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Porcine respiratory diseases complex (PRDC) is a highly serious threat to the
pig industry. In the present study, we investigated and analyzed the etiology
associated with PRDC and explored the role of viruses in respiratory bacterial
infections. From 2017 to 2021, clinical samples were collected from 1,307
pigs with typical respiratory symptoms in 269 farms in China and screened
for pathogens related to PRDC by PCR and bacterial isolation. The results
indicated that PRRSV (41.16%, 95%Cl: 38.49~43.83%), PCV2 (21.58%,95%Cl:
19.35~23.81%), S. suis (63.50%, 95%Cl: 60.89~66.11%), and G. parasuis
(28.54%, 95%Cl: 26.09~30.99%) were the most commonly detected pathogens
in pigs with PRDC in China. The dominant epidemic serotypes (serogroups)
of S. suis, G. parasuis, and P. multocida were serotype 2, serotype 1, and
capsular serogroups D, respectively. Pigs of different ages exhibited different
susceptibilities to these pathogens, e.g., PRRSV, PCV2, and G. parasuis had
the highest detection rates in nursery pigs, whereas fattening pigs had the
highest detection rates of P multocida and A. pleuropneumoniae. Among
the 1,307 pigs, the detection rates of S. suis, G. parasuis, P. multocida, and
B. bronchiseptica were higher in virus-positive pigs, especially G. parasuis
and P. multocida were significantly (p < 0.01) higher than in virus-negative
pigs. In addition, a strong positive correlation was found between coinfection
by PRRSV and G. parasuis (OR = 2.33, 95%Cl: 1.12~2.14), PRRSV and P.
multocida (OR = 1.55, 95%Cl: 1.12~2.14), PCV2 and P. multocida (OR = 2.27,
95%Cl: 1.33~3.87), PRRSV-PCV2 and S. suis (OR = 1.83, 95%Cl: 1.29~2.60),
PRRSV-PCV2 and G. parasuis (OR = 3.39, 95%Cl: 2.42~4.74), and PRRSV-PCV?2
and P. multocida (OR = 2.09, 95%Cl: 1.46~3.00). In summary, PRRSV, PCV2,
S. suis, and G. parasuis were the major pathogens in pigs with PRDC, and
coinfections of two or more PRDC-related pathogens with strong positive
correlations were common in China, such as PRRSV and G. parasuis, PRRSV
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and P. multocida, PCV2 and P. multocida, and also PRRSV-PCV2 and G. parasuis
and PRRSV-PCV2 and P. multocida.
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porcine respiratory diseases complex (PRDC), porcine reproductive and respiratory
syndrome virus, Streptococcus suis, Glaesserella (Haemophilus) parasuis, prevalence
characteristics, serotypes, coinfection

Introduction

Porcine respiratory diseases complex (PRDC) is a general
term for respiratory diseases caused by a combination of several
factors such as viruses, bacteria, environmental conditions, and
management strategies (1). It has emerged as a highly serious
threat to the pig industry as it can result in various problems
such as poor growth rate, poor feed conversion ratio, and severe
acute death. Although PRDC has been reported to largely occur
in 13~20-week-old fattening pigs, 5~12-week-old nursery pigs
can also be affected, with the morbidity and mortality rate
ranging from 30 to 70% and 4 to 6%, respectively (2, 3).
The macroscopic lesions associated with PRDC are complex
and often depend on the pathogen involved (1). Currently,
the pathogens causing PRDC include viruses such as porcine
reproductive and respiratory syndrome virus (PRRSV), porcine
circovirus type 2 (PCV2), pseudorabies virus (PRV), and bacteria
such as Streptococcus suis (S. suis); Glaesserella (Haemophilus)
parasuis (G. parasuis); Actinobacillus pleuropneumoniae (A.
pleuropneumoniae); Pasteurella multocida (P. multocida) and
Bordetella bronchiseptica (B. bronchiseptica). Although each
pathogen can cause a disease alone, simultaneous infection with
the mentioned pathogens can often result in more severe clinical
symptoms and lesions (4, 5). Numerous studies have assessed
the prevalence of pathogens associated with respiratory diseases.
For instance, in the USA, PRRSV (35.4%), P. multocida (31.6%),
M. hyopneumoniae (27%), and swlAV (22.2%) were the most
common pathogens, and mixed infections can be found in 88.2%
of cases (6). In eastern China, PCV2 (59.9%), PRRSV (27.2%), S.
suis (52.3%), and G. parasuis (33.2%) were the most common
pathogens in clinically healthy pigs. In addition, coinfection was
frequently detected, posing a great threat to the health of herds
(7, 8). However, only a few studies have been conducted on the
etiology associated with PRDC in diseased pigs in China.

PRRSV, PCV2, and PRV are regarded as the major pathogens
of PRDC. These viruses can induce severe lesions and inhibit
host immune functions in the respiratory system, thereby
providing opportunities for invasion by secondary infectious
pathogens (9-12). Bacteria are common secondary infection
pathogens in commercial pig farms. Certain highly pathogenic
bacteria such as A. pleuropneumoniae, P. multocida, and B.
bronchiseptica can also cause primary infection and are the
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primary culprits causing acute death (13-15). At present,
numerous studies have reported the interaction between viruses
and bacteria such as PRRSV and S. suis (9, 10), PRRSV and
G. parasuis (11), and PRV and A. pleuropneumoniae (12),
indicating that immunosuppressive pathogens can extremely
increase the susceptibility to bacterial infection, and coinfection
can significantly increase the pathogenicity of bacteria in pigs
(5). However, little scientific and clinical evidence exist to
support this conclusion at the clinical level (7, 16, 17). Therefore,
there is an urgent requirement to investigate and understand the
correlation between immunosuppressive viruses and respiratory
bacteria at the clinical level.

This study investigated the prevalence and coinfection
characteristics of PRDC-related pathogens and analyzed the
etiology associated with PRDC in diseased pigs in China.
Furthermore, the relationship between viruses and bacteria of
PRDC was analyzed at the clinical level. We believe the results of
the study will help us understand the prevalent status of PRDC-
related pathogens in China and provide clues for the prevention
and control of PRDC.

Materials and methods

Sample collection

From 2017 to 2021, clinical samples were collected from
1,307 pigs with typical respiratory symptoms from 269
farms in 17 provinces (Table 1). Among them, samples were
used for viral nucleic acid detection and bacterial isolation
and identification. All samples were sent to the laboratory,
followed by a sterile procedure to prevent cross-contamination,
and bacterial isolation was conducted immediately. All
procedures regarding animal care and testing were performed
according to the recommendation of Hubei provincial public
service facilities.

Viral nucleic acid detection

For viruses, tissue samples (lungs, inguinal lymph nodes,
tonsils, etc. from the same pig were pooled) were homogenized
using TissueLyser-II (QIAGEN, Germany). Afterward, DNA
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and RNA were extracted using the TTANamp Virus DNA/RNA
Kit (TTANGEN, Beijing, China) according to the manufacturer’s
instructions. PRRSV, PCV2, and PRV were detected by
PCR methods, and the primer sequences used are listed in
Supplementary Table S1. Primers were synthesized by Sangon
Biotech Co., Ltd (Shanghai). The extracted DNA and RNA were
stored at —80°C.

