference of MAP
vaccination on STAND-IGRA has been previously observed in
adult MAP-vaccinated goats (13, 14, 45). The Sp of P22-IGRAs
considerably decreased in BCG-vaccinated herds compared to
that previously described for the STAND-IGRA (16). Overall,
the results of sP22-IGRA suggest that this test could be a
potentially valuable tool for TB eradication in endemic areas,
although further studies to determine the optimal concentration
of P22 are required to improve its Sp with a minimal
loss of Se.

Serological diagnostics is a cost-effective alternative for
TB diagnostics. However, the Se of antibody-based diagnostic
tests was generally lower compared to tests based on CMI
(46, 47). In the present study, the Se of P22-ELISA was
slightly lower than that in previous studies in goats and
cattle (25, 39). This loss of Sp might be explained by the
fact that animals from herd A were not vaccinated against
MAP nor subjected to frequent intradermal testing, factors that
could enhance humoral responses against MTBC antigens (48).
Interestingly, the Se was significantly enhanced when using P22
and MPB83 ELISAs in parallel. Thus, even though MPB83 is
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a major component of the P22 complex, specific IgGs of some
infected animals were only detectable using the MPB83 purified
recombinant protein alone, while others were only detected
using the P22 complex, which contains additional serodominant
epitopes (23).

Finally, Sp of the P22-ELISA reached considerably higher
Sp in MAP-vaccinated (and BCG-unvaccinated, i.e., herd B)
goats (93%) compared to that previously found in Spanish
(78%) and Norwegian MAP-vaccinated goats (58%) (24). In the
latter study, besides MAP vaccination, MAP coinfection and/or
contact with environmental mycobacteria was not discarded as
a source of diagnostic interference. Interestingly, in the present
study, the Sp was also high in BCG- and MAP-vaccinated goats
(96%), suggesting that BCG vaccination does not induce antibody
responses that cause interference on the diagnosis by the P22-
ELISA. The absence of antibody responses was consistent with
the fact that the BCG Danish strain used for vaccination expresses
low levels of MPB83 and MPB70 (49), which are the most
abundant proteins of the P22 antigenic complex (23). Moreover,
tuberculin skin testing after 42 days of MAP or BCG vaccination
caused a boosting effect on humoral responses against tuberculin
antigens, resulting in false-positive cattle for an MPB83-based
ELISA (50). Here, minimal or no boosting effects of MAP/BCG
vaccination due to skin testing were observed on the P22-ELISA.
Indeed, goats from herd B were sampled around 2 years after
vaccination against MAP, and ST was performed once or twice
after MAP vaccination. Also, 34/68 goats from herd C were
vaccinated with BCG and Gudair® at 9-10 months before the
sampling, whereas the rest of the animals were vaccinated more
than 1 year before, and no ST was performed since. Based on
the results herein, the P22-ELISA seemed to be a useful ancillary
diagnostic tool, either in BCG or MAP vaccination context,
although it should be confirmed in further studies with larger
sized herds.

In conclusion, this study reinforces the applicability of the
P22 antigen complex as a complementary instrument for TB
diagnostics in goats under different control scenarios. The
P22 serological diagnostic is a cost-effective alternative, and
combined interpretation with STs, either with PPD-B or P22,
showed promising results. Moreover, the use of P22 antigenic
complex in CMI-based diagnostic tests showed encouraging
results, being suitable for further research on the improvement
of TB diagnostics.
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Progression of Coxiella burnetii infection in four naturally infected sheep flocks, and in their
farm environment, was monitored throughout four lambing seasons. Flocks with an active
infection were selected based on the presence of C. burnetii DNA in bulk-tank milk (BTM)
and a high seroprevalence in yearlings during the previous milking period (Spring 2015).
During four consecutive lambing seasons (2015/16-2018/19), samples were collected
within 1 week after each lambing period from animals (vaginal swabs, milk and feces from
ewes, and yearlings) and the environment (dust indoor sheep premises). BTM samples
and aerosols (outdoors and indoors) were monthly collected between lambing and the
end of milking. Real-time PCR analyses showed different trends in C. burnetii shedding
in the flocks, with a general progressive decrease in bacterial shedding throughout
the years, interrupted in three flocks by peaks of reinfection associated with specific
management practices. A significant relationship was found between C. burnetii fecal
shedding and the bacterial burden detected in dust, whereas shedding by vaginal route
affected the detection of C. burnetii in indoor aerosols. Three genotypes were identified:
SNP8 (three flocks, 52.9% of the samples), SNP1 (two flocks, 44.8% samples), and
SNP5 (one flock, two environmental samples). Coxiella burnetii viability in dust measured
by culture in Vero cells was demonstrated in two of the flocks, even during the fourth
lambing season. The results showed that infection can remain active for over 5 years if
effective control and biosafety measures are not correctly implemented.

Keywords: Coxiella burnetii, Q fever, sheep, genotypes, viability, lambing, environment

INTRODUCTION

Q fever is a widespread zoonosis caused by the intracellular bacterium Coxiella burnetii. Goats and
sheep are considered the main reservoir of C. burnetii, and both have a significant role as source
of human infection (1, 2). Q fever causes abortions in small ruminants (3), and once C. burnetii
enters into a flock, infection spreads rapidly. Infected animals shed C. burnetii through birth
products, vaginal fluids, feces, milk, and urine for several weeks after abortion or normal parturition
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(4-10), but the bacterial load shed by aborted animals is higher
than that shed by those that deliver normally (9). Abortion rates
due to C. burnetii are especially high in goats (up to 70-90%)
(4, 11) but lower in sheep (usually below 6%) (12). These low
rates can be considered normal by the farmer, and consequently,
samples of aborted animals are not submitted for diagnostic
testing. Therefore, Q fever is not diagnosed, control measures are
not implemented, and the infection can be maintained in a sheep
flock throughout consecutive lambings. In a recent study carried
out in dairy sheep flocks, C. burnetii shedding through milk
was still observed in several flocks 10 years after first detection
(13). This suggests that flock management practices together
with lack of control measures implemented can cause periodical
reactivation of C. burnetii infection (14-17).

Coxiella burnetii shedding by infected animals, together with
their movements in indoor animal premises, promotes the
formation of contaminated aerosols. Bacterial load in aerosols
is the highest at the peak of abortions (4) and also correlates
with the number of shedders in the flock (18). The progression
of natural infection by C. burnetii in sheep flocks during several
breeding seasons has not been fully investigated; thus, the length
of time that the infection remains active in the flock is unknown.
It is known that in the breeding seasons that follow an outbreak of
abortion by Q fever, abortions decrease in sheep, and C. burnetii
shedding naturally declines (19). Vaccination with phase I
vaccine helped to limit bacterial shedding in ewes and yearlings
from infected flocks in the two first years, resulting in a complete
clearance of the infection after 4 years of vaccine implementation
(20). However, C. burnetii DNA was still detected in dust samples
in the fourth season after vaccination (20). Presence of Coxiella
DNA in dust collected in farm premises has been reported in
several studies (4, 9, 20, 21), but the time Coxiella remains viable
has been scarcely investigated (4, 21). Kersh et al. (21) still found
viable Coxiella in a goat farm in the kidding season that followed
an abortion outbreak. In fact, the small-cell variant (SCV) is a
spore-like form of C. burnetii, which can survive during long
periods of time in the environment (22). Results pointed out
that loads of viable C. burnetii are at the highest level during
lambing/abortion period and progressively decrease thereafter
until no viable bacteria are detected 2 months after the last
parturition (4).

The genotype of C. burnetii could affect the course of infection
(23, 24). In Spain, there is not much information about genotypes
of C. burnetii involved in Q fever cases, neither in humans
nor in animals. Recent studies carried out in Northern Spain
identified goats rather than sheep as the main source of Q fever
for humans, with pneumonia as the main symptom (4, 25-27),
but interestingly, sheep and goats share the same C. burnetii
genotypes in this area (4, 13, 27). Therefore, further studies are
needed to better understand the epidemiological features of C.
burnetii infection in sheep. This work was aimed at studying the
progress of Coxiella infection throughout four lambing seasons in
four dairy sheep flocks in semiextensive management systems in
which no vaccination program was implemented. Genotyping of
the strains involved and the investigation of C. burnetii viability
in consecutive breeding seasons would help to better understand
Q fever infection in sheep.

MATERIALS AND METHODS

Flocks Selection and Sampling Approach
Latxa is the dairy breed of sheep in the Basque Country. Lambing
takes place once per year, between November and January for
ewes and between March and April for yearlings. Animals are
housed indoors in winter and at night and in rainy weather
during the milking season, which ends in June-July. After that
period, flocks are moved to communal mountain pastures where
sheep share grazing areas with other sheep flocks, cattle, and
horses, and wildlife, mainly wild boar, roe deer, badger, and foxes.

Four sheep flocks that tested real-time PCR positive to
C. burnetii on bulk-tank milk (BTM) samples collected in
March-April 2015 were selected. These flocks also showed a
high seroprevalence against C. burnetii measured by ELISA
in yearlings (Table 1). Both results suggested that C. burnetii
infection was active in these flocks. Farmers were interested
in collaborating and studying the evolution of the infection
throughout four lambing seasons: 2015/2016, 2016/2017,
2017/2018, and 2018/2019. Flocks had never been vaccinated
against this pathogen. It should be noted that, at the beginning
of this study, there was a stock rupture in the production of
the phase I inactivated vaccine, so vaccination could not be
considered. A questionnaire was conducted to collect data on
census, farm characteristics, management system, abortion
history, and hygiene and biosecurity measures implemented
in each farm. According to farmers perception, significant
abortions were not reported in the years prior to the study.
However, one of them reported that a family member had
suffered from pneumonia in the 2014/2015 production season,
but since hospitalization was not needed, the etiological agent
was not identified. For the correct management of the placentas,
farmers were offered a freezer and biohazardous waste disposal
containers, which, once filled, would be removed for incineration
of infectious material. The goal was to quickly remove potentially
infective material from the farm environment, thereby reducing
possible environmental contamination. Three of the farmers
performed this procedure, while the fourth (flock 2) had a type
of slatted floor that resulted in placentas falling directly into the
slurry pit. Table 1 summarizes information about the selected
flocks. Two of the flocks (flocks 2 and 3) used to buy animals
from other flocks. Flock 4 had old animal premises and moved
to a new farm in the lambing season 2018/2019.

Flocks were visited at lambing during four consecutive
lambing seasons. During the first three seasons, samples were
collected from ewes and yearlings and purchased animals (if any).
During the last lambing season, only yearlings were sampled.
Vaginal exudates (collected with swabs without medium), milk,
and feces were taken from a maximum of 40 ewes and/or 40
yearlings within 1 week after parturition to evaluate C. burnetii
shedding (Table 1). During these visits, environmental samples
consisting of duplicates of 8-10 dust samples were taken from
different surfaces of the animal premises to detect the presence of
C. burnetii DNA and for further viability studies (one duplicate
kept at —80°C). In addition, monthly visits were made until the
end of the milking period, and a BTM sample was collected to
monitor C. burnetii shedding at the flock level, as well as aerosols
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TABLE 1 | General information of the sheep flocks included in the study.

Flock 1 Flock 2 Flock 3 Flock 4
CENSUS
Ewes 416 250 543 411
Yearlings 80 50 87 83
Communal pastures Ewes Ewes and yearlings Ewes Ewes and yearlings
Cattle in the farm Yes No No No
Goats in the farm Yes No No No
Purchase of animals No Yes Yes No
Abortions >3% No No No No
CHARACTERISTICS OF THE SHEEP PREMISES
Year of construction 1995 2009 2007 1975*
Ventilation Regular Bad Regular Bad
Slatted floor Yes Yes No No
Straw bedding Yearlings No Yes Yes
Water source Well Well Tap water Tap water
Frequency of manure removal Daily 1/year 2/year 2/year
BIOSECURITY MEASURES
Management of placentas Cremation Manure Cremation Cremation
Exclusive cloth No No No No
Access of visits Yes Yes Yes Yes
Other measures No No No No
Q FEVER STATUS (2014/15)
Seroprevalence (%)
Ewes 26.7 40.0 13.3 26.7
Yearlings 66.7 46.7 46.7 53.3
BTM ELISA Positive Positive Positive Positive
BTM PCR Positive Positive Positive Positive
RANGE OF ANIMALS ANALYZED PER LAMBING SEASON
Ewes' 30-40 (110) 30-615 (131) 30-68% (138) 30-40 (110)
Yearlings 28-40 (132) 7-28 (62) 7-28 (71) 30-40 (140)

*New sheep premises for the period 2018/19.
tEwes were not sampled in the 2018-2019 lambing season.
8purchased ewes included.

collected indoor and outdoor sheep premises. The air sampler
“MD8” Sartorius (Goettingen, Germany) was used, performing
an aspiration of 100 L/min air for 10 min. The air passed through
a gelatin filter adapted to the equipment, which was analyzed in
the laboratory by real-time PCR in order to detect the presence of
C. burnetii DNA in the aerosols generated at the farm.

