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University, Chengdu, China, 5 Zhejiang Provincial Laboratory of Preventive Veterinary Medicine, Hangzhou, China

Background: Brucellosis is one of the most significant zoonosis over the world,

threatening both veterinary and human public health. However, few studies were focused

on nationwide animal brucellosis and made association with human brucellosis.

Methodology and Principal Findings: We conducted a bilingual literature search on

Brucella or brucellosis in China on the two largest databases (China National Knowledge

Infrastructure and PubMed) and conducted a systematic review. A total of 1,383 Chinese

and 81 English publications, published between 1958 and 2018 were identified. From

them, 357 publications presenting 692 datasets were subjected to the meta-analysis.

The overall prevalence rate is 1.70% (95% CI: 1.66–1.74), with a declining (until the late

1990s) and rising trend (starting the early 2000s). Interestingly, the animal with highest

prevalence rate is canine (8.35%, 95% CI: 7.21–9.50), and lowest in cattle (1.22%, 95%

CI: 1.17–1.28). The prevalence of Brucella in animals was unequally distributed among

the 24 examined regions in China.

Conclusions: Brucellosis is a reemerging disease for both humans and animals in

China. The observed data suggests that dogs and yaks are the leading reservoirs for

Brucella, and the provinces with highest prevalence rates in animals are Hubei, Sichuan,

Inner Mongolia, Fujian, and Guizhou. Accordingly targeted intervention policy should be

implemented to break the Brucella transmission chain between animals and humans

in China.

Keywords: Brucella, brucellosis, China, spatial, temporal

INTRODUCTION

Zoonotic diseases are capable of infecting humans from animals by direct contact, or via
food, water and environment, representing a significant public health problem. Brucellosis,
caused by multiple species of the genera Brucella, is a textbook example of zoonotic disease
prevalent all over the world. Brucellosis, recognized as the leading neglected zoonotic diseases
by World Health Organization (WHO), remains a major epidemic, particularly in low- and
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middle-income countries, including China (1–4). During the
past decades, it was observed a significant increase in human
brucellosis in China (5, 6). Given a broad range of animal
reservoirs, and humans serving as an accidental host, the exact
relationship between human brucellosis and its animal reservoirs
remains elusive. This is one of the most pressing knowledge gaps
to understand the dynamics of zoonotic Brucella in China.

The Brucella pathogens infect and invade the host via the
mucous membranes, gastrointestinal tract, respiratory tract or
abraded skin. In China, human infections are more often related
to the occupation and consumption of foods of animal origin
(7). Veterinary personnel, animal-farmers, and slaughterhouse
workers are at the highest risk, usually acquiring infections
through the mucous or abraded skin (8, 9). Respiratory tract
infections are common in people inhaling contaminated air-
borne droplets or dust, for example, those working in the fur
processing environment (10). People with no exposure to farm
animals or animal-products are usually infected by contaminated
food or water via gastrointestinal tract infections (11). The
disease burden of human brucellosis infections is dynamic with
respect to the endemic areas and time. Despite this dynamism,
the only static component in the transmission chain is that the
human incidences of brucellosis are always linked to certain
animal reservoirs. Here, for the first time, we can address
these key questions by using a “One Health” approach in an
interconnected manner (6).

Farm animals, companion animals, and wild animals are
well-known reservoirs for human Brucella infections (10).
Farm animal brucellosis, with a wide range of clinical signs,
is dependent on the infected animal hosts, age, sex, routes
of exposure and organs involved (12). The hallmarks of
infection include spontaneous abortion, undulant fever, and
sometimes mastitis. Generally, animal brucellosis is sub-clinical
but causes significant economic losses in the livestock industry.
In companion animals, most of the infection cases are usually
asymptomatic or mild (13). Therefore, farm and companion
animal brucellosis are usually underappreciated due to their
obscure syndrome and clinical presentations. Nevertheless, a
systematic understanding the burden of animal brucellosis is
largely lacking in China.

TABLE 1 | Inclusion/exclusion criteria for publication screening.

Inclusion criteria Exclusion criteria

• Case report on brucellosis • Literature review

• Epidemiological investigation

of brucellosis

• Publication with no positive sample

• Study on biotype of Brucella strains • Number of samples is uncertain

• No Chinese strains or cases

• Article with repeated data

• Study not related to Brucella

or brucellosis

• Full text not available

• Sample type and province are

not available

In this study, we conducted a systematic review and
meta-analysis of the spatiotemporal epidemiological feature of
brucellosis in animals and humans from a nationwide One
Health approach. A comprehensive review of animal brucellosis
in China, with an integrated evidence-based result analysis
of human brucellosis to address the parameters for potential
transboundary infections, was also undertaken.

MATERIALS AND METHODS

Search Strategy
This review and systematic analysis included studies published
in Chinese or English languages, between 1958 and 2018.
The Chinese Publications were retrieved from China National
Knowledge Infrastructure, CNKI (https://www.cnki.net/) and
English papers were from PubMed with the same search string
composed using keywords “Brucella or Brucellosis” and “China.”

Selection Criteria
Publications were firstly screened based on their title and abstract
followed by inclusion or exclusion criteria formulated by the
authors (Table 1).