Culture conditions and identification
methods

Five common respiratory bacteria, namely, S. suis, G.
parasuis, P. multocida, A. pleuropneumoniae, P. multocida, and
B. bronchiseptica were isolated and identified from samples
(namely, nasal swabs, trachea, lungs, spleen, brain and joint
fluid), using Tryptic Soy Broth (TSB) or Tryptic Soy Agar
(TSA) (Difco Laboratories, Detroit, USA) with 10 pg/ml of
nicotinamide adenine dinucleotide (NAD) and 10% (v/v)
inactivated cattle serum (Zhejiang Tianhang Biotechnology,
Zhejiang, China). All plates were incubated at 37°C for
24 to 48h, followed by the purification of these strains
by colony morphology, Gram-staining, and oxidase status
(Gram-negative bacilli) or catalase tests. To further confirm
the phenotypic and biochemical results, PCR methods were
used (18-22), and the primer sequences used are listed in
Supplementary Table S1. Primers were synthesized by Sangon
Biotech Co., Ltd (Shanghai). All isolated bacteria were kept
at —80°C.

Serotype identification of S. suis, H.
parasuis, and P. multocida

Based on previous reports, S. suis is divided into 33 serotypes
according to the difference in its capsular polysaccharide. In
this study, we only focused on serotypes 1 to 10 and used the
first multiplex PCR (mPCR) assay (serotypes 1 to 10, 1/2, and
14) developed by Liu (23). To further identify serotypes 1 and
14, 2, and 1/2, the PCR assay developed by Thu was used (24).
G. parasuis can be classified into 15 serotypes according to the
differences in its capsular loci. We used a molecular serotyping
PCR and a rapid PCR to identify the serotypes of G. parasuis.
The mPCR was developed by Howell, which can discriminate
between all serotypes of G. parasuis except serotypes 5 and 12
(25), and the PCR assay developed by Jia was used to further
identify serotypes 5 and 12 (26). P. multocida can be classified
into five capsular serogroups based on the difference in capsular
biosynthetic loci. The PCR assay developed by Townsend was
used to identify capsular serogroups A, B, D, E, and F of P.
multocida (27).
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TABLE 1 Sample information.

Years Number of farms Number of pigs
2017 59 624

2018 52 211

2019 38 139

2020 35 111

2021 85 222

Total 269 1,307

Statistical analysis

At the farm and individual sample levels, all research data
were analyzed. Multiple samples were simultaneously used for
bacterial isolation from the same pig. As long as a certain
bacterium was isolated in one of the samples, the pig was
judged to be positive for this bacterium. The prevalence of each
pathogen was calculated, and the binomial exact method was
used to compute 95% confidence intervals (CIs). Univariate
association between detection rates of different viruses and
isolation rates of different bacteria was determined using the
univariate ordinary logistic regression analysis, Chi-square test
(x2), Phi index, and Fisher’s exact test. p < 0.05and p<0.01 were
considered significant and highly significant, respectively. The
SPSSAU (version 22.0) data scientific analysis platform (https://

www.spssau.com) was used for data analysis.

Results

Prevalence characteristics of major
pathogens

In this study, 1,307 samples from 2017 to 2021 were
collected from 269 pig farms for viral nucleic acid detection.
These results showed that the positive rates of farm level
and pig level of PRRSV were the highest, which were 52.04%
(95%CI: 46.07~58.01%) and 41.16% (95%CI: 38.49~43.83%),
respectively. This was followed by PCV2, the positive rates of
farm level and pig level were 29.74% (95%CI: 24.28~35.20%)
and 21.58% (95%CI: 19.35~23.81%). The positive rate of
PRV was the lowest, only 2.97% (95%CI: 0.94~5.00%) and
2.30% (95%CI: 1.48~3.11%), respectively. Regardless of the
farm or pig level, PRRSV, PCV2, and PRV had the highest
positive rates in 2018 [farm level: PRRSV (73.08%, 95%CI:
61.02~85.13%), PCV2 (55.77%, 95%CI: 42.27~69.27%) and
PRV (5.77%, 95%CI: 0.00~12.11%); pig level: PRRSV (67.30%,
95%CI: 60.97~73.63%), PCV2 (47.39%, 95%CI: 40.66~54.13%)
and PRV (4.27%, 95%CI: 1.54~6.99%)]. Over the past 5 years,
the positive rate of PRRSV has remained high, with the lowest in
2019 [farms: 34.21% (95%CI: 19.13~49.29%) and pigs: 26.62%
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(95%CI: 19.27~33.97%)] and followed by an annual increase
until 2021. Although PCV2 has been declining yearly since
2018, the positive rates of farms and pigs in 2021 were the
lowest, 16.47% (95%CI: 8.59~24.36%) and 13.06% (95%CI:
8.63~17.50%), respectively. The positive rate of PRV was
maintained at a low level, i.e., 0.00% in both 2019 and 2020
(Figure 1).

In this study, bacteria isolation and identification were
performed on samples of 1,307 diseased pigs in 269 farms
collected between 2017 and 2021. The statistics showed that
the positive rates of farm level and pig level of S. suis were
the highest, which were 78.44% (95%CI: 73.52~83.35%) and
63.50% (95%CI: 60.89~66.11%), respectively, followed by G.
parasuis, whose positive rate of farms was 5.02% (95%CI:
49.07~60.96%) and the positive rate of pigs was 28.54% (95%CI:
26.09~30.99%). The positive rate of A. pleuropneumoniae was
the lowest, only 10.78% (95%CI: 7.07~14.49%) and 5.43%
(95%CI: 4.20~6.66%), respectively. Regardless of the farm or pig
level, the positive rate of S. suis had been consistently high [farm
level ranged from 68.57% (95%CI: 53.19~83.95%) to 83.05%
(95%CI: 73.48~92.62%); pig level ranged from 53.69% (95%CI:
45.67~62.24%) to 70.72% (95%CIL: 64.73~76.71%)], followed
by G. parasuis, P. multocida, and B. bronchiseptica. Although
in the past 5 years, the positive rate of these bacteria has
fluctuated, it has largely remained stable, and the positive rate
of B. bronchiseptica surpassed that of P. multocida for the first
time in 2021. Although the positive rate of A. pleuropneumoniae
has remained low, and has declined yearly since 2017 [farm level
ranged from 22.03% (95%CI: 11.46~32.61%) to 3.53% (95%CI:
0.00%~7.45%); the pig level ranged from 6.89% (95%CI:
4.90~8.88%) to 2.25% (95%CI: 0.30~4.20%)] (Figure 2).