Molecular Analyses

DNA Extraction and Real-Time PCR

DNA was extracted using the QIAmp DNA Blood Mini Kit
(Qiagen Hilden, Germany) with some modifications. Briefly,
milk or feces were mixed with 180 pl of ATL buffer (Qiagen,
Hilden, Germany) and digested with 20 pl of proteinase K
(8 mg/ml) for 30 min at 70°C before DNA extraction. Vaginal
or dust swabs were treated with 300 wl of TE buffer (10 mM
Tris base, 1 mM EDTA, pH 8) before being mixed with ATL
and proteinase K for 1h at 56°C. The initial treatment of the
gelatin filters from the air sampler was done as previously
described (18). Negative extraction controls were included every

10 samples to rule out DNA contamination. The presence of C.
burnetii DNA was investigated by a real-time PCR procedure
targeting the transposon-like repetitive region IS1111 of C.
burnetii genome (28). A commercial internal amplification
control (IAC) (TaqMan® Exogenous Internal Positive Control,
Thermo Fisher Scientific) was included in the assay to monitor
for PCR inhibitors.

Genotyping

A selection of animal and environmental samples positive by
real-time PCR with Ct < 31 were genotyped using a previously
described single-nucleotide polymorphism (SNP) genotyping
assay that detects 10 discriminatory SNPs by real-time PCR (29).
SNPs were identified and selected by Huijsmans et al. (29) on
the basis of both the consensus sequence generated from 100,000
bp of the five known whole genome sequences of C. burnetii
(RSA493, RSA331, CbuG_Q212, Cbuk_QI154, and 5J108 111
Dugway) and an in silico investigation of their discriminatory
power using BLAST (29). SNPs 769, 2287, 4439, 4557, 4844,
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5423, and 6025 (positions indicated in the reference sequence
RSA493, GenBank accession no. AE016828.2) are located within
single-copy genes. SNPs 7087, 7726, and 7974 are located within
the multicopy insertion sequence IS1111 (positions within the
first IS1111 encountered, as indicated in the strain RSA493
reference sequence, GenBank accession no. AE016828.2), which
is distributed throughout the C. burnetii genome. Ten real-
time PCR reactions were performed per sample, each including
two primers and two MGB® TagMan probes to detect point
mutations. Each 20 wl PCR mixture contained 625nM of each
primer, 125nM of each probe, 1x Taq Mix ABsolute (Thermo
Fisher Scientific), and 5 pl of template DNA. PCR reactions were
run on a BioRad platform (CFX96™ RTi-PCR Detection System)
using the following program: 15 min at 95°C, and 45 cycles of 3 s
at 95°C, and 30 s at 60°C.

A selection of samples were also genotyped by multispacer
sequence typing (MST) of eight spacers (Cox2, Cox5, Cox18,
Cox22, Cox37, Cox51, Cox56, and Cox61) as previously
described (30), with small modifications. Briefly, two four-
plex PCR reactions were carried out followed by individual
amplifications for each spacer region. Each amplicon was then
purified and sequenced, and genotypes were identified by
comparison with the database at https://ifr48.timone.univ-mrs.
fr/mst/coxiella_burnetii/.

Serological Analyses: Enzyme-Linked

Immunosorbent Assay

In order to evaluate seroprevalence against C. burnetii, individual
milk samples were centrifuged, and milk sera were tested for
Q fever antibodies using an ELISA test (LSIVET Ruminant
Serum/Milk Q Fever kit; Thermo Fisher Scientific). An index
(S/P) of the tested milk serum optical density to optical density
of the positive control ratio was calculated according to the
manufacturer’s instructions. Individual milk samples with S/P
indices <0.4 were considered negative, while samples with S/P
>0.4 were considered positive.

Viability Studies

Ethics

Experimental studies were carried out in BSL3 facilities and
consisted of experimental inoculations in 6-week-old BALB/c
male mice combined with cell culture. Permission was obtained
from the Ethical & Animal Welfare Committee (Bizkaiko Foru
Aldundia, document 3/2017 v02, Reg. 32243 25 June 2018).

Isolation

Environmental viability of C. burnetii was assessed on dust
samples collected after yearlings lambing under the assumption
that dust deposited at that time would had been originated
from aerosols generated during both ewes and yearlings lambing.
Viability studies of C. burnetii in environmental samples were
carried out by passage through mice and culture in Vero cells
[African green monkey epithelial cells VERO C1008 (Vero
76, clone E6, Vero E6 ATCC® CRL-1586™)]. Dust samples
were homogenized and prepared as detailed elsewhere (4). The
quantification of C. burnetii genome equivalents (GE) in each
homogenate was carried out by quantitative real-time PCR

(qPCR) using 5 pl of DNA (in triplicates) and specific primers
and a probe targeting the IS1111 gene as described elsewhere (28).
In each qPCR run, a standard curve was generated using 10-fold
serial dilutions of a known concentration of Nine Mile (RSA439)
phase II strain of C. burnetii DNA. After quantification, aliquots
of 200-500 pl were prepared from each dust homogenate,
containing approximately 102-10% C. burnetii GE. These aliquots
were inoculated intraperitoneally in four mice each; a dust
homogenate with viable C. burnetii (4) collected from a goat farm
in 2017 and stored at —80°C was used as a positive control. As
determined in previous studies (4, 31), mice were euthanized on
days +14 and +21 p.i., and spleens were removed. The level
of splenomegaly was determined from the ratio of the spleen
weight to body weight. Half of the spleen from each mouse was
processed for DNA extraction and real-time PCR amplification
as fully detailed elsewhere (4). Positive samples were subjected to
qPCR to quantify the number of C. burnetii GE detected in spleen
in order to compare it with the number of GE inoculated; when
the number of C. burnetii GE recovered from the spleen was equal
or higher than the GE inoculated, C. burnetii was considered to
have multiplied in vivo.

For qPCR-positive samples, the second half of the spleen was
homogenized with 700 pl Dulbecco’s modified Eagle’s medium
(DMEM) medium and 2% fetal bovine serum (FBS) in a
TissueLyser. A hundred microliters of each homogenate were
placed on shell vials (SV) containing Vero cells, as fully detailed
elsewhere (4). Briefly, after harvesting C. burnetii from SV on
day 6 p.i., three passages of 1,000 wl of harvested cells were
transferred at weekly intervals into T25 culture flasks containing
a Vero layer. At day 6 p.i. and before each passage, 200 pl was
collected for DNA extraction and qPCR, following procedures
described above. Cultures that maintained C. burnetii growth
during the second or third passage were considered to be positive.
Uninfected control cells were kept close to infected cells to rule
out possible cross-contaminations.

Statistical Analyses

The possible influence of the different factors studied, i.e., flock
(categorical; flock 1, flock 2, flock 3, flock 4), period of lambing
(categorical; ewes/yearlings), and lambing season (categorical;
2015-2016, 2016-2017, 2017-2018, 2018-2019) over positive or
negative C. burnetii animals shedding through vaginal fluids,
feces, or milk was analyzed using a logistic regression. The
final model was selected as the one with the lowest Akaike’s
information criterion (AIC) value from all of the models
performed. Odds ratio values were computed by raising “e” to
the power of the logistic coeflicient over the reference category.

Cohen kappa statistics were used for assessing agreement
between shedding by different excretion routes and ELISA
results. The symmetry of disagreement between them was
evaluated with McNemar’s chi square test.

The risk of environmental (dust, indoor/outdoor aerosol)
contamination by C. burnetii was evaluated with a data mining
classification tree using “rpart” package (32); dust, indoor
aerosols, and outdoor aerosols were continuous dependent
variables (expressed in Ct values in real-time PCR). Classification
and regression tree (CRT) identifies variables that divide
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FIGURE 1 | Percentage of Coxiella burnetii shedders (ewes, yearlings, and, if applicable, purchased animals) throughout the four lambing seasons in the four studied
flocks, through vaginal fluids (V), milk (M), and feces (F) with mean Ct values + SD, represented with diamonds. The circles represent the mean of the Ct values + SD
obtained in real-time PCR from dust samples taken during ewes lambings (gray circles) and yearlings lambings (red circles). Ewes were not sampled in the fourth
lambing season and are not represented.
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environmental (dust/aerosols) results into homogeneous
subgroups with distinct patterns of C. burnetii contamination.
The CRT model provides a way to identify main factors. CRT
evaluates all the values of the potential factor using, as a criterion,
the significance of a statistical ANOVA test and split maximizing
the between-groups sum of squares, selecting the best predictor
variable to form the branch in a classification tree; successively
splitting in data set makes increasingly homogeneous nodes
in relation to the dependent variable. This process continues
until the classification tree is fully grown. Figures for CRT were
performed by “rpart.plot” package (33).

The degree of splenomegaly in experimental mice
was evaluated with a Welch two sample ¢ test to correct
homoscedasticity. Linear regression was performed with the
purpose of analyzing any relationship between C. burnetii GE
load present in the inoculum injected to mice and the GE of
C. burnetii recovered from the spleen of experimental animals.
Log-transformed data were used in both analyses. All statistical
analyses were performed using the statistical software R version
3.6.2 (34).

RESULTS

Coxiella burnetii Shedding and Serological
Response in Ewes and Yearlings

Real-time PCR results showed different trends in Coxiella
shedding throughout the 4-year study in the studied flocks
(Figure 1). Overall, the percentage of C. burnetii shedders was
significantly higher in the first lambing season (2015/2016)
(Table 2). In the first lambing season, flock 1 showed a high-
moderate percentage of ewes shedding C. burnetii by different
routes (vaginal fluids > feces > milk), but no shedders were
detected in the group of yearlings. The following lambing seasons
(2016/2017 and 2017/2018) ewes barely shed C. burnetii, whereas
yearlings showed a reactivation of the infection in the second
and fourth lambing seasons. The situation in flock 2 was affected
by the reported purchase of a group of 30 pregnant ewes in
December 2015. These animals became infected when they

entered into the contaminated animal premises and shed high
C. burnetii loads at lambing. This caused the reactivation of
infection in the flock, which mainly affected the yearlings while
the proportion of ewe shedders of that season was low (Figure 1).
Afterwards, in the following seasons, flock 2 showed a decrease
in the percentage of animal shedders. Patterns of infection in
flock 3 were the opposite, with a low proportion or absence of
C. burnetii shedders during the first two lambing seasons and
reactivation of infection in yearlings in the last two seasons. Flock
3 introduced a new group of pregnant ewes (N = 62) on the 20th
March 2017, 1 week before the lambing of yearlings. Later on,
purchased animals showed to be infected at lambing (7% animal
shedders, 2/28, in samplings carried out between 27th March
and 19th April). Flock 4 showed a high percentage of shedders
during the first lambing season, in both ewes and yearlings, but
a significant decrease occurred in the following lambings and no
shedders were detected in the last two seasons (Figure 1). Overall,
flock 4 had a significantly higher number of animal shedders than
flocks 2 and 3, but lower than flock 1 (Table 2).

Shedders were more frequently found among yearlings than
among ewes, but to a lesser extent than among newly introduced
animals (purchased group) (Table2). Regarding C. burnetii
shedding loads expressed as Ct values in real-time PCR, the
highest excretion levels (lowest Ct) were detected in yearlings,
especially through vaginal fluids (Figure 1).

Comparison of seroprevalence in ewes throughout the
lambing seasons showed marked differences between flocks
(Figure 2). Thus, in flock 1, seroprevalence in ewes ranged
between 58 and 80%; in flock 2, between 30 and 60%; in flock
3, 35-40%; and in flock 4, 13-63%. Thirty-two percent of the
recently purchased ewes (9/28) in flock 3 had antibodies against
C. burnetii, suggesting that ewes were already infected when
introduced into the flock.

In yearlings, seroprevalence increased or decreased according
to the trends of C. burnetii infection in each flock, showing
in general lower seroprevalences than ewes. Flocks 2 and 4
showed a progressive decrease in seroprevalence during the study
period (Figure 2). Independently of the shedding route (vaginal,
feces, or milk), a high percentage of C. burnetii shedders was

TABLE 2 | Logistic regression model for the prevalence of shedders.

Estimate Z value Pr (> |t]) OR 95% ClI
Intercept 0.4718 2.233 0.0255 1.60 1.06-2.43
Flock 4 (Ref.)
Flock 1 0.6048 2.816 0.0050 1.83 1.20-2.80
Flock 2 —1.1090 —3.775 0.0001 0.33 0.18-0.58
Flock 3 —-1.7177 —5.553 0.0001 0.18 0.10-0.32
Yearlings (Ref.)
Ewes —0.7806 —3.762 0.0001 0.46 0.30-0.68
Purchased 1.2847 4.353 0.0001 6.20 2.74-14.26
Lambing.season 2015-2016 (Ref.)
Lambing.season 2016-2017 —1.7405 —7.708 0.0001 0.18 0.11-0.27
Lambing.season 2017-2018 —2.4730 -8.327 0.0001 0.08 0.05-0.15
Lambing.season 2018-2019 —0.6371 —2.166 0.0303 0.52 0.30-0.93
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FIGURE 2 | Percentage of shedder animals by at least one excretion route (vaginal fluids, feces, or milk) and seroprevalence observed corresponding to ewes and
yearlings of the four studied flocks during four lambing season (bars). Coxiella burnetii DNA present in aerosols taken outdoor (empty triangles) and indoor (black
triangles) animal premises from lambing to the end of milking season are also represented. Ewes were not sampled in the fourth lambing season and are not
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not always positively correlated with seroprevalence (Figure 2).
Cohen kappa (kappa = 0.142) and McNemar’s test (McNemar’s
chi-squared = 10.75, df = 1, P = 0.001) statistics showed a poor
relationship between C. burnetii shedding and ELISA results.
Results of C. burnetii shedding as well as detection of antibodies
in ewes and yearlings per flock and lambing season are compiled
in Table S1.