Data Extraction
Selected publications were perused for data extraction.
Information on the title, author, journal, publication year,
province, host (sheep and goat were grouped into one category
because they were referred to as one single entity in Chinese
literature), sampling year, type of samples, number of total
samples, number of positive samples and number of Brucella
strains and species wherever available, were determined. That
information was extracted and arranged in an MS Excel
spreadsheet formatted especially for this purpose.

Descriptive Analysis
Descriptive analysis was undertaken to calculate an
approximately accurate epidemiologic picture of the disease and
its causative agent. We analyzed the spatiotemporal relationship
between human and animal brucellosis, where possible. We
identified dominant species of Brucella in humans and some
common animals including cattle, dog, pig, sheep & goat, and
pointed out potentially high-risk infectious sources toward
the human.

Meta-Analysis
A second step quality control screening of each record used for
the descriptive analysis was applied using the exclusion criteria
(Table 2). This was used to revise the data necessary for a meta-
analysis of the prevalence of animal brucellosis.

TABLE 2 | Exclusion criteria for the second round of record screening.

1. No specific host or host mentioned is human

2. No specific sample types mentioned

3. Total number of samples is less than 100

4. No specific province reported in the study

5. No reporting of any specific sampling year
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FIGURE 1 | A flow chart of literature research and data extraction.

The data extracted from hence selected publications
were meta-analyzed in a binary random-effects model by
DerSimonian-Laird method at 95% confidence level using
OpenMeta-analysis, as described previously (14). The meta-
analysis was performed according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines to ensure the quality of the writing and presentation
of this review (15). Three subgroup meta-analysis on the host,
sampling year, and province were conducted simultaneously.
The results obtained as the forest plots were projected with
GraphPad Prism 7.

RESULTS

Literature Search and Data Extraction
A total of 1,464 bilingual publications, which included
1,383 in Chinese and 81 in English, were used for
the descriptive analysis after a full-text screening of
primary eligible studies. Only 357 publications, 350
in Chinese, and 7 in English, among the total of 692

eligible records, were deemed suitable for meta-analysis.
A flow chart of literature research and data extraction is
shown (Figure 1).

Descriptive Analysis
All provinces or municipality cities in China except Macao had
reported positively for the prevalence of brucellosis. In mainland
China, the largest number of records were from Inner Mongolia
(n = 431), while there were only a few records from Tianjin (n
= 11). Rose-Bengal Plate Agglutination Test (RBPT), Standard
Tube Agglutination Test (SAT), Polymerase Chain Reaction
(PCR), and Enzyme-Linked Immunosorbent Assay (ELISA) were
the most common assays used for the detection of positive
samples which were mostly blood. A total of 70,035,273 samples
were tested in all these eligible studies, while 2,339,773 samples
turned out to be positive, considered as the confirmed brucellosis
cases or separated strains in these studies. There were more
records on Brucella and brucellosis in northern China than in
southern China. The number of samples tested in northern
China was also much higher. The details are shown in Table 3
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TABLE 3 | Characteristics of records from eligible studies.

Total Northern China* Southern China#

Human Animal Human Animal Human Animal

Number of records (%) 1,904 1,382 1,386 (73%) 939 (68%) 480 (25%) 409 (30%)

Number of total samples (%) 10,283,133 59,741,718 8,522,768 (83%) 55,531,284 (93%) 1,360,477 (13%) 2,668,094 (4%)

Number of positive samples (%) 1,037,606 1,293,024 919,372 (89%) 1,202,177 (93%) 24,156 (2%) 78,523 (6%)

*Northern China: Includes provinces such as Heilongjiang, Jilin, Liaoning, Inner Mongolia, Gansu, Xinjiang, Qinghai, Ningxia, Shanxi, Shaanxi, Hebei, Beijing, Tianjin, Shandong, Henan.
#Southern China: Includes provinces such as Shanghai, Jiangsu, Anhui, Hubei, Chongqing, Sichuan, Yunnan, Guizhou, Hunan, Jiangxi, Zhejiang, Fujiang, Taiwan, Guangzhou,

Hong Kong, Guangxi, Hainan, Tibet.

below (Some data are not counted into the table because they
are lacking information either on host or on sampling places).

We also calculated the number of specific Brucella species
mentioned in all these studies in human, sheep & goat, cattle, yak,
dog and pig. Only five species, B. melitensis, B. canis, B. abortus,
B. suis, and B. ovis were detected (Figure 2). Humans are most
likely to be infected by all the four Brucella species from all kinds
of animal host albeit in varying proportions. The proportion
of presence of these pathogens in humans and sheep & goat
are highly similar, illustrating that sheep & goat may be the
likely source of infection for human brucellosis. Brucella serovars
infecting yak, dog and pig are apparently highly species-specific,
for example, B. abortus for yak, B. canis for dog, and B. suis
for pig.

The average prevalence rates of all the records were calculated
and the results are illustrated as the temporal (Figure 3) and
spatial (Figure 4) prevalence rates in humans and animals
in China. Prevalence rates of human and animal brucellosis
both have a decreasing trend, until the late 1990s, followed
by an increasing trend, starting the early 2000s. Interestingly,
prevalence of brucellosis in animals was higher than that of
humans before the year 1995, while after 1995 the prevalence of
brucellosis in humans becomes higher.