Serotype identification of S. suis, G.
parasuis, and P. multocida

From 2017 to 2021, the serotype identification of three
bacteria with higher isolation rates was performed, and strains of
the same serotype detected on the same farm were counted only
once. The serotype identification results of 351 S. suis strains
showed that the highest proportion was that of virulent strain
serotype 2 (15.38%, 95%CI: 11.61~19.16%), followed by the
moderately virulent serotype 8 (12.82%, 95%CI: 9.32~16.32%)
and serotype 3 (7.69%, 95%CI: 4.90~10.48%). The recognized
virulent strains (serotypes 1, 2, 7, and 9) accounted for 25.36%
(89/351, 95%CI: 20.80~29.91%) (Figure 3A). Although the
detection rate of most serotypes has remained relatively stable
during the last 5 years, that of serotype 9 has been decreasing
yearly, and the proportion in 2020 and 2021 was the same
(0.00%). In addition, serotype 1/2 strains were isolated in 2018
and 2021, proving that serotype 1/2 infection exists in China
(0.57%, 95%CI: 0.00~1.36%). For G. parasuis (n = 232), the

Frontiersin Veterinary Science

04

10.3389/fvets.2022.960033

highest proportion was recorded for virulent strain serotype 1
(18.97%, 95% CI: 13.92~24.01%), followed by the moderately
virulent serotype 4 (18.10%, 95%CI: 13.15~23.06%), and
virulent strains serotype 5 (17.24%, 95%CIL: 12.38~22.10%),
non-typeable (NT) strains accounted for 14.22% (95%CI:
9.73~18.72%) (Figure 3B). The increase in the proportion of
serotype 1 occurred primarily in 2021, from 16.90% on average
to 26.79% by 2020. In contrast, the prevalence of the previous
mainstream serotype 5 decreased from 25.37% in 2017 to 12.50%
in 2021. In addition, we identified the capsular serogroups
of 135 P. multocida, and no strains of capsular serogroups B
and E were found. The highest proportion was of capsular
serogroup D (52.59%, 95%CI: 44.17~61.02%), followed by
capsular serogroup A (46.67%, 95%CI: 38.25~55.08%), and only
one capsular serogroup F strain was isolated in 2019 (0.74%, 95%
CI: 0.00~2.19%) (Figure 3C).

Seasonal prevalence characteristics of
major pathogens

To explore the prevalence of viruses in different months,
positive rates were counted on a monthly basis. The detection
rate of PRRSV was the highest in January (59.09%, 95%CI:
32.24~39.49%) and the lowest in August (9.26%, 95%CI:
2.79~14.73%). The positive rate of PRRSV in winter (December
to February) (52.46%, 95%CI: 46.85~58.06%) was extremely
(p < 0.001) higher than that in summer (June to August)
(32.67%, 95%ClL: 27.77~37.57%) (x® = 26.29). Similar to
PRRSV, PCV2 had the highest detection rate in January
(50.91%, 95%CI: 41.57~60.25%); however, the lowest detection
rate was recorded in September (1.14%, 95%CI: 0.00~3.35%),
and the detection rate of PCV2 was extremely (p < 0.001)
higher in winter (41.97%, 95%CI: 36.43~47.51%) than in
autumn (September to November) (6.72%, 95%CI: 4.22~9.21%)
(x? = 122.49). The prevalence of PRV in this study was at a low
level, with the highest detection rate in October (12.60%, 95%CI:
6.83~18.37%) (Figure 4A). It indicated that more attention
should be paid to the prevention and control of viral diseases
in cold environments.

To explore the prevalence of bacteria in different months,
isolation rates were calculated on a monthly basis. The
isolation rate of S. suis was higher than that of other bacteria
every month, and the highest was recorded in July (81.20%,
95%CI:  74.12~88.28%), followed by February (80.33%,
95%CI: 70.35~90.30%), and lowest in October (41.73%,
95%CI: 33.16~50.31%). Next, G. parasuis had the highest
isolation rate in December (45.52%, 95%CI: 37.09~53.95%),
followed by May (38.46%, 95%CI: 26.63~50.29%), and
lowest in September (15.91%, 95%CIL: 8.27~23.55%). For
P. multocida, its isolation rate was the highest in January
(38.18%, 95%CI: 29.10~47.26%), followed by July (34.19%,
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FIGURE 1
The positive rate of different viruses from 2017 to 2021. Farm level (A) and pig level (B).

95%CI: 25.59~47.26%), and lowest in May (9.23%, 95%CI:
2.19~16.27%). The prevalence of B. bronchiseptica was the
highest in April (39.42%, 95%CIL: 31.23~47.60%), followed
by June (25.98%, 95%CI: 18.36~33.61%), and lowest in
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August (5.56%, 95%CI: 1.24~9.88%). The isolation rate of A.
pleuropneumoniae was consistently low, highest in December
(10.45%, 95%CI: 5.27~15.63%), and lowest in February (1.64%,
95%CI: 0.00~4.83%) (Figure 4B). Compared to these viruses,
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bacteria appeared to show higher isolation rates during both
summer and winter.

Prevalence characteristics of major
pathogens among different stages

A total of 1,307 pigs collected from 2017 to 2021 were
divided into farrowing piglets (<30 days) (n = 91), nursery pigs
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(30~75 days) (n = 622), and fattening pigs (>75 days) (n = 594)
according to their age. We found that pigs with respiratory
symptoms were largely concentrated in the nursery (47.59%,
622/1,307) and fattening pigs (45.45%, 594/1,307). The positive
rate of PRRSV in nursery pigs was the highest (60.93%, 95%CI:
57.10~64.77%), and was significantly higher (p < 0.001) than
that in piglets (2 = 32.58) and fattening pigs (x> = 183.58).
Similarly, PCV2 had the highest positive rate in nursery
pigs (22.99%, 95%CI: 19.68~26.30%), and was significantly
higher (p < 0.001) than that in piglets (x2=67.91). PRV had
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The proportion of different serovars (serogroups) of S. suis (A), G. parasuis (B), and P. multocida (C). S. suis (n = 351), G. parasuis (n = 232) and P
multocida (n = 135).

the highest positive rate in fattening pigs (3.20%, 95%CI:
1.78~4.61%); however, there was no significant difference
between the other two groups. For bacteria, the isolation
rate of S. suis at all stages was over 60%, among which
nursery pigs showed the highest isolation rate (64.15%, 95%CI:
60.38~67.92%); however, there was no significant difference
between the other two groups. The isolation rate of G. parasuis
in nursery pigs was as high as 36.01% (95%CI: 32.24~39.49%),
which was significantly higher than the isolation rate recorded
in piglets ( %2 =9.90) and fattening pigs ( %2 = 27.25). Both P.
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multocida and A. pleuropneumoniae had the highest isolation
rates in fattening pigs (25.93% (95%CI: 22.40~29.45%) and
8.42% (95%CI: 6.18~10.65%), respectively), Among them, the
isolation rate of P. multocida in fattening pigs was extremely and
significantly (p < 0.01) higher than that in piglets (x> = 8.87),
and significantly (p < 0.05) higher than that in the nursery
stage (x2 = 6.19). The isolation rate of A. pleuropneumoniae in
fattening pigs was extremely and significantly (p < 0.001) higher
than that in the nursery stage (x> = 13.14), and significantly
(p < 0.05) higher than that in piglets (x% = 5.12). Finally,
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61), Mar (n = 61), Apr (n = 137),

88), Oct (n = 127), Nov (n = 172), Dec (n = 134).

showed that pigs of different ages had different susceptibilities
to these pathogens, and we should focus on the corresponding

pathogens for each stage of pigs.