The evolution of C. burnetii DNA presence in BTM samples
during the four milking seasons is shown in Figure 3. In the
first lambing season, bacterial shedding was very low in the four
herds, always with Ct >30. In all milking seasons, bacterial load
in BTM was higher after yearlings were included in milking (from
February onwards). The highest bacterial load (Ct = 30) was
found in flock 1 in the second lambing season. The reactivation
of C. burnetii infection observed in yearlings from flocks 1 and
3 (see above) was also reflected in the bacterial load detected in
BTM samples (Figure 3 and Table S1).

Coxiella burnetii in Environmental Samples
Dust samples taken from different surfaces on animal premises
during ewe and yearling lambings were C. burnetii DNA-positive
throughout the 4 years of the study (ranges of Ct of 27-35), the
only exception being flock 4, which became negative in the fourth
lambing season. This flock had moved to new animal premises
before lambing season 2018/2019 started, and C. burnetii DNA
was not detected in dust thereafter. In the other three flocks,
sporadic increases in dust bacterial load with respect to previous
years were associated to increases in the number of shedders
(Figure 1). The CRT algorithm stratified variables that played an
important role in the amount of C. burnetii in dust (Figure 4A)
and identified two determining factors for higher amounts of
C. burnetii in dust (Ct = 29, 32% samplings), i.e., a percentage
of fecal shedders higher than 1.2% (node 1), followed by the
presence in the flock of more than 10% of shedders by vaginal

route (node 3). When the presence of fecal shedders was low
(node 2), the presence of C. burnetii in dust was determined by
the lambing of ewes rather than yearlings (Figure 4A).

Results for the aerosols taken monthly indoor and outdoor
of the farm from lambing until the end of the milking period
are shown in Figure 2. Flocks 2 and 4 showed a progressive
decrease in indoor environmental contamination during the
course of the study, and in the fourth season, aerosols taken
at yearling lambing were negative. On the contrary, flocks 1
and 3 showed sporadic increases in bacterial loads in aerosols
due to reinfections in the flocks, and in the last lambing
season, positive aerosols were still detected in the farm. The
presence of C. burnetii in indoor aerosols was determined by
the percentage of vaginal shedders (node 1) (Figure 4B), and
when the percentage of shedders was below 10% (node 2),
lambing season was identified as a determining factor (node
3); in the first lambing season, mean Ct value in indoor
aerosols was lower than in the following seasons. From the
second lambing period onwards, Ct values were determined by
C. burnetii load shed through feces (node 5). Contamination
of outdoor aerosols was less frequent, and when positive, the
bacterial load was always lower (Ct > 32) than in aerosols
taken indoors (Figure2). Based on CRT algorithm results,
rates of seroprevalence higher than 61% (node 1) determined
the presence of positive aerosols outdoors (Figure4C), and
when seroprevalence in the flock was lower, a higher excretion
of C. burnetii through feces (Ct < 40) (node 3) was the
determining factor. Raw data of real-time PCR results obtained
from dust and indoors/outdoors aerosols can be found in
Table S1.

Genotypes of C. burnetii
A selection of samples (vaginal fluids, feces, milk, dust, and
aerosols), with low Ct values in real-time PCR, was analyzed

Ct real-time PCR
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S
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FIGURE 3 | Evolution of C. burnetii shedding through milk measured by bulk-tank milk (BTM) real-time PCR analyses throughout the four milking periods.
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by SNP genotyping. The number of genotyped samples in each
flock depended on the infection status shown in the course
of the study. Thus, a total of 87 DNA samples could be
genotyped (flock 1, 27 samples; flock 2, 25 samples; flock 3, 18
samples; flock 4, 17 samples), mainly from animals (61%) and
dust (28%), and to a lesser extent, aerosols (11%) (Table S2).
In flocks 1 and 4, only one genotype was identified (SNP8
in flock 1 and SNP1 in flock 4). In flock 2, three genotypes
were identified (SNP1, SNP5, and SNP8), but SNP1 was the
predominant genotype. In flock 3, two genotypes were identified
(SNP1 and SNP8), but SNP8 was the predominant in both
animal and environmental samples (Table 3). Overall, SNP8
was the most widespread genotype, found in three flocks and
accounting for 52.9% of the samples; SNP1 was found in two
flocks and 44.8% of the samples. For a selection of DNA
samples (N = 4), the MST genotype was also determined.
Two SNPI1 samples from flocks 2 and 4 belonged to the
MST13 genotype, while two SNP8 samples from flocks 1
and 2 corresponded with MST18. Unfortunately, no complete
MST results were obtained from the only sample (dust) with
SNP5 genotype.

Viability of C. burnetii in Dust

The duplicates of dust samples collected at each yearling lambing
were pooled and processed to study C. burnetii viability using
cell line culture. These accounted for 15 dust homogenates
corresponding to the four lambings in flocks 1, 2, and 3, and three
lambings in flock 4 (Table 4). Ct values of dust homogenates in
real-time PCR ranged between 28.7 and 35.5 (Table 4). Prior to
cell culture assays, each homogenate was inoculated into four 6-
week-old male BALB/c mice. C. burnetii DNA was detected in the
spleen of 20 of the 60 inoculated mice at +14 and +21 days p.i;;

yet, in 3 of them, recovered GEs were below inoculated GEs. The
presence of C. burnetii DNA was also confirmed in the four mice
inoculated with the positive control (one mouse with lower GE
than inoculated).

Comparisons among flocks suggested that viable C. burnetii
were more widespread in flock 1, since 13 of the 16 mice spleens
were positive after inoculation with dust collected in the four
lambing seasons. In flock 2, only one mouse inoculated with a
dust sample taken in the second lambing season was real-time
PCR positive. In flock 3, six mice inoculated with dust collected
in the first and fourth lambing seasons were positive in real-time
PCR. Finally, mice inoculated with dust homogenates from flock
4 were all negative.

A significant correlation was observed between the C. burnetii
GE inoculated and the C. burnetii GE recovered from spleen
(adjusted R* = 0.4398, P = 0.0042). To assess splenomegaly, the
ratio spleen of weight/live weight of mice was compared between
positive mice (C. burnetii DNA detected in spleen by real-time
PCR) and negative mice. Significant differences were observed (¢
= —3.6449; df = 29.512; p = 0.0010), and positive mice showed
aratio 1.53 times greater than negative mice.

Cultures in Vero cells of homogenates of spleens from the
20 real-time PCR-positive mice, as described above, resulted
in C. burnetii growth in 7 mice (Table 4). Growth for at least
two passages was only observed in those cases when shell vials
were inoculated with at least 9.45 x 10° GE. C. burnetii isolates
were successfully cultured from dust collected in flock 1 in the
second and fourth lambing season, whereas in flock 3, viable
C. burnetii was only recovered in dust collected in the fourth
lambing seasons.

SNP genotypes were analyzed in positive spleens, and SNP8
was identified in mice inoculated with dust samples from flocks

TABLE 3 | Single-nucleotide polymorphism (SNP) genotyping results from selected DNA samples obtained in each flock from animals and the environment (dust and

aerosols) during the four lambing seasons.

Lambing Origin of Flock 1 Flock 2 Flock 3 Flock 4
season samples
SNP8 SNP1 SNP5 SNP8 SNP1 SNP8 SNP1
2015-2016 Ewes/yearlings* 5 13 - 1 1 - 12
Dust - 3 - - _ 3 3
Aerosols - 1 1 - - 1 1
2016-2017 Ewes/yearlings 6 1 - - - 1 _
Dust 2 1 1 - - 1 1
Aerosols 3 1 - - - - -
2017-2018 Ewes/yearlings - - - - - 2 -
Dust 2 - - 1 - 2 _
Aerosols 1 - _ _ _ 1 _
2018-2019 Ewes/yearlings 6 1 - - - 4 -
Dust 2 - - - - 2 -
Aerosols - - - - - - _

*Vaginal fluids/milk/feces.

Frontiers in Veterinary Science | www.frontiersin.org

July 2020 | Volume 7 | Article 352


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

TABLE 4 | Investigation of viable C. burnetii in dust collected at yearling lambings in the studied flocks throughout the study using Balb/c mice and culture in Vero cell lines.

BALB/c mice inoculation Culture in cell lines (Vero E6) (GE/ml)

B10"UISIONUOI MMM | 90UBIOS AJBULISIBA Ul SJOUOI

258 eppiuy | 2 awnioA | 020z AInp

Flock Lambing period Ctreal-time No. of GE? No. of mice No. of mice No. of positive No. of GE in Inoculated Day 6 p.i. 1stp ge 2ndy ge 3rdp ge Viable
PCR (mean) injected sacrificed at day sacrificed at mice (day p.i.) spleen C.
+14 p.i.b day +21p.i. burnetii
1 2015-2016 32.9 3.8 x 10? 2 2 2 (+14) 1.7 x 10° 1.00 x 102 0.0 0.0 0.0 0.0 No
1.0 x 10° 1.00 x 102 0.0 0.0 0.0 0.0 No
1(+21) 1.3 x 104 1.00 x 102 0.0 0.0 0.0 0.0 No
2016-2017 28.8 58 x 108 2 2 2 (+14) 3.4 x10* 154 x 102 3.44 x 102 0.0 0.0 0.0 No
1.2 x 10° 1.42 x 10° 3.71 x 10° 5.80 x 10? 0.0 0.0 No
2 (+21) 1.1 x10° 1.00 x 10> 2.01 x 10° 0.0 0.0 0.0 No
9.8 x 100 9.50 x 10°  8.16 x 10° 1.43 x 108 2.88 x 105 2.26 x 10° Yes
2017-2018 29.6 3.4 x 103 2 2 2 (+14) 2.5 x 10? 1.00 x 10? 0.0 0.0 0.0 0.0 No
4.1 x 10? 1.00 x 10? 0.0 0.0 0.0 0.0 No
2018-2019 28.7 6.2 x 10° 2 2 2 (+14) 7.0 x 10° 120 x 10*  1.11 x 10* 9.10 x 10° 0.0 0.0 No
4.5 x 107 9.45 x 10 4.23 x 10° 1.94 x 10° 2.22 x 10° 0.0 Yes
2 (+21) 2.7 x 108 3.82 x 105 2,18 x 10° 4.70 x 10° 5.24 x 105  1.00 x 10° Yes
55x10° 949 x 10° 276x10°  3.65x10°  3.65 x 10° 0.0 Yes
2 2015-2016 29.8 2.9 x 10° 2 2 0 0
2016-2017 31.9 7.5 x 102 2 2 1 (+21) 8.8 x 10° 252 x10° 210 x 10° 0.0 0.0 0.0 No
2017-2018 34.2 1.7 x 102 2 2 0 0
2018-2019 34.7 1.2 x 10? 2 2 0 0
3 2015-2016 30.5 2.0 x 103 2 2 1(+14) 8.5 x 10* 1.00 x 10? 0.0 0.0 0.0 0.0 No
2 (+21) 7.1 x 10° 451 x10°  9.86 x 10° 1.89 x 10° 0.0 0.0 No
1.2 x 104 519 x 10°  1.42 x 10* 1.85 x 10* 0.0 0.0 No
2016-2017 35.5 9.4 x 10! 2 2 0
2017-2018 32.9 3.9 x 10? 2 2 0
2018-2019 29.4 3.9 x 108 2 2 1(+14) 71 %107 445x 108 111 x10° 463 x10° 446 x10° 1.00x 10°  Yes
2 (+21) 15x 107 879 x10° 125x10° 199 x 10°  3.30 x 10° 1.32 x 10°  VYes
54 x 10" 9.03x10° 1.95x 107 119 x 107 692 x 10° 6.03x 10°  Yes
4 2015-2016 31.9 7.4 x 107 2 2 0 0
2016-2017 30.8 1.6 x 10° 2 2 0 0
2017-2018 33.2 3.2 x 107 2 2 0 0
Posit. 2017 20.9 10.7 x 10° 2 2 2 (+14) 3.0 x 107 1.82 x 10*  4.88 x 10* 5.33 x 10* 8.53 x 10* 0.0 Yes
Control 9.1 x 108 2.88 x 10°  6.90 x 10° 8.37 x 10° 2.76 x 105 6.91 x 10° Yes
(goats) 2 (+21) 48 x10° 230 x 10 205x 10  2.86 x 104 0.0 0.0 No
5.0 x 10* 3.00 x 10? 0.0 0.0 0.0 0.0 No

4GE, genome equivalents of C. burnetii determined by quantitative real-time PCR targeting IS1111.

bp.i., postinoculation.
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1 and 3, whereas SNP1 was identified in the only mouse positive
from flock 2. Interestingly, SNP5 detected in two environmental
samples in flock 2 was not recovered from mice.