Provinces in southern China had a higher prevalence rate
before 1990, and currently, central Chinese provinces make the
lead. There is always a higher rate of prevalence in the animals
than in humans in most littoral areas, while things are on
the contrary in the inwards areas. Regarding the geographic
distribution, except in two municipal cities of Shanghai and
Tianjin where only human cases were recorded, all other
provinces had recorded an almost simultaneous increase or
decrease in the prevalence in human and animal subjects.
The analysis also reveals that the prevalence in hosts was
high before 1990, then it started a downhill trend from
1991 to 2000, but again climbing up with a gradual increase
after the 2000s at multiple geographical regions in mainland
China. This spatiotemporal dynamism for human and animal
brucellosis in China from 1951 to 2018 has been clearly
shown (Supplemental Figure 1).

Prevalence of Brucellosis in Animals and
Humans
A total of 357 publications screened twice (using the criteria as
given in Table 2) were put into a meta-analysis, followed by a

subgroup analysis on three variables including sampling year,
geographical regions and host was also undertaken. Subgroups
with less than five records were also put into meta-analysis but
were not showed in the results below.

The overall prevalence rate among all animals in China
from 1951 to 2018 was estimated to be 1.70% (95% CI: 1.66–
1.74) (Figure 5A). As a factor of time, the largest number of
records were for years between 2011 and 2015 (n = 170),
whereas the smallest was for 1961–1965 (n = 6). There was
an insufficient number of records (less than five) for the years
1951–1955, 1956–1960, 1966–1970, and 1971–1975 so these
time frames were not shown. The result of subgroup analysis
on the sampling year showed declining followed by a rising
trend. Period with the lowest prevalence rate, irrespective of
the host was 0.24% during 1996–2000 (63 records, 95% CI:
0.20–0.27), while the one with the highest prevalence was
12.44% during 1961–1965 (6 records, 95% CI: 7.70–17.19).
In recent years, 2016–2018 the prevalence rate was 2.91%
(29 records, 95% CI: 2.57–3.26), ∼10 times higher than the
lowest one.

There were only 24 provinces/autonomous regions which
had no less than five qualified datasets for meta-analysis
(Figure 5B). Five provinces/autonomous with the highest rate
were Hubei (5 records, 7.69%, 95% CI: 5.51–9.87), Sichuan
(20 records, 6.86%, 95% CI: 5.68–8.04), Inner Mongolia
(50 records, 4.44%, 95% CI: 4.04–4.85), Fujian (20 records,
4.25%, 95% CI: 3.58–4.92), and Guizhou (18 records, 3.89%,
95% CI: 3.18–4.59). In contrast, five lowest rates were for
Jilin (16 records, 0.39%, 95% CI: 0.29–0.48), Gansu (55
records, 0.70%, 95% CI: 0.60–0.79), Jiangsu (15 records,
0.77%, 95% CI: 0.49–1.05), Shandong (37 records, 1.13%,
95% CI: 0.95–1.31), and Qinghai (112 records, 1.40%, 95%
CI: 1.29–1.52).

Among the five different types of host groups analyzed
(Figure 5C), dog possessed the highest prevalence rate (52
records, 8.35%, 95% CI: 7.21–9.50), followed by yak with 43
records and 8.22% prevalence rate (95% CI: 7.23–9.20), while
cattle (228 records, 1.22%, 95% CI: 1.17–1.28), sheep & goat
(277 records, 1.61%, 95% CI: 1.54–1.67), and lastly the pigs (63
records, 2.35%, 95% CI: 2.16–2.54). This preferably indicates
that dogs and yaks could be the emerging host that possess
some significant threat to Brucella transmission in China. The
detailed results of subgroup analysis are shown as forest plots
in Figures 5A–C.
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FIGURE 2 | Prevalence of various species of Brucella on different hosts. Height of the column in different color shows the proportion of Brucella species. Hosts are

specified as human, sheep & goat, cattle, yak, dog, and pig at the base of each bar. Number above the bars indicates the number of positive samples.

FIGURE 3 | Temporal distribution of human and animal brucellosis in China between 1951 and 2018.

DISCUSSION

Brucellosis is one of the most common zoonotic diseases

worldwide, with a bioweapon potential, posing a significant
public health concern (16). It not only causes considerable
damages to public health but also significantly impairs veterinary
public health and animal welfare. For example, reduced milk
yield and contaminated dairy products due to animal brucellosis
in America alone worth ∼400 million US dollars (17), and the
annual economic losses of brucellosis in two counties in Jilin
province, China was more than 2.3 million US dollars (18).

Brucellosis had been well-controlled last century in China by
a nationwide program for brucellosis control, as well as by a
national campaign for preventing and controlling brucellosis
(19). In China, it had beenwell-controlled by a national campaign
for preventing and controlling brucellosis in the last century.
However, the disease has reemerged during the last two decades
(20). In certain regions of China, the number of cases of
brucellosis reported is higher than that in the 1990s (21).
Recently, a study on the epidemiology of human brucellosis was
carried out with official data (6). Moreover, Ran and his group
applied a meta-analysis on seroprevalence in dairy cows in China
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FIGURE 4 | Geographical distribution of brucellosis in animal reservoirs and humans. In two municipal cities Shanghai and Tianjin, only human cases were observed.