Time (month)
08

G. parasuis == P. multocida ## B. bronchiseptica M A. pleuropneumoniae

N S, suis 5=

The seasonal prevalence characteristics of major pathogens. Viruses (A) and bacteria (B). Jan (n = 110), Feb (n

May (n = 65), Jun (n = 127), Jul (n = 117), Aug (n = 108), Sep (n

FIGURE 4

we found that B. bronchiseptica had the highest isolation rate
in piglets (23.08%, 95%CI: 14.42~31.73%) with no significant
difference from the other two groups (Figure 5). These results
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The proportion of pathogens among different stages (age). Piglets (n = 91), nursery pigs (n = 622), and fattening pigs (n = 594).

Prevalence characteristics and
correlations of coinfection between
pathogens

At present, mixed infection is highly common in China. To
explore the impact of viruses on bacterial infection under clinical
conditions, pigs infected with different viruses were grouped
and compared with virus-negative groups [virus (-)] (51.80%,
95%CI: 49.09~54.51%). For PRRSV, 326 pigs (24.94%, 95%CI:
22.60~27.29%) were infected with PRRSV only (negative for
PCV2 and PRV) in 1,307 samples. As can be seen from Table 2,
the isolation rate of S. suis, G. parasuis, P. multocida, and B.
bronchiseptica was higher in PRRSV (+). It is apparent from
Table 3 that the isolation rate of G. parasuis was 36.50% (95%CI:
31.28~41.73%), which was extremely (p < 0.001) higher than
that of the virus (-) (x2 = 31.69). The isolation rate of P.
multocida (24.23%, 95%CI: 19.58~28.88%) was significantly
(p < 0.05) higher than that of the virus (-) (x2 = 6.63);
whereas there was no significant difference among S. suis,
B. bronchiseptica, and A. pleuropneumoniae. Furthermore, the
probability of the detection of G. parasuis and P. multocida was
2.33 (OR, 95%CI: 1.12~2.14) and 1.55 (OR, 95%CL: 1.12~2.14)
times more likely in PRRSV (+) than in virus-negative pigs. For
PCV?2, 72 pigs were infected with PCV2 only (5.51%, 95%CI:
4.27~6.75%) in 1,307 samples. The statistical results showed that
the isolation rate of G. parasuis and P. multocida was higher in

Frontiersin Veterinary Science

PCV2 (+), and the isolation rate of P. multocida was 36.50%
(95%CI: 21.17~42.71%) significantly (p < 0.01) higher than that
of the virus (-) (x2 = 8.49), whereas there was no significant
difference among S. suis, G. parasuis, B. bronchiseptica, and A.
pleuropneumoniae. In addition, the probability of the detection
of P. multocida was 2.27 (OR, 95%CI: 1.33~3.87) times more
likely in PCV2 (4) than in virus-negative pigs (Tables 2, 3).
Previous studies have reported that coinfection with PRRSV
and PCV2 can lead to more severe immunosuppression.
Therefore, we compared the coinfected PRRSV and PCV2 group
PRRSV-PCV2 (+) to virus (-). A total of 202 pigs were coinfected
with PRRSV and PCV2 in 1,307 samples (24.94%, 95% CI:
22.60~27.29%). The results showed that the isolation rate of S.
suis, G. parasuis, P. multocida, and B. bronchiseptica was higher
in PRRSV-PCV2 (+), and the isolation rate of S. suis (73.76%,
95%CI: 67.70~79.83%), G. parasuis (45.54%, 95%CI: 38.68~
52.41%), and P. multocida (30.20%, 95%CI: 23.87~36.53%)
dramatically (p < 0.001) higher than these [60.56% ( %2 =11.15),
19.79% (x2 =52.67), and 17.13% (x% =15.71)] in the virus
(), whereas there was no significant difference between these
two groups for B. bronchiseptica and A. pleuropneumoniae.
Moreover, the probability of the detection of S. suis, G. parasuis,
and P. multocida was 1.83 (OR, 95%CI: 1.29~2.60), 2.33 (OR,
95%CI: 1.12~2.14), and 1.55 (95%CI: 1.12~2.14) times more
likely in PRRSV-PCV2 (+) than in virus-negative pigs (Tables 2,
3). The probability of finding S. suis, G. parasuis, and P.
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TABLE 2 Isolation rate of various bacteria under different virus infections.

10.3389/fvets.2022.960033

PRRSV (+) PCV2 (+) PRRSV- Virus (+) Virus (-)
(n=326) (n=172) PCV2 (+) (n = 630) (n=677)
(n=1202)

S. suis 66.26% 50.00% 73.76% 66.67% 60.56%
G. parasuis 36.50% 23.61% 45.54% 37.94% 19.79%
P. multocida 24.23% 31.94% 30.20% 27.14% 17.13%
B. bronchiseptica 20.25% 12.50% 21.78% 19.37% 18.17%
A. pleuropneumoniae 3.68% 12.50% 3.47% 4.44% 6.50%

PRRSV (+), positive for PRRSV only; PCV2 (+), positive for PCV2 only; PRRSV-PCV2 (+), positive for both PRRSV and PCV2; Virus (+4), positive for at least one virus (PRRSV, PCV2,

or PRV); Virus (-), negative for PRRSV, PCV2, and PRV.

TABLE 3 Descriptive statistics and odds ratios for the detection of various bacteria under different immunosuppressive virus infections (compared

with virus-negative).

PRRSV (+) PCV2 (+) PRRSV-PCV2 (+4) Virus (+)
X2 OR(95%CI) X2 OR(95%CI) X2 OR(95%CI) X2 OR(95%CI)
S. suis 2.81 1.28(0.97~1.69) 2.59 0.65(0.40~1.06) 11.15 ¢ 1.83(1.29~2.60) 4.99% 1.30(1.04~1.63)
G. parasuis 31.69 ¥+ 2.33(1.74~3.13) 0.38 1.25(0.70~2.23) 52,67 ¥+ 3.39(2.42~4.74) 51,79 *** 2.48(1.93~3.18)
P. multocida 6.63* 1.55(1.12~2.14) 8.49 ** 2.27(1.33~3.87) 15.71 *** 2.09(1.46~3.00) 18.50 *** 1.80(1.38~2.35)
B. bronchiseptica 0.49 1.14(0.82~1.60) 1.08 0.64(0.31~1.33) 1.1 1.25(0.85~1.85) 0.23 1.08(0.82~1.43)
A. pleuropneumoniae 2.8 0.55(0.29~1.06) 2.71 2.06(0.96~4.41) 2.09 0.52(0.23~1.17) 227 0.67(0.41~1.09)

*,** and *** denote p-values of p < 0.05, p < 0.01 and p < 0.001, respectively. OR, odds ratio.

multocida in coinfection with at least one virus (PRRSV, PCV2,
or PRV) was more than 1.30 (OR, 95%CI: 1.04~1.63), 2.48 (OR,
95%CI: 1.93~3.18), and 1.80 (OR, 95%CI: 1.38~2.35) times
higher than that in virus-negative pigs (Table 3). Therefore,
these results demonstrate that immunosuppressive pathogens
such as PRRSV and PCV2 increased the isolation rate of S.
suis, G. parasuis, and P. multocida. In contrast, the isolation
rate of virulent strains such as A. pleuropneumoniae and B.
bronchiseptica did not appear to be affected by these viruses.