DISCUSSION

This study shows the patterns of C. burnetii infection in four
naturally infected dairy sheep flocks throughout four lambing
seasons. The presence of animal shedders in the previous milking
season and high seroprevalence in yearlings suggested at the
beginning of the study that infection was active in all flocks
(1, 16). It is known that shedding of C. burnetii by vaginal fluids,
feces, and milk can persist in the breeding season that follows
infection onset in small ruminant farms, even when vaccination
has been implemented (20). In this study, the low percentage or
even the absence of shedders among ewes (flocks 2 and 3) and
yearlings (flock 1) during the first lambing season supported the
suspicion that C. burnetii infection had been present in these
flocks before the 2014/2015 season. Besides, infection was still
active in some flocks in the fourth lambing season (flocks 1 and
3), leading one to think that C. burnetii infection can remain
in a flock for more than 5 years, probably due to periodical
reinfections. In fact, a previous study hypothesized that infection
could be maintained for 10 years (13). The outcome of infection
showed the most desirable progression in flock 4, which started
with the highest percentage of animal shedders and the highest
bacterial shedding in ewes and yearlings during the first lambing
season, followed by a significant decrease in the following years
until the infection disappeared in the fourth lambing season.
Movement of the flock to new uncontaminated farm premises
before lambing season 2018/2019 undoubtedly helped to keep the
flock free of infection.

The fact that the bacterial load shed throughout the 4 years of
the study was lower in ewes than in yearlings also supports the
idea that infection had established in the flocks some time before
the study started. Had the infection onset occurred before, ewes
would have had time to develop immunity, whereas yearlings
would have been more susceptible to the infection (9).

This study also highlighted the risk of introducing naive
animals into an infected flock, which, as shown in flock 2,
can cause a reactivation of the infection. Purchasing infected
animals also poses a risk when introduced into a negative flock
(35, 36). This was probably the situation in flock 3, where
purchased pregnant ewes could have been the source of a new
infection. After lambings started, 1 week after purchase, the
presence of shedders was detected and moderate seroprevalence
was recorded, suggesting that those animals could have been
infected previously and be the source of the infection observed
in yearlings during the third and fourth lambing seasons.

The four flocks were managed under a semiextensive system
where animals are housed during lambing and milking and,
afterwards, graze on communal mountain pastures in contact
with livestock and wildlife. In a region like the Basque Country,
where Q fever is endemic and vaccination is not frequently
implemented, this system poses a risk for infection and
reinfection (14, 15, 17). Nevertheless, the infection peak observed

in yearlings in flock 1 during the second and fourth lambing
seasons is difficult to explain since yearlings did not share grazing
pastures with other flocks. Roe deer frequented yearling grazing
fields; however, their role as infection source was ruled out after
testing Coxiella negative by PCR analysis of their feces (data not
shown). However, 5.1% of the roe deer analyzed in the same
region harbored C. burnetii DNA (37). Therefore, the role of roe
deer and other wildlife species as source of C. burnetii infection
as reported elsewhere (38) cannot be ignored. Besides, this was
the only farm that also holds beef cattle and goats as potential
source for yearling infection that unfortunately could not be
tested. However, cattle and goats in the farm were managed under
a year-round extensive system and did not share pastures with
sheep, thus minimizing opportunities for sheep cross-infection.
In any case, inappropriate implementation of biosafety measures
is a risk factor for flock infections that cannot be ruled out
(1, 16, 36).

The interpretation of the humoral immune response against
C. burnetii is complex and has little value at individual level
because a percentage of infected animals (25-50%) do not
seroconvert (6, 39-41). In this study, a commercial ELISA kit
was used to measure C. burnetii antibodies in milk samples,
since a good correlation between the level of antibodies detected
in individual milk with those present in blood serum has been
reported (42, 43). The marked differences in seroprevalence
observed in ewes and yearlings throughout the four lambing
seasons among flocks were probably associated to the exposure of
animals to different loads of viable bacteria. However, as seen in
this study and others (16), seroprevalence is not correlated with
bacterial shedding.

The abovementioned factors, such as animal purchase or
grazing in communal pastures, can favor not only C. burnetii
infection but also the probability of infection with more than
one genotype. The presence of several Coxiella genotypes in
a farm has been previously described (9, 44-46). Here, only
one genotype was detected in flocks 1 and 4, whereas in flocks
2 and 3, three and two different genotypes were detected,
respectively. Interestingly, flocks with more than one genotype
were those that had purchased animals. Regardless of the
flock, in all cases, the more frequently found genotypes were
SNP1/MST13 and SNP8/MST18. Both genotypes had been found
in the region in sheep flocks (13) or in Q fever outbreaks of
caprine origin associated with pneumonia in humans (4, 27). In
Europe, SNP1 and SNP8 genotypes have also been associated
to Q fever outbreaks (29, 45), and SNP5, only detected here
in two environmental samples (one dust, one aerosol) from
flock 2, has been found in goats in Belgium and France (29,
45). Regarding any possible association between genotype and
infection pattern, it is noteworthy that SNP1/MST13 was the
predominant genotype in flocks where infection progressed
toward a gradual decrease (flocks 2 and 4), whereas genotype
SNP8/MST18 predominated in the two flocks where infection
reactivated in yearlings (flocks 1 and 3). However, the effect
of purchase of animals on that reactivation hampers any
further conclusions. Similarly, since abortion rates were very
low, no associations can be inferred between pathogenicity
and genotype.
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Inhalation of aerosols contaminated with C. burnetii is
the main infection route in humans (23). Wind can easily
spread Coxiella resistance forms when climatic conditions are
favorable, and therefore, environmental contamination of the
surroundings of infected farms is a hotspot of concern that
has been addressed by many studies (4, 9, 21, 47, 48). In this
study, Coxiella loads were higher in aerosols taken indoors
than in those taken outdoors, and levels progressively decreased
during the weeks that followed the lambing seasons. These
results are in agreement with those found in similar studies
(4, 18, 21, 47, 48). Interestingly, detection of C. burnetii in
indoor aerosols was dependent on the proportion of animal
shedders through vaginal fluids, as reported elsewhere (18). C.
burnetii excretion by vaginal fluids is normally higher compared
to feces or milk (9), especially when infection is recent in the
flock. This study also pointed out that a high seroprevalence
in the flock could be an indication of a recent infection by Q
fever with a higher risk of detecting contaminated aerosols by
C. burnetii outdoors.

Coxiella accumulates in the dust of infected farms, and its
DNA remains in dust for long periods (20, 21). Here, levels of C.
burnetii in dust seemed to depend mainly on the number of fecal
shedders, and to a lesser extent of shedders by vaginal exudates.
Nevertheless, the bacterial loads detected in dust samples were
low in all four sheep flocks (ranges of Ct, 27-35) compared
to the loads found in other goat and sheep flocks (4, 21, 49),
but similar to the Ct values obtained in some farms from the
Netherlands during the large Q fever outbreak (47, 48). The fact
that, in the study herein, farmers rapidly discharged the placentas
contributed to reduce environmental contamination at the sheep
premises. Even though the inoculation procedure in mice was
carried out at the same time and using the same conditions for
all samples, inoculation of dust homogenates collected during
the first lambing season of yearlings in flocks 2 and 4 did not
produce positive results. Inoculated GE loads (2.9 x 10° in
flock 2 and 7.43 x 10% in flock 4) were similar to those used
with samples collected from the other two flocks that multiplied
in mice tissues. Interestingly, the genotype identified in these
samples was SNP1, which might suggests that multiplication of
low concentrations of this particular genotype is not enough to
grow in mice tissues.

Despite these low contamination loads in dust, isolation of
C. burnetii was obtained from dust collected in the second
and fourth lambing seasons in flock 1 and the fourth lambing
season in flock 3. These results suggest that environmental
contamination on the premises and surrounding areas of farms
where C. burnetii infection has been present for several years and
the number of shedders is low is markedly lower than at farms
suffering a Q fever outbreak (4). However, despite the low loads
of C. burnetii in dust, infection risk was still present since viable
C. burnetii were detected during the fourth lambing season in two
of the studied sheep flocks.

In conclusion, this study provided valuable epidemiological
data on C. burnetii infection in sheep and opened new
questions that require further investigation. The results obtained
demonstrated that if C. burnetii infection is not controlled using

a combination of vaccination and implementation of adequate
biosafety and managing procedures, an active infection and
continuous shedding of viable bacteria can persist in sheep flocks
for over 5 years.
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The Gram-negative bacteria of the genus Chlamydia cause a wide range of diseases in
humans and animals. The seroprevalence of Chlamydia in domestic black-boned sheep
and goats in China is unknown. In this survey, a total of 481 serum samples were collected
randomly from domestic black-boned sheep and goats from three counties in Yunnan
province, southwest China, from July to August 2017. The sera were examined by an
indirect hemagglutination assay (IHA). Antibodies to Chlamydia were detected in 100/481
[20.79%, 95% confidence interval (Cl), 17.16-24.42] serum samples (IHA titer >1:64).
The Chlamydia seroprevalence ranged from 12.21% (95% Cl, 7.81-16.61) to 30.89%
(95% Cl, 22.72-39.06) across different regions in Yunnan province, and the differences
were statistically significant (P < 0.01). The seroprevalence in male domestic black-boned
sheep and goats (28.64%; 95% Cl, 22.36-34.92) was significantly higher than that
in the females (15.25%; 95% CI, 11.05-19.45) (P < 0.01). However, there was no
statistically significant difference in Chlamydia seroprevalence in domestic black-boned
sheep and goats between ages and species (P > 0.05). To our knowledge, this is the
first report of Chlamydia seroprevalence in domestic black-boned sheep and goats in
Yunnan Province, southwest China. These data provide baseline information for future
implementation of measures to control Chlamydia infection in these animals.

Keywords: Chlamydia, domestic black-boned sheep and goats, indirect hemagglutination assay, seroprevalence,
China

INTRODUCTION

Chlamydia, an obligate intracellular Gram-negative pathogen, is responsible for a broad spectrum
of diseases in animals and humans (1, 2). Chlamydia grows and reproduces in the respiratory,
urogenital, and gastrointestinal tracts (2). Two species of the genus Chlamydia, namely Chlamydia
abortus and Chlamydia pecorum, can cause serious infections in sheep and goats (1). Chlamydia
is a leading cause of abortion in sheep and goats, which caused significant economic losses to
livestock industry (3-6). Additionally, as a zoonotic pathogen, humans can be infected via exposure
to Chlamydia infected animals (7).
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Chlamydia infection is prevalent in sheep and goats all over
the world, especially in sheep-rearing areas, such as in Northern
Europe and North America (8, 9). In China, Chlamydia infection
in sheep has been reported in many provinces, such as Qinghai,
Shandong, and Hubei (10). However, data about Chlamydia
infection in domestic black-boned sheep and goats have been
limited. Domestic black-boned sheep and goats have dark tissue
compared to ordinary sheep and goats, which has been attributed
to the presence of excessive melanin in domestic black-boned
sheep and goats (11).

Domestic black-boned sheep and goats are indigenous
animals to the Lanping County of Yunnan Province, China
(11-13). Because of their unique characteristics of these breeds,
black-boned sheep and goats have a strong adaptability, and
they have been introduced into other provinces of China, such
as Shandong, Henan, and Hebei (14). Therefore, in this study,
we examined the seroprevalence and risk factors of Chlamydia
infection in domestic black-boned sheep and goats in Yunnan
Province, southwest China. Our results provide baseline data
for future control strategies of Chlamydia infection in domestic
black-boned sheep and goats in China.

MATERIALS AND METHODS

Ethical Statement

This study was approved by the Animal Administration and
Ethics Committee of Lanzhou Veterinary Research Institute,
Chinese Academy of Agricultural Sciences (approval no.:
LVRIAEC-2017-06). Domestic black-boned sheep and goats,
from which the blood samples were collected, were handled
humanely in accordance with the requirements of the Animal
Ethics Procedures and Guidelines of the People’s Republic
of China.

The Study Sites

The survey was conducted in Shilin County, Lanping County,
and Yongsheng County in Yunnan Province, southwest China
(Figure 1). Yunnan Province is the major producing region
of domestic black-boned sheep and goats in China. In the
present study, the sampling sites are all large-scale farms, which
implement a free-range breeding mode for 5-8 h in daytime. The
annual temperature difference in Yunnan Province is small, but
the daily temperature difference is large.

Serum Samples

Between July and August 2017, a total of 481 blood samples
were collected randomly from domestic black-boned sheep and
goats from four intensive farms (n = 6,100), two of which
were from Lanping county (n = 213), followed by Yongsheng
county (n 145) and Shilin county (n 123), Yunnan
province, southwest China. A standardized questionnaire was
used to collect information about the region, gender, age, and
species of each animal. Blood samples were transported to the
laboratory, kept at room temperature for 2h, and centrifuged
at 3,000g for 10 min, and the supernatants, which represent
the serum samples, were collected and stored at —20°C until
further analysis.