FIGURE 5 | Results of subgroup meta-analysis for different animal-related factors. Subgroup analysis on sampling year (A), subgroup analysis on the province (B),

and subgroup analysis on the host (C). The broken vertical line indicates the pooled summary estimate of prevalence for the selected variable.
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(22). Despite these interesting and novel studies, information
on the dominant biotype of Brucella in multiple kinds of hosts
and prevalence within other animals is ambiguous. To a general
extension, our unique One Health approach, combined with
evidence-based meta-analysis, could be readily scaled to other
zoonotic agents with significant public health importance.

In China, brucellosis was first recorded as Malta fever in
two foreigners in Shanghai in 1905 (6). Until the 1990s, there
was a high incidence of animal brucellosis, with relatively
few human incidence (Supplemental Figure 1). Then after the
1990s, it started an uphill climb in most of the regions of
mainland China. Brucellosis, previously thought to be frequently
detected in northern China, is now increasingly seen in highly
cosmopolitan parts of southern China (23). Our findings are in
line with an earlier study which, using the notifiable reporting
data for 1955–2014 based on the magnitude and distribution
of human brucellosis in mainland China, had emphasized its
recent re-emergence (6). Similar to the findings of our analysis,
a previous study focusing only on the human incidence of
brucellosis, showed some distinct temporal patterns, such as high
incidence during 1955–1978, low incidence during 1979–1994,
and dramatic accumulation incidences from 1995 onwards is
consistent with the trend in Brucella seroprevalence from animal
and human sero-surveys conducted in China during 1950–2014
(6). In general, where human prevalence of brucellosis is higher
than prevalence of brucellosis in animals are mainly in southern
China, including Hainan, Guangxi, Guangdong, Fujian, Jiangxi,
Zhejiang, and Hubei (Figure 4). This might be because (1) a
lack of animal surveillance capabilities in southern regions as a
result of small population of large livestock; (2) the imported
animal food contaminated with Brucella are responsible for
the infections, which further support the multiple routes for
disease transmission (24–28). These reasons might be lead to
extreme cases in particular years and places where there is only
human brucellosis without an indication of animal brucellosis
(Supplemental Figure 1).

In China, 90% of brucellosis occurs in six northern
agricultural provinces including Inner Mongolia, Shanxi,
Heilongjiang, Hebei, Jilin, and Shaanxi. The Inner Mongolia
Autonomous Region has the highest incidence rate of human
and animal brucellosis throughout China (29). Human cases
have been observed in those regions where animal farming is
prevalent, particularly in areas with many poor rural farms and
pastures in northwest China (30). However, it is suggested that
there is a change in the epidemiology of brucellosis in China (23).
Recent publications show that the areas of brucellosis endemicity
gradually shifted from pasturing areas, i.e., Inner Mongolia,
Xinjiang, Tibet, Qinghai, and Ningxia, to grassland and
agricultural areas, i.e., Shanxi, Liaoning, Hebei, Shandong, and
Jilin provinces, and the southern provinces became increasingly
affected (6). Some analyses further revealed that patients from
Guangdong province were more likely to have consumption
of apparently exotic foods such as goat placenta (23), thereby
manifesting as increased incidence of brucellosis. Although
incidence appeared to increase in every province, Tibet seems to
follow an inverse pattern and reported a few cases during the past
10 years (6). These hint on the probable movement of infected

animals or contaminated food from northern to southern China
and thus may explain the current change in the epidemiology of
brucellosis in China (23).

Sheep and goats are the major herbivores in northwest China,
and they are primarily kept by poor rural farmers in pastoral
areas. In general, a considerable number of sheep and yaks are
raised on the same grazing land on the Tibetan plateau, and these
animals are considered to be the main hosts of Brucella (30).
Brucellosis was recognized in Tibet in the 1980s as a disease of
both livestock and humans. Some study indicates that bovine
brucellosis is endemic among the yak population in the plateau
region of China (31).

In the last 12 years, brucellosis has re-emerged in most
regions of China, showing an annual accumulation in animal
and human infections during this period (29). This is also
evident in our meta-analysis which shows a general increasing
trend in the prevalence, particularly for the recent past years.
With regard to the geographic distribution, our investigation
confirmed that sero-prevalence in eastern regions was higher
than the central and western regions. This conclusion is also
supported by the localized and dense clusters of small ruminants
in those regions.