Discussion

Porcine respiratory diseases complex is one of the important
problems that has plagued the development of the pig industry,
causing great economic losses. Pathogens such as PRRSV, PCV2,
and A. pleuropneumoniae have been implicated in these diseases.
Numerous studies have reported that immunosuppressive
pathogens can significantly increase the risk of bacterial
infections in animals and in vitro tests; however, these
conclusions are rarely supported by scientific clinical data
(5). Therefore, we investigated the prevalence and coinfection
characteristics of PRDC-related pathogens and analyzed the
etiology associated with PRDC in diseased pigs in China, and
explored the effect of porcine respiratory viruses on the bacteria
at the clinical level.
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We found that among diseased pigs, the detection rate
of PRRSV was the highest of these three viruses, which was
consistent with the reports on the PRRSV epidemic in China
in recent years (28-31). It indicated that PRRSV is still one
of the high pathogens threatening the Chinese swine industry.
The prevalence of PRRSV from 2017 to 2021 showed an initial
decreasing trend, followed by an annual increase after reaching
the lowest in 2019, which is also consistent with the latest
research (32). PCV2 is another important disease that can lead
to immunosuppression. Its positive rate has remained high and
declined after the highest detection rate in 2018, causing great
trouble to the Chinese pig industry (33-36). The positive rate
of PRV in this study has been at a low level, with a clear
downward trend since 2018. The possible reason is that the
use of safe vaccines and effective differential diagnosis methods
have resulted in a mature Chinese pig farm system for PRV
prevention and control (37-40).

For bacteria, S. suis showed the highest positive rate (>50%)
in diseased pigs with PRDC-related symptoms, followed by G.
parasuis and P. multocida, whereas A. pleuropneumoniae was
maintained at a lower level, which was consistent with the results
of related studies in recent years (15, 41, 42). Between 2017
and 2021, no changes in the epidemic characteristics of these
bacteria were observed, and the annual positive rate tended to be
stable, whereas the positive rate of A. pleuropneumoniae declined
annually since 2017 (42). It was demonstrated that the primary
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respiratory pathogens in China were still S. suis, G. parasuis, and
P. multocida. Although these pathogens are often regarded as
secondary pathogens in PRDC, highly virulent strains can still
cause serious symptoms.

Several bacteria have multiple serotypes with different
pathogenicity and lack of cross-protection, posing serious
problems with the selection of vaccines for bacterial diseases
(23, 25). Therefore, the serotypes of S. suis, G. parasuis, and P.
multocida, which have the highest isolation rate, were identified.
The results showed that the most prevalent S. suis in China
was still serotype 2 with high virulence, followed by serotypes
8, 3, and 5, whereas the recognized virulent strains (serotypes
1, 2, 7, and 9) accounted for 25.36%. After introducing a new
method, serotypes 1 and 14, 2, and 1/2 were re-investigated,
and serotype 1/2 infection was found in China as early as 2018.
Between 2017 and 2021, the detection rates of most serotypes
were relatively stable, but the detection rate of serotype 9
decreased dramatically, which was considerably different from
the latest survey results (17, 41, 42), suggesting a new change
in the epidemic situation of S. suis in China. For G. parasuis,
a similar phenomenon occurred in different serotypes. The
results showed that the most prevalent G. parasuis serotypes
in China were the virulent serotype 1, followed by serotypes
4, 5, and 13. Over the past 5 years, the detection rate of
serotype 1 has shown a gradual increase, particularly in 2021,
and the proportion increased significantly. In contrast, the
detection rate of serotype 5, which was the highest proportion
in the past, decreased annually, which undoubtedly showed
that the serotype trend of G. parasuis in China is changing
(17, 42, 43). For P. multimedia, the results showed that the most
prevalent strains in China were still the capsular serogroups
D strains, followed by the capsular serogroups A, which was
consistent with the previous research results (44, 45). The
development of bacterial vaccines is closely related to their
serotypes, suggesting that monitoring bacterial serotypes is a
long-term and significant task.

An analysis of the positive rates of those pathogens among
different months revealed the characteristics of their seasonal
distribution. The detection rate of PRRSV in winter was
significantly higher (p < 0.001) than those in summer, which
was contrary to the results of certain studies (31, 32). This is
primarily because PRRSV can cause a multisystem disease and
we only focused on the respiratory system. Similar to PRRSV,
PCV2 had the highest detection rate in winter, whereas PRV
showed a higher detection rate between October and February
(37). Viruses can easily survive in cold environments, indicating
that winter is still the season of a high incidence of viral diseases.
For these five bacteria, we found a seasonal pattern, all showing
higher isolation rates during summer and winter. This could be
related to the ventilation frequency and the air quality of the pig
house. Environmental and management conditions have been
shown to be of major importance in the modulation of bacterial
infection (17, 42).
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The PRDC onset can be observed by dividing the stage
of pigs, as well as, the primary pathogens. The results of this
study demonstrated no significant difference in the detection
rate of S. suis at different stages. However, these were higher than
60%, suggesting that we should pay attention to its prevention
and control at every stage. PRRSV, PCV2, and G. parasuis
were more common in nursery pigs, suggesting that we should
increase our awareness of these three diseases at this stage. The
detection rates of P. multimedia and A. pleuropneumoniae in
fattening pigs were significantly higher than in other stages,
indicating that these two bacteria as the primary cause of
diseases in fattening pigs. B. bronchiseptica is also the primary
pathogen causing necrohemorrhagic bronchopneumonia in
young pigs, it may explain the highest isolation rate in piglets
in this study (1, 5). It suggests that pigs of different ages
have different susceptibilities to those pathogens, and we
should focus on the corresponding pathogens for each stage
of pigs.