Serological Examination

A commercially available indirect hemagglutination assay (IHA)
kit (Lanzhou Veterinary Research Institute, Chinese Academy
of Agricultural Sciences) was used to determine the level
of Chlamydia antibodies in the serum of domestic black-
boned sheep and goats. As a mature technology for detecting
Chlamydia antibodies, the sensitivity and specificity of the IHA
kit used in this study have been verified by the Ministry of
Agriculture of China (NY/T 562-2002), which were 100% and
95%, respectively (15). The serological analysis was carried out
according to the manufacturer’s recommendations as previously
described (16-19). Briefly, serum samples were added to
96-well V-bottomed polystyrene plates, which were diluted
fourfold serially from 1:4 to 1:1,024. The detection antigen
was added to each well, and the plate was then shaken
slightly for 2 min followed by incubation at 37°C for 2h. The
samples were considered positive for Chlamydia antibodies
when the agglutinated erythrocytes were formed in wells at
dilutions of 1:64 or higher. Samples that had agglutination
results between 1:4 and 1:64 were considered “suspect” and
were retested.

Statistical Analysis

Differences in the seroprevalence of Chlamydia among domestic
black-boned sheep and goats of different regions, genders,
ages, and species were analyzed by a x? test using the SPSS
software (release 23.0 standard version; SPSS Inc., Chicago,
IL, USA). P < 0.05 was considered statistically significant.
Odds ratios (ORs) with 95% confidence intervals (CIs) were
also determined.

RESULTS

In the present study, 100 of the examined 481 serum samples of
domestic black-boned sheep and goats (20.79%; 95% CI, 17.16-
24.42) were seropositive for Chlamydia by IHA test at the cutoff
titer of 1:64. The 100 positive samples included 26 samples (of
213) from Lanping Country (12.21%; 95% CI, 7.81-16.61), 36 (of
145) from Yongsheng Country (24.83%; 95% CI, 17.80-31.86),
and 38 (of 123) samples from Shilin Country (30.89%; 95%
CI, 22.72-39.06). The differences in Chlamydia seroprevalence
between these regions were statistically significant (x> = 18.59,
df =2, P < 0.01; Table 1). As shown in Table 1, the investigation
revealed that the seroprevalence in female and male animals
was 15.25% (43/282; 95% CI, 11.05-19.45) and 28.64% (57/199;
95% CI, 22.36-34.92), respectively. The difference in Chlamydia
seroprevalence was statistically significant between genders (x>
= 1271, df = 1, P < 0.01) of domestic black-boned sheep and
goats. Seropositive black-boned sheep and goats were found in all
four age groups and varied from 16.41% (21/128; 95% CI, 10.00-
22.83) to 25.40% (48/189; 95% CI, 19.19-31.61). In terms of
species, the seroprevalence was 22.76% (71/312; 95% CI, 18.11-
27.41) in black-boned sheep and 17.16% (29/169; 95% CI, 11.48-
22.84) in black-boned goats. There was no statistically significant
difference in Chlamydia seroprevalence observed between age
groups (%% = 4.63, df = 3, P > 0.05) and species (%> = 2.09, df =
1, P > 0.05) in domestic black-boned sheep and goats (Table 1).
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FIGURE 1 | The map of China showing the geographical regions in Yunnan province, where domestic black-boned sheep and goats were sampled. LP, Lanping
County; SL, Shilin County; YS, Yongsheng County.

The antibody titers were diverse in domestic black-boned sheep =~ Country has an average annual temperature of 15°C and a
and goats of different regions, genders, ages, and species, with ~ mean annual rainfall of 1,010 mm. The warm temperature and
the most frequent titers being 1:64 (87.00%), followed by 1:256  appropriate precipitation in Shilin Country are favorable for the

(10.00%) and 1:1,024 (3.00%; Table 1). survival of Chlamydia. Therefore, the differences in Chlamydia
seroprevalence in domestic black-boned sheep and goats across

DISCUSSION different regions are probably attributed to the variable climatic
conditions in Yunnan Province.

In this study, the seroprevalence of Chlamydia in domestic black- Statistically, the Chlamydia seroprevalence in male (28.64%)

boned sheep and goats in Yunnan province was 20.79%, which ~ domestic black-boned sheep and goats was significantly higher
was higher than the 8.45% reported in goats in Hunan Province, ~ than in the females (15.25%). Statistical analysis showed a
China (20), but was lower than that reported in sheep in Xinjiang ~ significant difference between genders (P < 0.01). Gender-
Province (40.13%) in China (10). Chlamydia seroprevalence related differences in Chlamydia seroprevalence were related to
has been reported in sheep and goats worldwide. For example, ~ variations in immune response or antibody persistence between
10.60% seroprevalence has been reported in sheep in India (21), ~ males and females (24). The result was different from a previous
and 33% seroprevalence has been reported in Spain (22). The  study, which reported no effect of the gender on the prevalence
different seroprevalences in different counties in our study is  of Chlamydia infection in sheep (17).
probably attributed to the differences in sanitation, husbandry The seroprevalence of Chlamydia varied across the different
practices, and animal welfare. In addition, other reasons for the  age groups of domestic black-boned sheep and goats. The highest
variations of prevalence may include different ecological and  seroprevalence was 25.40% in black-boned sheep and goats of the
geographical factors including temperature, rainfall, altitude, or 0 < years < 1 age group, and the lowest prevalence was 16.41%
level of vegetation. Furthermore, differences in the serological — in the 2 < years < 3 age group. But the differences were not
methods and cutoff titers used may be other factors that influence  statistically significant among different age groups (P > 0.05),
the seroprevalence of Chlamydia in different regions. which disagree with the study of Qin et al. (15), which reported
The overall Chlamydia seroprevalence in domestic black-  positive association of Chlamydia seroprevalence with the ages
boned sheep and goats in Shilin County was 30.89%, which  of Tibetan sheep in Gansu Province. The higher seroprevalence
was higher than the seroprevalence in Yongsheng County  in domestic black-boned sheep and goats of the 0 < years
(24.83%) and in Lanping County (12.21%). There was significant < 1 age group may be due to the low levels of antibodies,
difference in Chlamydia seroprevalence in domestic black-  which makes them more susceptible to infection. The different
boned sheep and goats of different regions (P < 0.01). This  prevalence in different age groups indicates the possibility of
result is consistent with a previous study that reported an  horizontal transmission in investigated black-boned sheep and
18.65% Chlamydia seroprevalence in Tibetan sheep in Gansu  goat herds (25).
province (15). Chlamydia is significantly resistant under dry, The seroprevalence of Chlamydia in domestic black-
cold (5-10°C), and dark conditions (23). Yunnan Province  boned sheep (22.76%) was slightly higher than that in
has a generally mild climate as diverse as its terrain. Shilin = domestic black-boned goats (17.16%), which may be
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TABLE 1 | Seroprevalence and risk factors for Chlamydia in domestic black-boned sheep and goats in Yunnan Province, southwest China, determined by indirect

hemagglutination (IHA) test.

Variables Categories Antibody titers No. tested No. positive Prevalence OR P-value
(%) (95% CI) (95% CI)
1:64 1:256 1:1.024

Region Lanping 22 1 3 213 26 12.21 (7.81-16.61) Reference <0.01
Yongsheng 33 3 0 145 36 24.83 (17.80-31.86) 2.38 (1.36-4.15)
Shilin 32 6 0 123 38 30.89 (22.72-39.06) 3.22 (1.84-5.63)

Gender Female 40 1 2 282 43 15.25 (11.05-19.45) Reference <0.01
Male 47 9 1 199 57 28.64 (22.36-34.92) 2.23 (1.43-3.49)

Age (years)? <0to <1 42 6 0 189 48 25.40 (19.19-31.61) 1.73(0.98-3.07) 0.2013
1<to <2 17 1 0 103 18 17.48 (10.15-24.81) 1.08 (0.54-2.15)
2<to <3 18 1 2 128 21 16.41 (10.00-22.83) Reference
>3 10 2 1 61 13 21.31 (11.03-31.59) 1.38 (0.64-2.98)

Species BBG® 28 0 1 169 29 17.16 (11.48-22.84) Reference 0.1487
BBS® 59 10 2 312 71 22.76 (18.11-27.41) 1.42 (0.88-2.30)
Total 87 10 3 481 100 20.79 (17.16-24.42)

@Year.

bDomestic black-boned goat.
¢Domestic black-boned sheep.
OR, odds ratio; Cl, confidence interval.

related to the different susceptibility of goats and sheep
to Chlamydia. Statistical analysis suggested that species
may not be a crucial factor for Chlamydia infection in
black-boned sheep and goats. The difference in Chlamydia
seroprevalence domestic  black-boned  sheep and
goats may be caused by the sample bias, where more
domestic black-boned sheep samples were examined than
black-boned goats.

There are some limitations to the present investigation.
The serum samples of black-boned sheep and goats examined
in this study were collected from July to August 2017, a
relatively short sampling time; thus, the reported Chlamydia
seroprevalence may not fully reflect the true situation of long-
term infection of Chlamydia in domestic black-boned sheep
and goats. Given that domestic black-boned sheep and goats
have been introduced into other provinces of China (14),
further research should investigate Chlamydia seroprevalence
in domestic black-boned sheep and goats in these provinces,
which will provide global baseline data for the prevention
of Chlamydia infection in black-boned sheep and goats
in China.

in

CONCLUSION

The present study revealed that Chlamydia seroprevalence
(20.79%) 1is relatively high in domestic black-boned sheep
and goats in Yunnan Province, southwest China. This
study also demonstrated that region and gender are the
main risk factors for Chlamydia seroprevalence between
domestic black-boned sheep and goats. To our knowledge, the
present survey is the first to document the seroprevalence of
Chlamydia infection in domestic black-boned sheep and goats
in China, which provided baseline data for future prevention
and control of Chlamydia in domestic black-boned sheep
and goats.
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Porcine epidemic diarrhea virus (PEDV) causes enteritis, vomiting, watery diarrhea, and
high mortality in suckling pigs, threatening the swine industry. Porcine epidemic diarrhea
(PED) re-emerged globally in 2013 in many important swine-producing countries in Asia
and the Americas. Several studies have identified the risk factors for the spread of
PEDV in acute outbreaks. However, limited information is available on the risk factors for
the transmission of PEDV in endemic regions. We hypothesized that poor biosecurity,
location, and some social or cultural practices are the main risk factors for PEDV
transmission in the Vietnamese pig population. The aim of this study was to evaluate
the potential risk factors for the transmission of PEDV in an endemic area in Vietnam.
In this case—control study, questionnaires containing 51 questions were completed
for 92 PEDV-positive and 95 PEDV-negative farms. A logistic regression analysis was
performed to assess the risk factors associated with PEDV infection. Province and the
total number of pigs were included as random effects to determine their influence on the
risk of PEDV infection. Twenty-nine variables of interest that have been associated with
PEDV status were analyzed in a univariate analysis (P < 0.20), with backward stepwise
selection. Only three of these 29 variables in four models remained significant PEDV risk
factors in the final model: farrow-to-wean production type, distance from the farm to the
slaughterhouse (< 1,000 m), and the presence of chickens on site (P < 0.05). This is the
first study to identify the main risk factors for PEDV infection in an endemic area. Our
findings suggest that hygiene measures should be strictly implemented on farms for the
effective control and prevention of PEDV infection.

Keywords: Porcine epidemic diarrhea virus, case-control study, risk factor, endemic, Vietham

INTRODUCTION

Porcine epidemic diarrhea virus (PEDV) causes enteritis, vomiting, watery diarrhea, and high
mortality in < 10-day-old suckling pigs (almost 100%) and significant economic losses in the
swine industry (1). PEDV re-emerged in 2013 and caused huge economic losses globally, in many
important swine-producing countries in North America (USA, Canada, and Mexico) (2-4) and
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Asia (South Korea, Japan, and Taiwan) (3, 5, 6). Direct contact
between the pigs within farms is the primary transmission route
of PEDV, via the fecal-oral route (7). Improvements in farm
hygiene management and avoiding risky practices associated
with contact with pig excrement are key factors in preventing
the transmission of PEDV to farms (6). Several studies have
comprehensively evaluated the risk factors for the spread of
PEDV in the early phase of PEDV outbreaks (6, 8, 9). Indirect
PEDV transmission through contaminated personal protection
equipment occurs rapidly, within 24h (10). In Japan, large-
scale farms, proximity to an infected farm, number of feed
trucks, short disinfectant contact time, and visiting veterinarians
are factors strongly associated with the PEDV status of farms
(11, 12). In the USA, transport is considered the main route of
PEDV transmission (13, 14). In Italy, trucks have been shown
to play an important role in the spread of PEDV (15). PEDV-
contaminated feed was reported to be a significant risk factor for
the transmission of PEDV between farms in the USA, Japan, and
Canada (8, 9, 11, 16-18). Its transmission by transport vehicles
was also reported to be a biological factor causing the rapid
spread of PEDV in the USA and Japan (11, 13). Because PEDV
is highly infectious and the infectious dose is low, it can be locally
transmitted from PEDV-infected farms to neighboring PEDV-
free farms through aerosol transmission or contaminated fomites
(12, 19, 20). However, no study has analyzed the risk factors for
PEDV spread in endemic areas or countries.