Our analysis has shown that most of the human cases of
brucellosis were caused by B. melitensis. It is well-known that B.
melitensis is a dominant epidemic strain in animal and B. abortus
and B. suis can also infect sheep; B. suis biovar 3, especially
emerged in Inner Mongolia (32). B. melitensis genotype ST8 was
not only the predominant genotype in sheep but also responsible
for human brucellosis (33). The results of seroprevalence assays
have confirmed that Brucella spp. was mainly epidemic in sheep
and dairy cows, whereas other animals had a very low incidence.
These results also showed a strong host preference for certain
Brucella species. Furthermore, this also indicates that small
ruminants or cattle are the primary risk factors for human
contagion. Human brucellosis in northwest China is closely
related to infectious sheep. From an epidemiological perspective,
the major causes of brucellosis in animals in China have been
sheep infected by B. melitensis (34). Sheep and dairy cows with
Brucella had higher infection trends, although the positive rates
in dairy cows dipped to a downward trend between 2013 and
2014. Compared with this, in sheep and dairy cows, brucellosis in
yellow cattle and dogs maintained sporadic onset, and no cases
were found in swine (34).

A notable feature in our analysis is the presence of B. canis in
all other hosts except for pig and yak. Human brucellosis caused
by B. suis and B. canis in Guangxi, China (35) have also been
reported earlier. An earlier study reports that B. canis is a rare
source of human brucellosis in China (36), where B. melitensis
has been the major pathogen associated with human brucellosis
outbreaks. B. canis infection was first reported in China in
1983 (13), but now our data indicates that this has become the
leading reservoir for emerging brucellosis. This scenario will
be even more challenging, considering a significantly growing
population in canine market. In a less frequent situation, B. suis
can also be directly or indirectly transferred from swine to sheep,
which could act as reservoirs for B. suis infection and later
transmitted to humans (37). Therefore, an enhanced surveillance
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system for companion animals in the densely populated cities is
urgently needed.

Our data and subsequent analysis have thus revealed that
brucellosis was a major concern for study and research in
Northern China as compared to Southern China over time, for
around three-quarters publications on brucellosis were carried
out in North China. However, the meta-analysis showed that
some areas in Southern China had even higher prevalence rates
than northern ones, suggesting that brucellosis in the south is as
severe as the north. It can be inferred from these analyses that
human is likely to get infected with Brucella from all available
transmission pathways, and various kinds of animals, among
which the sheep and goat are possibly the highest risks because
the formation of Brucella species in sheep and goat is similar with
that of human. More alarmingly, canine brucellosis could be a
top public health concern imposing a greater threat to human
because pet dogs are playing a more and more important role
in the current days of Chinese life. According to statistics, there
have been over 740 million domestic dogs in China in 2019 (38),
relationships between pet dogs and human are getting more and
more close, which emphasizes that canine brucellosis is a pressing
concern. An earlier study had shown that Chinese isolates of
B. suis strains had unique genetic lineages at the global level
whereas the isolates of B. caniswere closely homologous to strains
from Korea (35). Despite this disease being the most widespread
zoonosis globally, it is also true that it remains severely neglected
as a potential cause for chronic, debilitating maladies for multiple
reasons such as its non-descript clinical presentation in human
populations and its varying degree of clinical presentations (11).

Despite our updated largest analysis, there are some
limitations to our analysis. Firstly, we only used two databases
for bilingual publication research, so we might have missed some
literatures. Second, most publications chose RBPT and SAT to
detect positive blood samples, which have lower specificity and
sensitivity than other recommended methods such as ELISA.
Only 24 provinces in China had sufficient qualified data and thus
were eligible formeta-analysis, leaving a quite large leak of animal
brucellosis in remaining regions in China. Despite these, owing to
a large number in the examined dataset, we believe that ourmeta-
analysis is able to unravel a general situation and trend of animal
brucellosis in China over time, thus attracting more attention to
prevention and control of brucellosis in China.

CONCLUSION

Brucellosis is an important zoonosis in China, which was
controlled well in the late twentieth century but re-emerged in
the past two decades. Human may get infected from various
domesticated animals, and most possibly sheep and goat. Canine
brucellosis deserves more attention for the prevalence rate in
dogs are quite high and the relationship between human and
dogs is more and more close. Studies on brucellosis and Brucella
were gaining more attention at northern provinces than those of
southern region. However, our findings suggests that brucellosis
among animals in the south is as equally serious as that in
the north. Therefore, a nationwide comprehensive monitoring

program must be reinitiated for both human and animals. In
this perspective, brucellosis being a zoonotic disease, the One
Health approach would be an ideal tool for alleviating the other
diseases impacts on both humans and animals with the public
health concerns.

AUTHOR SUMMARY

Brucellosis is a worldwide zoonosis caused by Brucella posing
significant damage to both public health and agriculture.
However, the report about animal brucellosis in China is
scattered, unintegrated, and dominant species among each kind
of animals remains unknown. Here, we aimed to present the
nationwide evidence-based results by using the systematic review
and meta-analytic approach.

EVIDENCE BEFORE THIS STUDY

After over 100 years in discovery of the agent of Malta fever by
David Bruce, brucellosis remains one of the important zoonotic
infections causing huge reproductive failure in livestock, and
economic losses of the dairy industry in low and middle-income
countries. Brucellosis is also a serious public health problem
for humans, due to food-chain, and/or occupational exposure.
It is estimated that over one-fifth of the 1.4 billion worldwide
cattle population is currently infected by Brucella, and results
in over half-million new human cases annually, representing the
most common systemic bacterial zoonosis. As the world largest
population (1.4 billion people and 500 million livestock units),
even though numerous studies reported significant accumulation
of human brucellosis in China, only scattered and unintegrated
animal brucellosis datasets are available, leaving huge knowledge
gap for the zoonotic control and measurement.