In these diseased pigs, coinfection by multiple pathogens
was highly common, and even six pathogens were detected in
the same pig. PRRSV, PCV2, and PRV are widely recognized
as the major pathogens of PRDC and can aggravate the
severity of bacterial pneumonia (11, 12, 46). In this study,
the impact of immunosuppressive pathogens on common
respiratory bacteria was investigated at the clinical farm level.
Among the 1,307 pigs, the detection rates of S. suis, G.
parasuis, P. multocida, and B. bronchiseptica were higher in
virus-positive pigs, especially detection rates of G. parasuis
and P. multocida were significantly (p < 0.01) higher than
those in virus-negative pigs. The probability of detecting
G. parasuis and P. multocida in PRRSV-positive pigs was
2.33 and 1.55 times higher than in virus-negative pigs. The
probability of detecting P. multocida in PCV2-positive pigs
was 2.27 times higher than that in virus-negative pigs. It
indicated that PRRSV could increase the chance of infection
by G. parasuis and P. multocida, and PCV2 may increase the
chance of infection by P. multocida. Previous studies have
demonstrated that PRRSV-PCV2 coinfection can result in more
severe immunosuppression. We found that the detection rates of
S. suis, G. parasuis, and P. multocida in PRRSV-PCV2 (+) were
dramatically (p < 0.01) higher than those in pathogen-negative
pigs, and the probability of the detection of S. suis, G. parasuis,
and P. multocida was 1.83, 3.39, and 2.09 times in PRRSV-PCV2
coinfected pigs than in virus-negative pigs, which was also
higher than that in PRRSV-positive pigs and PCV2-positive
pigs (1, 11, 16, 47, 48). It revealed that immunosuppressive
viruses could increase the chance of certain bacterial (such
as G. parasuis and P. multocida) infections. Conversely, no
significant difference was observed in the detection rate of
A. pleuropneumoniae and B. bronchiseptica between those
groups. It implied that there were no correlations between
coinfection by A. pleuropneumoniae (B. bronchiseptica) and
those three viruses.
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In addition, to exclude the influence of other factors, each
sample was collected from pigs with respiratory symptoms.
The same samples, if collected from healthy pigs, might yield
different results. There are other pathogens in PRDC that
may induce similar results, such as M. hyopneumoniae and
swIAV. However, the primary consideration was the effect
of immunosuppressive viruses (such as PRRSV, PCV2, and
PRV) on bacteria. Thus, these pathogens were not included
in the test indicators. Furthermore, PCR methods are more
accurate than seroprevalence approaches in identifying current
pathogens (5).

Conclusion

In conclusion, PRRSV, PCV2, S. suit, and G. parasuis are the
major pathogens causing PRDC in China, with mixed infection
being highly common. The dominant epidemic serotypes of .
suis, G. parasuis, and P. multocida were serotype 2, serotype
1, and capsular serogroups D, respectively. The susceptibility
of pigs of different ages to pathogens was different, e.g.,
the detection rates of PRRSV, PCV2, and G. parasuis were
higher in nursery pigs than those of P. multocida and A.
pleuropneumoniae in fattening pigs. PRRSV and PCV2 are
considered the major pathogens of PRDC, strong positive
correlations were found between coinfection by PRRSV and G.
parasuis, PRRSV and P. multocida, PCV2 and P. multocida, and
also by PRRSV-PCV2 and G. parasuis and PRRSV-PCV2 and
P. multocida. Based on these findings, we recommend focusing
on the role of both immunosuppressive viruses and bacterial
pathogens in PRDC prevention and control.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

Ethical review and approval was not required for the animal
study because sample collection was done in the course of
routine diagnostics on farm.

References
1. Opriessnig T, Giménez-Lirola LG, Halbur PG. Polymicrobial
respiratory disease in pigs. Anim Health Res Rev. (2011) 12:133-

48. doi: 10.1017/51466252311000120

2. Kim J, Chung HK, Chae C. Association of porcine circovirus
2 with porcine respiratory disease complex. Vet J. (2003) 166:251-
6. doi: 10.1016/S1090-0233(02)00257-5

Frontiersin Veterinary Science

12

10.3389/fvets.2022.960033

Author contributions

QS and QH conceptualized and designed the study. QS, XY,
and DH conducted experiments, data curation, and analysis.
QS wrote the original manuscript. QS, DH, and QH revised
the manuscript. QS, XK, and HZ worked on methodology
and resources. QS, BH, and WZ worked on data review
and visualization. QH was responsible for funding acquisition,
project administration, and supervision. All authors contributed
to the article and approved the submitted version.

Funding

This work was supported by the China Agriculture Research
System of MOF and MARA (No. CARS-35) and the DBN Public
Welfare Fund for young scholars of HZAU (No. 99921001).

Conflict of interest

Author HZ is employed by Wuhan Green Giant Agriculture,
Agriculture and Animal Husbandry Co., Ltd, China.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fvets.2022.960033/full#supplementary-material

3. Fablet C, Marois-Créhan C, Simon G, Grasland B, Jestin A, Kobisch
M, et al. Infectious agents associated with respiratory diseases in 125 farrow-
to-finish pig herds: a cross-sectional study. Vet Microbiol. (2012) 157:152-
63. doi: 10.1016/j.vetmic.2011.12.015

4. Brockmeier SL, Loving CL, Nicholson TL, Palmer MYV.
Coinfection of pigs with porcine respiratory coronavirus and bordetella

frontiersin.org


https://doi.org/10.3389/fvets.2022.960033
https://www.frontiersin.org/articles/10.3389/fvets.2022.960033/full#supplementary-material
https://doi.org/10.1017/S1466252311000120
https://doi.org/10.1016/S1090-0233(02)00257-5
https://doi.org/10.1016/j.vetmic.2011.12.015
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Sun et al.

bronchiseptica. Vet Microbiol. (2008) 128:36-47. doi: 10.1016/j.vetmic.2007.
09.025

5. Saade G, Deblanc C, Bougon ], Marois-Créhan C, Fablet C, Auray G, et al.
Coinfections and their molecular consequences in the porcine respiratory tract.
Vet Res. (2020) 51:80. doi: 10.1186/s13567-020-00807-8

6. Choi YK, Goyal SM, Joo HS. Retrospective analysis of etiologic agents
associated with respiratory diseases in pigs. Can Vet J. (2003) 44:735-7.

7. Zhu H, Chang X, Zhou J, Wang D, Zhou J, Fan B, et al. Co-infection analysis
of bacterial and viral respiratory pathogens from clinically healthy swine in Eastern
China. Vet Med Sci. (2021) 7:1815-9. doi: 10.1002/vms3.533

8. Thacker EL, Halbur PG, Ross RE Thanawongnuwech R, Thacker
BJ. Mycoplasma hyopneumoniae potentiation of porcine reproductive and
respiratory syndrome virus-induced pneumonia. J Clin Microbiol. (1999) 37:620-
7. doi: 10.1128/JCM.37.3.620-627.1999

9. Galina L, Pijoan C, Sitjar M, Christianson WT, Rossow K, Collins JE.
Interaction between Streptococcus suis serotype 2 and porcine reproductive and
respiratory syndrome virus in specific pathogen-free piglets. Vet Rec. (1994)
134:60-4. doi: 10.1136/vr.134.3.60

10. Xu M, Wang S, Li L, Lei L, Liu Y, Shi W, et al. Secondary infection
with Streptococcus suis serotype 7 increases the virulence of highly pathogenic
porcine reproductive and respiratory syndrome virus in pigs. Virol J. (2010)
7:184. doi: 10.1186/1743-422X-7-184

11. Yu J, Wu J, Zhang Y, Guo L, Cong X, Du Y, et al. Concurrent
highly pathogenic porcine reproductive and respiratory syndrome virus infection
accelerates haemophilus parasuis infection in conventional pigs. Vet Microbiol.
(2012) 158:316-21. doi: 10.1016/j.vetmic.2012.03.001