In Vietnam, PEDV was first observed in the southern
provinces in 2009 (21). Published studies have demonstrated
that PEDV is present in all major swine-producing regions
in Vietnam (21-26). A descriptive survey recently provided
evidence that northern Vietnam is an endemic area for PEDV,
with a high proportion of PED-positive farms (30.89%) (Mai
et al., unpublished). However, since its first detection, no specific
PEDV control measures have been implemented by veterinary
services to control the disease. Although vaccination or the
feedback method has been applied on some pig farms, PEDV
still occurs and frequently recurs. Our hypothesis is that the farm
location and poor biosecurity measures for fomites, animals, and
humans are the main risk factors for the nationwide transmission
of PEDV in endemic areas. Some risk factors related to social
and cultural practices in the Vietnamese swine industry could
also play important roles in PEDV transmission among the pig
population in Vietnam. Therefore, the objective of this study
was to evaluate the potential risk factors for the widespread
dissemination of PEDV in an endemic area with a case-
control study. Theoutcome should extend our understanding
of the dynamics of PEDV spread, in an effort to eliminate
this economically important disease, which has emerged or re-
emerged worldwide.

MATERIALS AND METHODS

Data Collection

In northern Vietnam, most piglets are produced and then
transported to southernparts of the country. We have performed
a survey between January 2018 and February 2019 to evaluate
the proportion of PEDV-positive farms in a high-density pig

population in northern Vietnam (Figure 1; the map was edited
with PowerPoint from a screenshot of Google Maps [Map
data®©2020 Google]). The geographic location of Vietnam and
the study area were mapped with the free, open-source Quantum
Geographic Information System (QGIS) version 2.14.14 (https://
www.qgis.org/en/site/). The required fecal sample size was
estimated as 20 samples per farm. Therefore, on each farm, up
to 20 fecal samples were collected from pigs in all ages. Then,
20 individual fecal samples from each farm were combined into
two pooled samples (with a pooled size of 10 samples) for the
test. Pooled samples were tested with reverse transcription (RT)-
loop-mediated isothermal amplification (LAMP) (27). A “PEDV-
positive farm” was defined as any swine herd with at least one
positive result in two pooled samples from 20 samples collected
from all-aged pigs. In total, 6,601 fecal samples were collected
from 327 pig farms in northern Vietnam. The proportion of
PEDV-positive farms was 30.9% (101 farms) and PEDV-positive
farms were distributed throughout the study area. From the
results of a PEDV survey of the pig population in northern
Vietnam, there were 101 PEDV positive farms. All 101 PEDV-
positive farms were selected as case farms, and 101 PEDV-
negative farms, which were individually matched to a case farm
based on the province in which they were located, were selected
as the control farms for this study. The case and control farms
were confirmed in 2018 with a PEDV survey to ensure that their
management practices had not changed, even on the case farms,
since 2018. We conducted a matched case-control study of the
herd management practices for a period of 1 year (January—
December, 2018). Questionnaires were sent to veterinarians or
managers of these farms in July 2019, and the author (MTN)
received the responses through the mail by the middle of
August 2019.

Questionnaire

The questionnaire was developed based on known or published
risk factors for PED and other infectious diseases of pigs (6,
9, 11, 13, 28). The designed questionnaire was checked by the
authors (SS and YS) and then pre-tested with a selected number
of veterinarians for the clarity and appropriateness of its content,
questions, and responses in terms of the local situation, before the
start of the study. Modifications were made if necessary.

Using a postal questionnaire survey, a case-control study was
conducted on the PEDV-positive and -negative farms in northern
Vietnam. The final version of the questionnaire contained 49
questions focusing on four main categories (Table S1).

Based on the actual data in Vietnam, PED frequently recurred
in pig farms that had the presence of PEDV outbreaks in the past.
To know whether there is a risk of the persistence of PEDV in
these farms or not, only two questions applied specifically to the
case farms. The first question concerned whether there had been
an occurrence of PEDV in the preceding 2 years. If the answer
was “yes,” they were asked the second question, regarding how
they dealt with PEDV on their farms.

Statistical Analysis
The outcome of interest for this study was the binary response
variable “PEDV status,” which took the value 1 if the farm was
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FIGURE 1 | Map of the study area. (A) Map is from Google Maps (Map data©2020 Google) and the yellow rectangle shows Vietnam. (B) Map of Vietnam; black
square indicates the study area. (C) Locations of the 187 pig farms in northern Vietnam involved in this study. Black dots indicate PEDV case farms and white dots
indicate PEDV control farms. Geographical locations of the farms were mapped with the Quantum Geographic Information System.
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PEDV positive and 0 if the farm was PED negative according
to RT-LAMP. The data captured with the questionnaire were
entered into Microsoft Excel and all statistical analyses were
performed with the statistical software R version 3.4.3 (CRAN,
2017). A univariate logistic regression analysis was performed
to assess the association between PEDV status and each
independent variable in the questionnaire. The significance of
each explanatory variable was tested with the Wald test. Any
variables significantly associated with PEDV status at the P <
0.20 level were subsequently selected for multivariable modeling.
Backwards stepwise explanatory variable selection, beginning
with the least significant variable, was performed while observing
the changes in Akaike’s information criterion (AIC). The final
model was obtained with P levels for the remaining variables
of < 0.05 and minimum AIC. After the main effects were
identified, all possible two-way interactions were also examined.
In this study, the total number of pigs did not correlate with
PEDV status in the regression analysis. Therefore, to distinguish
the influence of location (province) and the total number of
pigs on the risk of PEDV, both variables were included as
random effects in the multivariate model, by fitting generalized
linear mixed-effects models. We used the Ime4 package in R to
analyze the fitted generalized linear mixed-effects models. The
strengths of association between all the variables and the outcome
were quantified by evaluating the odds ratios (ORs) and the
corresponding 95% confidence intervals (ClIs). The contribution
of each variable in the final model of the risk of PEDV infection
was quantified as the population attributable fraction (29). To
avoid model convergence, multicollinearity was also tested with
the variance inflation factor of explanatory variables (30).

Ethical Considerations

Informed consent was obtained in written form (by signature)
or orally from all participants, who agreed to participate after
they had received written information about the study. Ethical
approval for the study was granted by the Hanoi School of Public
Health Institutional Review Board, Hanoi, Vietnam (approval
number 019-405/DD-YTCC) and the Animal Ethics Committee
of the University of Miyazaki’s Faculty of Agriculture, Miyazaki,
Japan (approval number 2017-541).

RESULTS

Descriptive Statistics and Univariate

Associations

In total, 187/202 (92.6%) respondents from 92/101 (91.1%) case
farms and 95/101 (94.1%) control farms, located in a high-density
pig-farming area in northern Vietnam, were included in this
study (Figure 1). Some questionnaires had missing responses,
which were excluded from the analysis. These farms were
identified in a previous PEDV survey of the pig population in
northern Vietnam. The data collected from these 187 farms were
included in the analysis. In general, the number of pigs on the
case farms was lower than the number on the control farms
(mean numbers of pigs on the case and control farms were
1090 =+ 1055.4 and 1533 £ 1661.4, respectively, P > 0.05). On
average, the case farms had fewer vehicles visiting the farm per

month than the control farms during the time of the study (mean
numbers of vehicles per month on the case and control farms
were 8.0 = 4.3 and 8.4 4= 4.7, respectively, P > 0.05). However, the
case farms contained more animal species other than pigs than
the control farms (mean numbers of different animal species on
the case and control farms were 3.6 £ 1.4 and 2.5 £ 1.5 species,
respectively, P < 0.05). Of the 92 case farms, 52.17% (48/92)
had experienced PEDV in the preceding 2 years and these farms
used feedback to control the PEDV outbreaks. Of these farms,
27.08% (13/48) reported that the PEDV-infected pigs on their
farms were still moved to other farms or sold to an abattoir. Only
5.88% (11/187) of the farms in the study used a PEDV vaccine to
prevent infection.

In total, there were 49 variables in the case-control study.
The univariate associations of 49 variables that were considered
possible risk factors for PEDV infection are presented in Table 1.
Of these 9 variables of interest, 29 were associated with PEDV
status (P < 0.20).

Multivariable Associations

Because many variables (29 variables) were eligible for inclusion
in the multivariable model, the selected variables were separated
and categorized into four groups based on 4 main categories in
Table S1 and then four corresponding models were established.
Backward stepwise selection was performed until the P-values of
all the remaining variables were < 0.1 in the four corresponding
models. A new model was established using the remaining
variables in the four models (P < 0.1) (6). Further stepwise
simplification of the model has applied until the estimated
regression coefficients for all the explanatory variables retained
in the final model were significant on the Wald test at a P <
0.05. Table 2 shows the results of the final model. Only three of
the 29 variables in these four models remained significant risk
factors for PEDV infection in the final model: farrow-to-wean
production (OR = 3.35, 95% CI: 1.51-7.43), close proximity of
the farm to the slaughterhouse (OR = 7.15, 95% CI: 2.36-21.70),
and the presence of chickens on the farm (OR = 3.36, 95% CIL:
1.84-6.12) (AIC = 124.2).

DISCUSSION

To the best of our knowledge, this is the first study to quantify
the risk factors for the spread of PEDV in an endemic area using
a case—control strategy based on a questionnaire survey. Only
three of the 49 variables tested remained significant risk factors
for PEDV spread in the final model. The three main risk factors
for the spread of PEDV in an endemic area in Vietnam are the
farrow-to-wean production type, close proximity of the farm to
the slaughterhouse, and the presence of chickens on the farm.
These factors were significantly associated with the PEDV status
of the farms.

In this study, there was a strong relationship between the
distance from the farm to the slaughterhouse and the PEDV
status of the farm. Close proximity to the slaughterhouse (<
1,000 m) increased the risk of PEDV infection 7.15-fold relative
to that on farms further from the slaughterhouse. Population
attributed fraction is the proportion of disease in the population
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TABLE 1 | Results of a univariate analysis of location variables in the risk of Porcine epidemic diarrhea virus infection in a case—control study of northern Vietnamese pig

farms in 2018.

Groups Variables Category No. of cases Proportion of No. of Proportion of OR (95% CI) P-value
response (%) controls response (%)
Farm location Distance from farm to the  <200m 24 26.1 17 17.9 1.96 (0.82-4.67) 0.127
n=29) closest farm 201-500m 16 17.4 17 17.9 1.31 (0.52-3.26) 0.565
501-1,000m 34 37.0 36 37.9 1.31(0.61-2.82) 0.487
>1,000m 18 19.6 25 26.3 Ref
Distance from farm to the  <200m 24 26.1 14 14.7 3.31 (1.34-8.21) 0.009
main road 201-500m 26 28.3 15 15.8 3.35 (1.38-8.16) 0.007
501-1,000m 27 29.3 37 38.9 1.41 (0.64-3.13) 0.396
>1,000m 15 16.3 29 30.5 Ref
Distance from farm to the  <200m 19 20.7 9 9.5 4.10 (1.563-10.98) 0.004
residential area 201-500m 24 26.1 25 26.3 1.86 (0.83-4.19) 0.13
501-1,000m 32 34.8 28 29.5 2.22 (1.02-4.81) 0.042
>1,000m 17 18.5 33 34.7 Ref
Distance from farm to the <200 54 58.7 40 421 2.16 (1.08-4.32) 0.028
irigation system 201-500m 18 19.6 23 24.2 1.25 (0.54-2.88) 0.596
>500m 20 21.7 32 33.7 Ref
Distance from farm to the  <=1,000m 22 23.9 4 4.2 5.35(1.68-17.07) 0.002
slaughterhouse Unknown 33 35.9 55 57.9 0.58 (0.31-1.10) 0.093
>1,000m 37 40.2 36 37.9 Ref
Distance from farm to <500m 12 138.0 2 2.1 9.27 (1.73-49.66) 0.004
local market 500-1,000m 26 28.3 21 221 1.91 (0.74-4.96) 0.179
1,001-5,000m 43 46.7 55 57.9 1.21(0.51-2.85) 0.665
>5,000m 11 12.0 17 17.9 Ref
Distance from barn to <10m 21 22.8 18 18.9 1.71 (0.69-4.25) 0.246
living room 10-20m 21 22.8 23 24.2 1.34 (0.55-3.24) 0.517
21-50m 35 38.0 32 33.7 1.60 (0.71-3.62) 0.253
>50m 15 16.3 22 23.2 Ref
Distance from barnto the  <=50m 62 67.4 49 51.6 1.94 (1.07-3.51) 0.028
pig loading/unloading
place >50m 30 32.6 46 48.4 Ref
Farm management ~ Farm status Private 28 30.4 29 30.5 1.00 (0.53-1.86) 0.989
(n=20) Company 64 69.6 66 69.5 Ref
Production type FF 20 21.7 26 27.4 0.99 (0.49-1.98) 0.97
FW 26 28.3 10 10.5 3.33 (1.46-7.61) 0.003
WF 46 50.0 59 62.1 Ref
Total pigs <500 28 30.4 28 29.5 Ref
500-1,000 31 33.7 24 25.3 1.29 (0.61-2.73) 0.502
1,000-1,500 18 19.6 15 15.8 1.20 (0.51-2.84) 0.679
>1,500 15 16.3 28 29.5 0.54 (0.24-1.21) 0.133
All-in/all-out policy in each  No 27 29.3 23 24.2 1.30 (0.68-2.49) 0.427
barn Yes 65 70.7 72 75.8
Pig movement Pig addition 10 37.0 4 17.4 Ref
Pig removal 9 33.3 11 47.8 0.33 (0.08-1.40) 0.127
Both 8 29.6 4 17.4 0.8 (0.15-4.24) 0.793
Separate place for pig No 21 22.8 17 17.9 1.36 (0.66-2.78) 0.402
movement Yes 71 77.2 78 82.1
Pig movement place is No 17 18.5 15 15.8 1.21 (0.56-2.59) 0.625
located on farm’s property  veg 75 815 80 84.2
Truck through the same Yes 89 96.7 87 91.6 2.73(0.7-10.62) 0.134
route at entrance and exit
No 3 3.3 8 8.4
(Continued)
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TABLE 1 | Continued