ADDED-VALUE OF THIS STUDY

We used the evidence-based studies, a meta-analysis, to build the
most updated and comprehensive picture of brucellosis in China,
including humans, livestock, and companion animals. The One
Health approach indicates that the trend of human and animal
brucellosis are closely associated with each other in China, with
significant expansion from traditional northern farming areas
to southern China. Importantly, we found that canine and yak
could serve as the emerging reservoirs for human infections
in China.

IMPLICATIONS OF ALL THE AVAILABLE
EVIDENCE

The surveillance measurement for human brucellosis should be
shifted from traditional northern China to southern regions.
Policymakers should consider regional epidemiological data and
risk factors to mitigate the zoonotic transmission from animals
to humans. Our unique One Health approach, combined with
evidence-based meta-analysis, could be readily scaled to other
zoonotic agents with significant public health importance.
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Science and Veterinary Medicine, Shandong Agricultural University, Tai’an, China

Animal epidemic diseases caused by RNA viruses are the primary threat to the livestock

industry, and understanding the mechanisms of RNA virus clearance from target cells

is critical to establish an effective method to reduce economic losses. As an SF-1,

ATP-dependent RNA helicase in the UPF1p family, MOV10 participates in the RNA

degradation of multiple viruses mediated via miRNA pathways and therefore contributes

to a decrease in the replication of RNA viruses. This review primarily focuses on the

bioactivity of MOV10, the mechanism of RNA virus removal, and the potential roles of

MOV10 in RNA virus clearance. In addition, clues are provided to reduce animal diseases

caused by RNA viruses.

Keywords: animal RNA virus, antivirus mechanism, MOV10, miRNA pathways, mRNA

Animal epidemic diseases caused by RNA viruses are the primary threat to the livestock industry
(1), and understanding the mechanisms of RNA virus clearance in target cells can lead to
an effective method to reduce economic losses. Therefore, this review focuses on the current
understanding of the mechanisms of viral resistance to RNA viruses that cause animal diseases.

DISEASES CAUSED BY RNA VIRUSES IN THE LIVESTOCK
INDUSTRY

Animal epidemic diseases are the primary threat to the livestock industry. Of the veterinary
pathogens that cause these diseases, viruses are responsible for approximately half of the most
important animal diseases, according to the OIE’s (Office of International Epizootic) classification
of terrestrial and aquatic notifiable animal diseases (1). Animal viruses are divided into DNA and
RNA viruses on the basis of the genetic materials, both the viruses are the dominate pathogens
that affecting animal production in livestock industry (1, 2). The differences between DNA and
RNA viruses include their lifetimes in target cells, how they attach to and enter host cells, and their
biosynthesis, maturation, and release from cells (2, 3).

Compared with DNA viruses, RNA viruses have a higher mutation rate and cause more serious
economic damage in the livestock industry (4). Lower mutation rates of DNA viruses were usually
influence by the viral genome and DNA repairing protein that benefit for proofread and correct
replication errors (5). Oppositely, offspring of RNA viruses are usually produced 1 ± 2 mutations
compared with their parent. RNA virus usually producing a mutant cloud of descendants in
extremely environment (5). RNA viruses are also divided into avian, mammalian, and zoonotic
viruses in domestic animal industries. For example, the avian leukosis retrovirus causes great losses
in the avian industry and many subgroups have been isolated in recent years (6–12). In mammals,
more RNA viruses are also being reported, of which the classical swine fever virus and porcine
reproductive and respiratory syndrome virus (PRRSV) are the main RNA viruses that cause great
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losses in porcine industries. Because of their high mutation rates
and the additional subgroups identified in recent years (13–17),
both viruses are difficult to eliminate. Some RNA viruses not
only infect animals but also humans, with the influenza virus
the most typical RNA zoonotic virus. For example, H5N1 and
H9N2 subgroups of the influenza virus are the main infectious
pathogens affecting both humans and animals (18–23). To reduce
economic losses in animal industries, the main approaches are to
reduce the virus titer in animals and to improve their immunity.
Thus, an understanding of the mechanism that clears RNA
viruses from target cells is the most important step in controlling
virus infection.

MIRNA PATHWAYS ARE IMPORTANT IN
THE CLEARANCE OF ANIMAL RNA
VIRUSES

RNA interference (RNAi) is an important mechanism in
mediating the clearance of RNA viruses (24). Viral RNA can
be degraded through the inhibition of viral replication by the
binding effects between small interfering RNAs and viral nucleic
acids (24, 25). Generally, the antiviral effects due to RNAi are
typically found in invertebrates, and RNAi functioning as an
antiviral effector has only been detected in undifferentiated stem
cells (26, 27). RNAi also plays important roles in the activation
of IFN-I (Type I interferon) and its antiviral effectors (IFN-
stimulated genes), with those genes producing the main antiviral
effects in differentiated vertebrate somatic cells (Figure 1) (28).