12. Sakano T, Shibata I, Samegai Y, Taneda A, Okada M, Irisawa T,
et al. Experimental pneumonia of pigs infected with aujeszky’s disease
virus and actinobacillus pleuropneumoniae. J Vet Med Sci. (1993) 55:575-
9. doi: 10.1292/jvms.55.575

13. Carvalho LE Segalés ], Pijoan C. Effect of porcine reproductive and
respiratory syndrome virus on subsequent pasteurella multocida challenge in pigs.
Vet Microbiol. (1997) 55:241-6. doi: 10.1016/S0378-1135(96)01324-7

14. Lévesque C, Provost C, Labrie J, Hernandez Reyes Y, Burciaga Nava JA,
Gagnon CA, et al. Actinobacillus pleuropneumoniae possesses an antiviral activity
against porcine reproductive and respiratory syndrome virus. PLoS ONE. (2014)
9:€98434. doi: 10.1371/journal.pone.0098434

15. Liu S, Li W, Wang Y, Gu C, Liu X, Charreyre C, et al. Coinfection with
haemophilus parasuis serovar 4 increases the virulence of porcine circovirus type 2
in piglets. Virol J. (2017) 14:227. doi: 10.1186/512985-017-0890-6

16. Salogni C, Lazzaro M, Giovannini S, Vitale N, Boniotti MB, Pozzi P, et al.
Causes of swine polyserositis in a high-density breeding area in Italy. ] Vet Diagn
Invest. (2020) 32:594-7. doi: 10.1177/1040638720928973

17. Yu X, Sun Q, Ku X, He D, Li Z, Ghonaim AH, et al. The
epidemiological investigation of co-infection of major respiratory bacteria with
pseudorabies virus in intensive pig farms in China. Vet Med Sci. (2021) 7:175-
83. doi: 10.1002/vms3.289

18. Cheung PY, Lo KL, Cheung TT, Yeung WH, Leung PH, Kam KM.
Streptococcus suis in retail markets: how prevalent is it in raw pork? Int ] Food
Microbiol. (2008) 127:316-20. doi: 10.1016/j.ijfoodmicro.2008.08.006

19. Gram T, Ahrens P, Andreasen M, Nielsen JP. An actinobacillus
pleuropneumoniae PCR typing system based on the apx and omlA genes—
evaluation of isolates from lungs and tonsils of pigs. Vet Microbiol. (2000) 75:43—
57. doi: 10.1016/S0378-1135(00)00206-6

20. Oliveira S, Galina L, Pijoan C. Development of a PCR test to
diagnose haemophilus parasuis infections. J Vet Diagn Invest. (2001) 13:495-
501. doi: 10.1177/104063870101300607

21. Hozbor D, Fouque E Guiso N. Detection of bordetella
bronchiseptica by the polymerase chain reaction. Res Microbiol. (1999)
150:333-41. doi: 10.1016/50923-2508(99)80059-X

22. Nagai S, Someno S, Yagihashi T. Differentiation of toxigenic from
nontoxigenic isolates of pasteurella multocida by PCR. J Clin Microbiol. (1994)
32:1004-10. doi: 10.1128/jcm.32.4.1004-1010.1994

23. Liu Z, Zheng H, Gottschalk M, Bai X, Lan R, Ji S, et al. Development of
multiplex PCR assays for the identification of the 33 serotypes of Streptococcus suis.
PLoS ONE. (2013) 8:¢72070. doi: 10.1371/journal.pone.0072070

24. Thu ISL, Tragoolpua K, Intorasoot S, Anukool U, Khamnoi P, Kerdsin
A, et al. Direct detection of Streptococcus suis from cerebrospinal fluid, positive
hemoculture, and simultaneous differentiation of serotypes 1, 1/2, 2, and 14 within
single reaction. Pathogens. (2021) 10:996. doi: 10.3390/pathogens10080996

Frontiersin Veterinary Science

10.3389/fvets.2022.960033

25. Howell KJ, Peters SE, Wang J, Hernandez-Garcia ], Weinert
LA, Luan SL, et al. Development of a multiplex PCR assay for rapid
molecular serotyping of haemophilus parasuis. J Clin Microbiol. (2015)
53:3812-21. doi: 10.1128/JCM.01991-15

26.Jia A, Zhou R, Fan H, Yang K, Zhang J, Xu Y, et al. Development of Serotype-
Specific PCR assays for typing of haemophilus parasuis isolates circulating in
Southern China. J Clin Microbiol. (2017) 55:3249-57. doi: 10.1128/JCM.00688-17

27. Townsend KM, Boyce JD, Chung JY, Frost AJ, Adler B. Genetic
organization of pasteurella multocida cap loci and development of
a multiplex capsular PCR typing system. ] Clin Microbiol. (2001)
39:924-9. doi: 10.1128/JCM.39.3.924-929.2001

28. Shang Y, Wang G, Tian H, Yin S, Du P, Wu J, et al. Molecular
epidemiological investigation of porcine reproductive and respiratory syndrome
virus in Northwest China from 2007 to 2010. Virus Genes. (2012) 45:90-
7. doi: 10.1007/s11262-012-0747-4

29. Liang W, Zhao T, Peng Z, Sun Y, Stratton CW, Zhou D, et al. Epidemiological
and genetic characteristics of porcine reproductive and respiratory syndrome
virus circulating in central and South China in 2016. Acta Trop. (2019) 190:83—
91. doi: 10.1016/j.actatropica.2018.11.004

30. Guo Z, Chen XX, Li X, Qiao S, Deng R, Zhang G. Prevalence and genetic
characteristics of porcine reproductive and respiratory syndrome virus in central
China during 2016-2017: NADC30-Like PRRSVS are predominant. Microb Pathog.
(2019) 135:103657. doi: 10.1016/j.micpath.2019.103657

31. Xie S, Liang W, Wang X, Chen H, Fan J, Song W, et al. Epidemiological
and genetic characteristics of porcine reproduction and respiratory
syndrome virus 2 in Mainland China, 2017-2018. Arch Virol (2020)
165:1621-32. doi: 10.1007/s00705-020-04661-z

32. Fang K, Liu S, Li X, Chen H, Qian P. Epidemiological and
genetic characteristics of porcine reproductive and respiratory syndrome
virus in South China between 2017 and 2021. Front Vet Sci. (2022)
9:853044. doi: 10.3389/fvets.2022.853044

33. Ge X, Wang E Guo X, Yang H. Porcine circovirus type 2 and its associated
diseases in China. Virus Res. (2012) 164:100-6. doi: 10.1016/j.virusres.2011.10.005

34. Lv N, Zhu L, Li W, Li Z, Qian Q, Zhang T, et al. Molecular
epidemiology and genetic variation analyses of porcine circovirus type 2 isolated
from Yunnan Province in China from 2016-2019. BMC Vet Res. (2020)
16:96. doi: 10.1186/s12917-020-02304-8

35. Ma Z, Liu M, Liu Z, Meng E Wang H, Cao L, et al. Epidemiological
investigation of porcine circovirus type 2 and its coinfection rate in
Shandong Province in China from 2015 to 2018. BMC Vet Res. (2021)
17:17. doi: 10.1186/s12917-020-02718-4