Groups Variables Category No. of cases Proportion of No. of Proportion of OR (95% ClI) P-value
response (%) controls response (%)
Source of trucks for the Slaughterhouse 48 52.2 38 40.0 0.095
pig transport to the trucks
slaughterhouse Business 44 47.8 57 60.0 1.64 (0.92-2.92)
operator trucks
Having a separate worker  No 64 69.6 57 60.0 1.52 (0.83-2.79) 0.171
in isolation barn Yes 28 30.4 38 40.0
Opened barn type Yes 18 19.6 14 14.7 1.41 (0.65-3.03) 0.381
No 74 80.4 81 85.3
Water source Direct 49 53.3 25 26.3 3.19 (1.73-5.89) <0.001
Indirect 43 46.7 70 73.7 Ref
Feeding swill to pigs Yes 4 4.3 0 0.0 Inf 0.04
No 88 95.7 95 100.0
Having workers in farm Yes 76 82.6 71 74.7 1.61(0.79-3.27) 0.189
No 16 17.4 24 25.3
Changing workers Monthly 6 6.5 2.1 1.98 (0.37-10.44) 0.414
6 months 12 138.0 7.4 1.13 (0.40-3.19) 0.816
Yearly 17 18.5 33 34.7 0.34 (0.16-0.71) 0.004
No 47 51.1 31 32.6 Ref
Living place of workers Staying at farms 46 50.0 45 47.4 Ref
after finishing work onthe  Go home 8 8.7 5 5.3 1.13 (0.40-3.19) 0.458
farm Both 32 34.8 38 40.0 0.34 (0.16-0.71)  0.543
Waste treatment applies in - No 9 9.8 3 3.2 3.33 (0.87-12.70) 0.065
your farm Yes 83 90.2 92 96.8
Manure application Feed for fish 7 7.6 3 3.2 7.58 (1.75-32.78) 0.003
Applied on land 25 27.2 17 17.9 4.78 (2.08-10.99) <0.001
inside farm
Mixed type 44 47.8 23 24.2 6.22 (2.93-13.21)  <0.001
Sold 16 17.4 52 54.7 Ref
Share boars with other Yes 10 10.9 iRl 1.6 0.93(0.38-2.31) 0.878
farms No 82 89.1 84 88.4
Addition ingredients in Antibiotic 36 39.1 49 51.6 0.69 (0.29-1.60) 0.381
feed Probiotic 4 43 4 4.2 0.93 (0.20-4.47) 0.931
Both 37 40.2 28 29.5 1.23(0.51-2.97) 0.64
None 15 16.3 14 14.7 Ref
Biosecurity practice  Disinfection of Monthly 4 4.3 4 4.2 1.08 (0.25-4.26) 0.963
and health environment on premises
management
(n=11) Weekly 88 95.7 91 95.8
Biosecurity practices High 67 72.8 69 72.6 Ref
apply to people inside Intermediate 23 25.0 21 221 1.13 (0.57-2.23) 0.729
farm Low 2 22 5 5.3 0.41(0.08-2.20)  0.285
Biosecurity practices High 55 59.8 63 66.3 Ref
apply to visitors Intermediate 21 22.8 17 17.9 1.41 (0.68-2.95) 0.353
Low 16 17.4 15 15.8 1.22 (0.55-2.70) 0.62
Biosecurity practices High 54 58.7 50 52.6 Ref
apply at pig Intermediate 26 28.3 22 23.2 1.09 (0.55-2.17) 0.797
loading/unloading place |, 12 13.0 23 242 0.48(0.22-1.07)  0.071
Time that vehicles must <2h 71 77.2 82 86.3 0.54 (0.25-1.15) 0.105
wait after disinfection to
get into the farm >2h 21 22.8 13 13.7 Ref
(Continued)
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TABLE 1 | Continued

Groups Variables Category No. of cases Proportion of No. of Proportion of OR (95% CI) P-value
response (%) controls response (%)

Time that vehicles must <30min 15 16.3 20 211 Ref
wait after disinfectionto 30-60 min 55 59.8 46 48.4 1.59 (0.73-3.46) 0.237
getinto the farm ~60min 20 23.9 29 305 1.01(0.42-2.41) 0979
Diseases happen in farm  High 40 43.5 33 34.7 1.78 (0.59-5.05) 0.311
Intermediate 45 48.9 52 54.7 1.24 (0.43-3.52) 0.69
Low 7 7.6 10 10.5 Ref
Vaccination applying in High 42 45.7 47 49.5 Ref
farm Intermediate 39 42.4 43 45.3 1.01 (0.56-1.85) 0.961
Low 11 12.0 5 5.3 2.46 (0.79-7.67) 0.112
Source of human food Local market 78 84.8 72 75.8 1.69 (0.69-4.13) 0.25
Supermarket 5 5.4 9 9.5 0.86 (0.22-3.43) 0.835
Inside farm 9 9.8 14 14.7 Ref
Human food including pig  Yes 21 22.8 16 16.8 1.46 (0.71-3.02) 0.304
products No 71 77.2 79 83.2
Cook human food before  No 81 88.0 80 84.2 1.38 (0.60-3.19) 0.449
entering farm Yes 11 12.0 15 15.8
People, animal and  Visiting of vet Daily 6 6.5 5 5.3 1.37 (0.29-6.53) 0.691
vehicle contact Weekly 29 315 28 29.5 1.18 (0.38-3.70) 0.772
(n=10) Monthly 50 54.3 54 56.8 1.06(0.36-3.13)  0.919
No 7 7.6 8 8.4 Ref
Other visitors Yes 47 51.1 37 38.9 1.64 (0.92-2.93) 0.095
No 45 48.9 58 61.1
Presence of wild birds Yes 47 51.1 32 33.7 2.06 (1.14-3.71) 0.016
inside farm No 45 48.9 63 66.3
Presence of rodents inside Yes 86 93.5 59 62.1 8.75 (3.57-22.07) <0.001
farm No 6 6.5 36 37.9
Presence of chicken in Yes 58 63.0 32 33.7 3.36 (1.84-6.12) <0.001
farm
No 34 37.0 63 66.3
Presence of ducks in farm  Yes 31 33.7 23 24.2 1.59 (0.84-3.01) 0.152
No 61 66.3 72 75.8
Presence of dog in farm Yes 78 84.8 80 84.2 1.04 (0.47-2.31) 0.914
No 14 156.2 15 156.8
Presence of cat in farm Yes 31 33.7 14 14.7 2.94 (1.44-6.0) 0.002
No 61 66.3 81 85.3
Vehicles visit another farm  Yes 7 7.6 8 8.4 1.01 (0.834-2.97) 0.986
on the same day/trip Unknown 33 35.9 27 28.4 1.41 (0.75-2.65) 0.284
No 52 56.5 60 63.2 Ref
Number of truck vehicles  High 14 16.2 22 23.2 0.58 (0.27-1.28) 0.177
visit to farm/month Intermediate 29 315 28 29.5 0.95 (0.49-1.84) 0.882
Low 49 53.3 45 47.4 Ref

TABLE 2 | Results of the final multivariate model of risk factors associated with Porcine epidemic diarrhea virus in a case—control study on northern Vietnamese pig farms
in 2018.

Variables OR 95% CI Coefficient SE Z-Statistic P-value
Intercept —0.9694 0.4587 -2.113 0.0346
Production type (FW) 3.35 1.51-7.43 1.6194 0.6473 2.502 0.0124
Near distance to the slaughterhouse (<1,000 m) 7.15 2.36-21.70 1.9391 0.7085 2.737 0.0062
Presence of chicken 3.36 1.84-6.12 1.1282 0.5646 1.998 0.0457
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that is due to expose (29, 31). The population attributable
fraction for this risk factor was 20.57% (95% CI 10.26-29.70),
so eliminating or completely preventing its effects would reduce
the incidence of PEDV by 20.57%. Cross-contamination of farm
vehicles is reported to occur at slaughterhouses (11, 13). There are
few central slaughterhouses in Vietnam, and pigs are commonly
slaughtered at a slaughtering point near the house of a butcher
or pig trader to supply meat to traditional markets. This partly
explains why 47.06% (88/187) of the farms in this study reported
“unknown distance” in response to the question on this variable.
In this study, 27.08% (13/48) of the farms that had experienced
PEDV in the preceding 2 years still moved or sold infected pigs
to slaughterhouses or other farms. Moving the infected pigs to
slaughterhouses could be a risk for environmental contamination
of facility because of pigs shedding the virus in feces which can be
tracked back to farms. Moving infected pigs has been shown to
play a role in the spread of PEDV among farms (13, 14). The open
transportation of pigs and pig products from the slaughterhouse
to the local market on motorbikes, which is a popular transport
method in Vietnam, could also explain why variables related to
the farm location, such as the distance from the farm to the main
road (< 500 m), the distance from the farm to the local market
(< 500m), and the distance from the farm to the residential
area (< 200 m), were associated with the risk of PEDV infection
in the univariate analysis. PEDV is known to persist on pig
transportation vehicles especially if not disinfected post-use for
transportation (13). All the reasons cited above could increase the
risk of PEDV infection on farms close to slaughterhouses through
the cross-contamination between animals, vehicles, fomites, and
humans, and through the movement of animals or aerosol
transmission. Increases in the risk of PEDV transmission have
also been attributed to the movement of animals and aerosol
transmission in previous studies (14, 32).

Another finding of the present study was the strong
relationship between the presence of chickens on the farms and
PEDV status (OR = 3.36, 95% CI: 1.84-6.12). Other animal
species were also more frequently present on the case farms than
on the control farms (average numbers of other animal species
on the case and control farms were 3.6 £ 1.4 and 2.5 £+ 1.5,
respectively). Movements of animals between farms and other
neighborhood features were indicated to be the most important
factors associated with PEDV occurrence (33). Previous studies
have also demonstrated that other animals on pig farms can
transmit PEDV. PEDV was found in the tonsils in 4.2% of cats,
suggesting that cats may play a role in the transmission of PEDV
on swine farms (28). Experience in the USA suggests that the
transmission of PEDV is related to bird traffic (32). Therefore,
the transmission of PEDV on the case farms may be attributable
to animal contact because animal species other than pigs were
recorded on site. For example, 22.2% of the case farms had
both cats and dogs, and another 22.2% of case farms had only
cats (8). In our study, although the presence of other animal
species (including wild birds, rodents, and cats) did not remain
a risk factor in the final model, it was significantly associated
with PEDV status in the univariate analysis. Furthermore, 31
of 92 (33.7%) case farms reported having ducks and 78/92
(84.78%) reported having dogs. Therefore, the presence of other

animal species in general and especially the presence of chickens
on the farms could play a role in the transmission of PEDV
through animal contact and movement. Animal movement is an
important mechanisms of pathogen transmission.

In this study, the farrow-to-wean production type was related
to PEDV status, and had a 3.35-fold (95% CI: 1.51-7.43) higher
risk of PEDV infection than other production systems. When
PEDV infection occurs on a pig farm, it usually spreads among
pigs of different ages. However, pigs display age-dependent
resistance to pathogenic PEDV infection (34, 35). The virus
accumulates and infects pregnant sows, and the subclinically
infected sows transmit PEDV to the suckling piglets. The virus
is then transferred to pigs of different ages (36). In another
study, PEDV was considered to have been introduced in feeder
pigs, fattening pigs, and adult pigs, and then spread to piglets
(37). In the early phase of PEDV outbreaks, sow farms have
had the highest incidence of PEDV (80.0%) (19, 32). However,
after an acute outbreak, PEDV may remain in the farrowing
unit because of poor biosecurity or persist in pigs in weaning
or growing-finishing units, where the virus circulates (32). The
number of sows on a farm is thought to play a role in the
persistence of PEDV after the original outbreak (37). Of the
case farms in the present study, 52.17% (48/92) had experienced
PEDV in the preceding 2 years, and 68.75% (33/48) of these
were sow farms (farrow-to-finish and farrow to wean production
types). These outbreaks could have been caused by PEDV that
was still circulating on these farms after the previous outbreak,
which acted as the source of the recurrent epidemic outbreaks.
This may explain why PED outbreaks occur periodically in
endemic regions.