RNA virus replication and clearance are typically influenced
by several factors, of which miRNAs produced in cells may
play important roles in a regulated network. miRNAs usually
bind to the miRNA binding sites within mRNAs and viral
genomes to exert their regulatory function (29, 30). The number
of miRNA binding sites within a viral genome affects the viral
replication (Figure 1). Most miRNA binding sites are in the 5’
and 3’ non-translation regions (NTRs) of a viral genome (31),
but the sites were also recently found in the translated regions
(32, 33). An increase in the number of perfect complementary
miRNA binding sites in the NTRs of RNA viruses causes strong
translational repression in vitro and a decrease in virulence
in mice (34). miRNA gene translation is also influenced by
epigenetic and environmental conditions (34, 35). For example,
compared with primary tissues, low levels of miRNAs are
detected in cultural cells, especially in a high confluency (36).
Furthermore, non-canonical miRNA target sites in specific cells
are also potential factors that affect miRNA production and
therefore RNA virus replication (25).

Direct inhibition effects of miRNAs on viruses were previous
recognized as an effective way in invertebrates rather than in
vertebrates, subsequent studies confirmed the anti-viral function
of miRNAs in undifferential vertebrates’ stem cells. But the
direct viral inhibition effect of miRNAs was controversial in
somatic Cells (37). Cullen’s studies evaluated the directly viral
genome targeting effects of miRNAs and his research revealed
viruses induced miRNAs are hardly causing reduction of virus
copy number (38–40). Recently study summarized the potential

directly viral genome targeting effects of miRNAs. Trobaugh’s
review analyzed the direct inhibitory effects of miRNAs. And
the review point out that direct inhibitory effects of miRNAs on
viruses are primarily concentrated in the viral genome and in
viral genome translation (Figure 1) (31, 41). There are so many
reasons causing direct targeting reduction of miRNAs, of which
viruses escaping mechanism, incomplete pairing of miRNA and
viruses mutation are the important reasons. But the artificial
application of miRNAs on viruses genome were reported as an
important method to reduce viral replication copies recently.

Direct inhibitory effects of miRNAs on viruses mainly play its
roles in viral genome and in viral genome translation. Positive-
strand RNA viruses release their genomes into the cytoplasm
after entering cells following recognition by receptors within
the membrane surface (41). Similar to mRNA produced in a
cell, the released viral RNA is either decayed or replicated when
combined with miRNAs in the cytoplasm. For example, the
expression of miR-181, miR-206, miR-23, andmiR-378 in specific
cells can inhibit the replication of PRRSV by binding to the
viral genome (42, 43). By contrast, miR-17 and let-7c bind to
the 3’ NTR of the bovine viral diarrhea virus genome and cause
virus genome translation and an increase in RNA stability rather
than translational repression (41). Similar effects are also found
in negative-strand viruses. The negative-stand RNA released in
the cytoplasm is first translated into positive-stand RNA for
protein synthesis and virus assembly. The translated positive
RNA can recruit miRNA binding to the miRNA-recognized sites
and ultimately influence virus replication and assembly (25).
For example, the influenza PB1 gene recruits miR-323, miR-
491, miR-485, miR-654, and miR-3145, which leads to RNA
degradation in infected human and canine epithelial cell lines
in vitro (33, 44, 45).

To determine the indirect effects of miRNAs on virus
infection, the primary focus is on the level of miRNAs and the
changes in host immunity response in target cells (Figure 1)
(46). Specifically, an immune response initiated by a virus
mediates viral-recognition receptors that lead to activation of
translation factors and ultimately changes in the expression
profiles of miRNAs (47, 48). For example, changes in the
expression of specific miRNAs (miR-151-5p and miR-223-3p)
determine whether the H5N2 influenza virus is pathogenic or is
attenuated (49). Changes in specific miRNAs also affect miRNA-
mediated protein expression (50). The IFN systems are a crucial
mechanism in the removal of viral infection (25). Virus-mediated
regulation of the IFN signaling cascade is controlled by miRNA
levels in target cells (25). For example, miR-23 and miR-505
can increase IFN-α/β expression, which is useful in clearing
PRRSV (42, 43). By contrast, with the expression of miR-23b,
avian leukosis viral infection in chicken spleen downregulates
IFN regulatory factor 1 levels and innate immune induction
(51). Thus, the miRNAs that are involved in downregulating the
innate immune response during RNA virus infections need to be
identified in the future.

Though the indirect effects of miRNAs on RNA viral infection
were widely confirmed and recognized, the direct effects of
miRNAs were still controversial. This controversy was mainly
concentrated on several factors. Firstly, miRNAs were reducible
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FIGURE 1 | Direct and indirect antivirus effects of miRNAs in target cells. Antivirus effects of miRNAs are divided into direct and indirect regulation in target cells. In

direct regulation, host miRNAs participate in viral RNA degradation in a RISC within a P body in target cells and are also involved in viral RNA replication processes by

targeting RNA replication components. Indirect antiviral effects are complex. First, host miRNAs participate in the RIG-1 and MDA-5 pathway-mediated IFN-α/β

production. The production of IFN-α/β not only inhibits viral replication in cells but also activates the IFN signal pathway and ultimately causes the expression of

IFN-stimulated genes (ISGs) to decrease virus replication. miRNAs also participate in this regulation process.

generated from the cells after the viruses infection, but these
miRNAs were hardly presented its’ directly target effects on
viral genome because of the low level of miRNAs produced
by the target cells. The other factor is the potential escaping
mechanism of viral and the cells complex immune system. The
mismatch of miRNAs and viral genome mutation also reduced
its inhibition effects.