36. Kang L, Wahaab A, Shi K, Mustafa BE, Zhang Y, Zhang J, et al. Molecular
epidemic characteristics and genetic evolution of porcine circovirus type 2 (Pcv2)
in swine herds of Shanghai, China. Viruses. (2022) 14:289. doi: 10.3390/v14020289

37. Sun Y, Liang W, Liu Q, Zhao T, Zhu H, Hua L, et al. Epidemiological and
genetic characteristics of swine pseudorabies virus in Mainland China between
2012 and 2017. Peer]. (2018) 6:€5785. doi: 10.7717/peer;j.5785

38. Zhai X, Zhao W, Li K, Zhang C, Wang C, Su S, et al. Genome characteristics
and evolution of pseudorabies virus strains in Eastern China from 2017 to 2019.
Virol Sin. (2019) 34:601-9. doi: 10.1007/s12250-019-00140-1

39. Zhang L, Ren W, Chi J, Lu C, Li X, Li C, et al. Epidemiology of porcine
pseudorabies from 2010 to 2018 in Tianjin, China. Viral Immunol. (2021) 34:714-
21. doi: 10.1089/vim.2021.0069

40. Zheng HH, Jin Y, Hou CY Li XS, Zhao L, Wang ZY, et al. Seroprevalence
investigation and genetic analysis of pseudorabies virus within pig populations
in Henan Province of China During 2018-2019. Infect Genet Evol. (2021)
92:104835. doi: 10.1016/j.meegid.2021.104835

41. Wei Z, Li R, Zhang A, He H, Hua Y, Xia J, et al. Characterization of
Streptococcus suis isolates from the diseased pigs in China between 2003 and 2007.
Vet Microbiol. (2009) 137:196-201. doi: 10.1016/j.vetmic.2008.12.015

42. Zhang B, Ku X, Yu X, Sun Q, Wu H, Chen F et al. Prevalence and
antimicrobial susceptibilities of bacterial pathogens in Chinese pig farms from 2013
to 2017. Sci Rep. (2019) 9:9908. doi: 10.1038/s41598-019-45482-8

43. Cai X, Chen H, Blackall PJ, Yin Z, Wang L, Liu Z, et al. Serological
characterization of haemophilus parasuis isolates from China. Vet Microbiol.
(2005) 111:231-6. doi: 10.1016/j.vetmic.2005.07.007

44. Tang X, Zhao Z, Hu J, Wu B, Cai X, He Q, et al. Isolation,
antimicrobial resistance, and virulence genes of pasteurella multocida strains
from swine in China. J Clin Microbiol. (2009) 47:951-8. doi: 10.1128/JCM.
02029-08

frontiersin.org


https://doi.org/10.3389/fvets.2022.960033
https://doi.org/10.1016/j.vetmic.2007.09.025
https://doi.org/10.1186/s13567-020-00807-8
https://doi.org/10.1002/vms3.533
https://doi.org/10.1128/JCM.37.3.620-627.1999
https://doi.org/10.1136/vr.134.3.60
https://doi.org/10.1186/1743-422X-7-184
https://doi.org/10.1016/j.vetmic.2012.03.001
https://doi.org/10.1292/jvms.55.575
https://doi.org/10.1016/S0378-1135(96)01324-7
https://doi.org/10.1371/journal.pone.0098434
https://doi.org/10.1186/s12985-017-0890-6
https://doi.org/10.1177/1040638720928973
https://doi.org/10.1002/vms3.289
https://doi.org/10.1016/j.ijfoodmicro.2008.08.006
https://doi.org/10.1016/S0378-1135(00)00206-6
https://doi.org/10.1177/104063870101300607
https://doi.org/10.1016/S0923-2508(99)80059-X
https://doi.org/10.1128/jcm.32.4.1004-1010.1994
https://doi.org/10.1371/journal.pone.0072070
https://doi.org/10.3390/pathogens10080996
https://doi.org/10.1128/JCM.01991-15
https://doi.org/10.1128/JCM.00688-17
https://doi.org/10.1128/JCM.39.3.924-929.2001
https://doi.org/10.1007/s11262-012-0747-4
https://doi.org/10.1016/j.actatropica.2018.11.004
https://doi.org/10.1016/j.micpath.2019.103657
https://doi.org/10.1007/s00705-020-04661-z
https://doi.org/10.3389/fvets.2022.853044
https://doi.org/10.1016/j.virusres.2011.10.005
https://doi.org/10.1186/s12917-020-02304-8
https://doi.org/10.1186/s12917-020-02718-4
https://doi.org/10.3390/v14020289
https://doi.org/10.7717/peerj.5785
https://doi.org/10.1007/s12250-019-00140-1
https://doi.org/10.1089/vim.2021.0069
https://doi.org/10.1016/j.meegid.2021.104835
https://doi.org/10.1016/j.vetmic.2008.12.015
https://doi.org/10.1038/s41598-019-45482-8
https://doi.org/10.1016/j.vetmic.2005.07.007
https://doi.org/10.1128/JCM.02029-08
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Sun et al.

45. Liu H, Zhao Z, Xi X, Xue Q, Long T, Xue Y. Occurrence of pasteurella
multocida among pigs with respiratory disease in China between 2011 and 2015. Ir
Vet J. (2017) 70:2. doi: 10.1186/s13620-016-0080-7

46. Wang G, Yu Y, He X, Wang M, Cai X, Zimmerman JJ. Porcine
reproductive and respiratory syndrome virus infection of bone marrow: lesions
and pathogenesis. Virus Res. (2019) 265:20-9. doi: 10.1016/j.virusres.2019.
02.019

Frontiersin Veterinary Science

14

10.3389/fvets.2022.960033

47. Yan X, Zeng J, Li X, Zhang Z, Din AU, Zhao K, et al. High incidence and
characteristic of PRRSV and resistant bacterial co-infection in pig farms. Microb
Pathog. (2020) 149:104536. doi: 10.1016/j.micpath.2020.104536

48. Palzer A, Haedke K, Heinritzi K, Zoels S, Ladinig A, Ritzmann M.
Associations among haemophilus parasuis, mycoplasma hyorhinis, and porcine
reproductive and respiratory syndrome virus infections in pigs with polyserositis.
Can Vet ]. (2015) 56:285-7.

frontiersin.org


https://doi.org/10.3389/fvets.2022.960033
https://doi.org/10.1186/s13620-016-0080-7
https://doi.org/10.1016/j.virusres.2019.02.019
https://doi.org/10.1016/j.micpath.2020.104536
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Investigation and analysis of etiology associated with porcine respiratory disease complex in China from 2017 to 2021
	Introduction
	Materials and methods
	Sample collection
	Viral nucleic acid detection
	Culture conditions and identification methods
	Serotype identification of S. suis, H. parasuis, and P. multocida
	Statistical analysis

	Results
	Prevalence characteristics of major pathogens
	Serotype identification of S. suis, G. parasuis, and P. multocida
	Seasonal prevalence characteristics of major pathogens
	Prevalence characteristics of major pathogens among different stages
	Prevalence characteristics and correlations of coinfection between pathogens

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