The application of manure as a biosecurity issue did not
remain a risk factor for PEDV spread in the final model. However,
there was a strong relationship between manure application
and PEDV status in the univariate analysis. A previous study
indicated that PEDV may persist in a herd long after its clinical
impact (32). Previous studies have also provided evidence that
PEDV can survive for up to 28 days in manure between —20 and
4 °C, and for up to 9 months in infected earthen manure stored at
temperatures ranging from —30 to 23 °C (32, 38). In the present
study, 68/187 farms sold manure from the farm, which could be a
risk factor for the wide transmission of PEDV to other farms if the
virus was present in the manure. Risk factors based on social or
cultural practices, such as water sources (direct from drilled wells
or irrigation systems), were not included in the final model, but
were associated with PEDV status in the univariate analysis. In
Vietnam, water for pig rearing can be taken from the irrigation
system surrounding the farm, drilled wells, or fish ponds. Dead
pigs are often thrown into the river. Therefore, there is a high risk
of introducing PEDV into the irrigation system or groundwater,
which could then be dispersed by the water flow. Therefore, to
prevent further transmission of PEDV, it is necessary to raise
public awareness about the risk entailed by social and cultural
practices in pig raising in Vietnam.

Our study had several limitations. The accuracy of the
information depended partly on the professional ability of
each veterinarian or farm manager, whose knowledge of the
epidemiology of PEDV could be limited. Second, bias may
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have been introduced by the time lag between the PEDV
occurrence on farms and the questionnaire survey. Third, the
respondents may have answered questions involving sensitive
issues incorrectly. Typical examples are how sick pigs (selling)
or dead pigs (throw away) are dealt with. In addition, the
selection of PEDV-negative farm could affect the analysis for the
identification of risk factors.

CONCLUSIONS

This is the first study to identify the three main risk
factors for the spread of PEDV in an endemic area: the
presence of chickens on the farm, close proximity to the
slaughterhouse, and the farrow-to-wean production type. It is
also the first study to show the distance to the slaughterhouse
can play an important role in transmitting PEDV and to
indicate this was the principal risk factor associated with
the endemic area. In addition, the mechanical transmission
by the presence of chicken in the farm that caused by the
movement of chicken could be some way to explain the
widespread of PEDV.
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Porcine astrovirus (PAstV) is broadly distributed globally and exists as at least five distinct
genotypes. PAstV, which was recently identified as an important pathogen of diarrhea
in piglets, is widely distributed in China. However, few studies have investigated the
coinfection and genetic characterization of PAstV in diarrheic piglets in China. In this
study, 89 PAstV-positive samples were identified in 543 diarrhea samples in China from
201510 2018, of which 75.28% (67/89) were coinfected with three to five different porcine
pathogens, while none were positive for PAstV only. Among the 543 diarrhea samples,
statistical analysis showed that PAstV-induced diarrhea was potentially associated with
coinfection of PEV (p < 0.01) and GARV (p < 0.01). Phylogenetic analysis showed that
the 27 identified PAstV strains belong to three different genotypes and that PAstV-2
(81.48%, 22/27) was predominant in diarrheic piglets in China, followed by PAstV-4
(11.11%, 3/27) and PAasV-5 (7.41%, 2/27). Sequence analysis revealed that the 27
RdRp genes identified in this study had nucleotide homologies of 53.8-99.5%. In
addition, the RdRp gene of PAstV-4 strain JL/MHK/2018/0115 harbored a unique insert
of three nucleotides (GAA) as compared with other known PAstV-4 strains. Furthermore,
the genotypes of PAstV varied among different geographical locations, although PAstV-2
was the most widely distributed in China. These data demonstrate that PAstV coinfection
with other porcine pathogens was common and there was genetic diversity of PAstV in
diarrheic piglets in China.

Keywords: PAstV, coinfection, genetic characterization, diarrhea, piglet

INTRODUCTION

Porcine astrovirus (PAstV), belonging to the family Astroviridae, genus Mamastrovirus, is a non-
enveloped, single-strand, positive-sense RNA virus (1). The PAstV genome consists of three open
reading frames (ORFs): ORFla, ORF1b, and ORF2. ORFla and ORFlb encode non-structural
proteins and the RNA-dependent RNA polymerase (RdRp), and ORF2 encodes the capsid protein
(2). PAstV was first identified in diarrheic piglets in 1980 (1). Since then, PAstV has been isolated
worldwide, including Europe, Asia, and the Americas (1, 3-6).
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Prevalence of PAstV in China

Diarrhea of piglets has long been a problem afflicting the
global pig industry. Coinfections with more than one porcine
pathogen are common and often more clinically severe (7, 8).
A previous surveillance study conducted by our group found a
high percentage of coinfection among diarrheic piglets (9). PAstV,
which has been identified as an important agent of diarrhea
(10), and frequently presents as a coinfection with other porcine
pathogens (3, 5, 6, 9, 11). However, data regarding coinfections
with PAstV in diarrheic piglets in China are limited. Therefore,
coinfections with PAstV and other porcine pathogens should be
monitored in China.

To date, five genotypes of PAstV (PAstV-1 to PAstV-5) with
different prevalences have been identified worldwide. Although
all five PAstV genotypes have been reported in Europe, the most
common is reportedly PAstV-4 (4), while PAstV-2 and PAstV-
4 are the most common throughout Asia (5, 6, 12). However,
information available on the genetic characterization of PAstV
in China is fairly limited (2, 11). Therefore, it is necessary to
investigate the genetic diversity and evolution of PAstV currently
in China.

In this study, 89 PAstV-positive diarrhea samples were
collected to investigate the prevalence of PAstV coinfection
with 12 other porcine pathogens. The obtained RdRp genes
were genetically characterized in order to provide insights into
the epidemiology of PAstV circulating among diarrheic piglets
in China.

MATERIALS AND METHODS

Sample Collection

In our previous study (9), 89 (16.4%) of 543 diarrhea samples
collected from 17 provinces or municipalities in China (Anhui,
Fujian, Guangdong, Hebei, Heilongjiang, Hubei, Hunan, Jiangxi,
Jilin, Liaoning, Shandong, Shaanxi, Shanxi, Sichuan, Shanghai,
and the Inner Mongolia Autonomous Region; Table S1) from
2015 to 2018 were confirmed as PAstV-positive by reverse-
transcription polymerase chain reaction (RT-PCR) and stored
at —80°C.

Sequencing and Analysis of the RdRp
Gene of PAstV

RNA extraction and cDNA synthesis were performed as
previously described by Wang et al. (13). The PAstV RdRp
gene was amplified using the nested RT-PCR method described
by Chu et al. (14) and then cloned into the vector pMD18-T
(TaKaRa Biotechnology Co., Ltd, Dalian, China) in accordance
with the manufacturer’s protocol. Three positive clones of
each amplicon were subjected to Sanger sequencing. Sequence
analysis was conducted using the EditSeq tool included with
the Lasergene DNASTAR™ 5.06 software package (DNASTAR
Inc., Madison, WI, USA). Multiple-sequence alignments were
performed using the multiple-sequence alignment tool included
with the DNAMAN 6.0 software package (Lynnon BioSoft,
Pointe-Claire, QB, Canada).

Phylogenetic Analysis

Sequences of the PAstV RdRp gene retrieved from the GenBank
database (https://www.ncbi.nlm.nih.gov/genbank/) were used
for sequence alignments and phylogenetic analyses. Multiple-
sequence alignments were generated using the ClustalX
alignment program included with the MEGA 6.06 software
package (15). A phylogenetic tree was constructed from the
aligned nucleotide sequences using the p-distance model and
1000 bootstrap replicates and annotated with Interactive Tree Of
Life (iTOL) software (http://itol.embl.de/) (16).

Statistical Analysis

The correlation of PAstV infection with other pathogens was
assessed with the use of 2 x 2 contingency tables and
the chi-square (x2) test with confidence limits of 95%. All
analyses were performed using IBM SPSS Statistics for Windows,
version 22.0 (IBM Corporation, Armonk, NY, USA). Probability
(p) values of <0.05 and 0.01 were considered statistically
significant and highly significant, respectively. Data regarding
the detection of porcine circovirus type 3, porcine group A
rotavirus (GARV), mammalian reovirus, porcine bocavirus,
porcine deltacoronavirus, porcine enterovirus 9/10 (PEV),
porcine kobuvirus (PKV), porcine sapelovirus, porcine torovirus,
porcine teschovirus, porcine transmissible gastroenteritis virus
(TGEV), and torque teno sus virus 2 in the 543 diarrhea samples
(including the 89 PAstV-positive samples) were published in our
previous reports (9, 17).

RESULTS AND DISCUSSION

Coinfection of PAstV With Multiple Porcine

Pathogens in Diarrheic Piglets

As reported in our previous study, the PAstV-positive rate
in diarrheic piglets was 16.39% (89/543), indicating wide
distribution in China (9). In the present study, PAstV coinfection
with 12 other porcine pathogens in diarrheic piglets was
investigated. Of the 89 PAstV-positive diarrhea samples, the rate
of PAstV coinfection with 12 other porcine pathogens ranged
from 7.87% (7/89) to 85.39% (76/89) (Figure 1A). The average
number of viruses detected in each sample was 4.12, while
75.28% (67/89) of samples had three to five different viruses,
3.37% (3/89) had seven to eight different viruses, and none
were positive for PAstV only (Figure 1B). Coinfections of PAstV
with other porcine pathogens, such as rotavirus, PEDV, TGEYV,
porcine circovirus-2 (PCV2), and porcine hemagglutinating
encephalomyelitis virus (PHEV), have been reported previously
(3, 5, 6, 11). In the present study, the rate of PKV coinfection
in PAstV-positive samples was relatively high (85.39%, 76/89),
and there was evidence that u shed more PKV than did healthy
individuals (18), indicating that PKV may have a potential role
in PAstV-induced diarrhea in piglets. PEDV is the major cause
of viral diarrheal disease in swine in China (9). Although there
was a high prevalence of PEDV in piglets infected with PAstV
in our previous study, statistical analysis indicated that PEDV-
induced diarrhea was not associated with PAstV coinfection (p >
0.05) (9). The pathogenicity of PEV is typically mild in pigs (19),
and GARYV is among the most common pathogens of diarrhea
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FIGURE 1 | The coinfection of PAstV with multiple porcine pathogens in diarrheic piglets. (A) The positive rate of the 12 porcine pathogens in the 89 PAstV-positive
samples. (B) The coinfection patterns of the 12 porcine pathogens in the 89 PAstV-positive samples.

in piglets (20). In this study, the positivity rates of PEV (69.66%,  TABLE 1 | The statistical analysis of correlations of PAstV with other porcine
62/89) and GARV (35.96%, 32/89) were relatively high in PAstV- ~ Pathogens.

positive samples, suggesting a highly significant association of
coinfection with PEV (p < 0.01) and GARV (p < 0.01) in

P-value Odds ratio (OR) 95% confidence interval (95% CI)

PAstV-positive diarrhea samples of piglets (Table 1). However,  pkv 0.108 1.778 0.908-3.480
since evidence of coinfections of PAstV with PEV and GARV  pgy 0.000 4219 2.580-6.896
causing diarrhea in piglets is somewhat limited, further studies  pgov 0.193 1.384 0.855-2.240
are warranted. PTV 0.722 1.115 0.697-1.783
TTSuV-2 0.623 1.149 0.715-1.848
- - GARV 0.000 2.563 1.563-4.246
Phylogenetic Analysis of PAstV
PCV3 0.702 1.150 0.556-2.379
In the current study, a total of 27 RdRp genes were oy 0,398 1 3% 0.642-3.000
. . 0 . . 642-3.
successfully sequenced from the 89 PAstV-positive diarrhea
. . . MRV 0.583 0.747 0.342-1.631
samples (Table S2). The RdRp gene is widely used to classify .y 0198 030 08354507
the genotype of PAstV (5, 11, 12, 21-23). Here, a phylogenetic ‘ : e
tree was constructed based on the RdRp genes of the 27 TGEV 1.000 0.908 0.393-2.101
PDCoV 0.182 1.852 0.759-4.522

identified PAstV strains and 115 reference PAstV strains. In
the phylogenic tree, 142 PAstV strains were divided into five  0p, odd ratio; Ci, confidence interval.

groups and three distinct genotypes (PAstV-2, PAstV-4, and

PAstV-5) (Figure 2A). In the phylogenetic analysis, 22 identified

PAstV strains and 39 reference strains from nine other countries  identified PAstV strains (JL/MHK/2018/0115, SX/XZ/2017/1215,
were placed into the PAstV-2 group and divided into two  and JX/2015/1221a) and 35 reference strains, which shared
clusters. With the exception of PAstV strain JX/2015/1224, nucleotide homologies of 62.1-93.6%, were classified to the
all other identified PAstV strains and 21 reference PAstV ~ PAstV-4 group. Most of the 27 identified PAstV strains were
strains formed one cluster in the PAstV-2 group, which shared  classified to the PAstV-2 group (81.5%, 22/27), indicating that
nucleotide homologies of 84.8-99.5%. PAstV strain JX/2015/1224  PAstV-2 was predominant in diarrheic piglets in China. Similarly,
and 18 reference PAstV strains shared nucleotide identities  the high prevalence of PAstV-2 in China was reported by Cai et al.
of 83.1-90.2% and formed the other cluster in the PAstV-  (11)and Qin et al. (22). In contrast, the prevalence of PAstV-4 is
2 group. Two identified PAstV strains, SD/YT/2015/1228b  reportedly higher than that of PAstV-2 in Thailand, South Korea,
and JX/2015/1221d, which are closely related to a PAstV  and India (5, 6, 12).

strain isolated in Croatia, were classified into the PAstV-5 Sequence analysis of the 27 RdRp genes identified