MOV10 IS AN IMPORTANT REGULATOR
OF ANIMAL RNA VIRUS INVASION

MOV10 is an important SF-1, ATP-dependent RNA helicase
in the UPF1p family (52–55), originally identified as a protein
that prevents Moloney murine leukemia virus infection in mice.
Two potential mechanisms can explain the antiviral bioactivity of
MOV10: (1) regulating antiviral gene expression so as to achieve
antiviral capacity (56) and (2) changing miRNA expression
directly or indirectly so as to mediate viral clearance effects (46).
The two mechanisms are discussed below in detail.

MOV10 Regulates Antiviral Gene
Expression by Different Pathways
The antiviral activity of MOV10 has been evaluated and detected
in many studies. The infectivity of different viruses is regulated
by the MOV10 helicase, for example, human hepatitis delta virus
(57), human immunodeficiency virus type 1 (HIV-1), and dengue
virus (58). The same effect is also observed with PRRSV infection
(59). Different genes and pathways are activated in specific virus-
infected target cells. In HIV-infected cells, the antiviral activity
of MOV10 is detected in multiple stages in original studies.
MOV10 is efficiently incorporated into virions and reduces
virus infectivity by inhibiting reverse transcription in the first
stage (52). Overexpression of APOBEC3G and MOV10 reduces
proteolytic processing of HIV-1 Gag, which effectively reduces
HIV replication in the later stage (60). Recent studies show
that MOV10 inhibits the degradation of APOBEC3G through
interfering with the Vif-mediated (Vif: HIV-1-encoded virion
infectivity factor protein) ubiquitin–proteasome pathway (61–
63). MOV10 can also provide antiviral activity against RNA
viruses by increasing the induction of RIG-I–MAVS-independent
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FIGURE 2 | Roles of MOV10 in miRNA generation and mRNA stability. The MOV10 gene regulates the generation of miRNAs. Pre-miRNAs produced in the cell

nucleus are generated from pri-miRNAs. The production of pri-miRNAs typically occurs in intergenic and intronic regions of the genome, which are then spliced into

pre-miRNAs by a spliceosome (non-canonical pathway) or Drosha/DGCR8 enzymes (canonical pathway). In this process, MOV10 participates in the generation and

cleavage of pri-miRNAs. Subsequently, miRNAs mature in the Dicer/Ago complex in cytoplasm. MOV10 is an important factor affecting the composition of the

Dicer/Ago complex and plays crucial roles in miRNA maturation. MOV10 is also stored in the P body in cytoplasm and plays crucial roles in mRNA maturation,

degradation, and stabilization, which contribute to maintaining the balance in miRNA, lncRNA, and mRNA pools in cells.

IFN (56) and through IKKǫ and IRF3, the induction of IFN
(Figure 1) (64). In influenza A virus-infected models, MOV10
with nucleoprotein (NP) promotes viral RNA degradation
through the lysosomal pathway (65). In addition, MOV10
sequesters the ribonucleoprotein (RNP) of influenza A virus
in the cytoplasm and is antagonized by viral influenza non-
structural (NS1) protein (66).

In a recent study of MOV10 that focused on animal

disease, MOV10 directly inhibited replication of the PRRSV

by retaining the viral nucleocapsid protein in the cytoplasm

of Marc-145 cells (59). MOV10 also inhibits replication of
the murine leukemia virus (67). Many genes potentially
activated by MOV10 exhibit strong antiviral bioactivity

(58). IRAV (FLJ11286) is an interferon-stimulated gene with
antiviral activity against dengue virus that interacts with
MOV10 (58).

MOV10 Mediates Inhibition of RNA Viruses
via miRNA Pathways
As mentioned above, MOV10 antiviral activity is expressed
through the activation of different genes and pathways, of
which miRNA pathway-mediated viral inhibition is important
in restricting viral invasion. In the entire synthesis process of
miRNAs, MOV10 not only functions in pri-miRNA production
in the cell nucleus (68) but also has crucial roles in miRNA
maturation and degradation (69). MOV10 also has crucial roles
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in mRNA maturation and degradation via exposure of miRNA
recognition sites within mRNAs (Figure 2) (70).

The generation of pri-miRNAs and pre-miRNAs is the first
step in the production of miRNAs, which is regulated by Drosha
and DGCR8 enzymes and is also controlled by the MOV10
gene (71). Generally, the original pool is composed of pri-
miRNAs and pre-mRNAs. Pre-miRNAs are typically produced
in the cell nucleus by two important pathways. In the canonical
pathway, pre-miRNAs are generated from exonic, intronic, or
intergenic regions, followed by Drosha/DGCR8 processing to
transform pri-miRNA transcripts into pre-miRNAs (72, 73). In
the non-canonical pathway, pre-miRNAs are formed by splicing,
debranching, and trimming of short introns without Drosha
processing (74). In this process to form pre-miRNAs, MOV10
typically binds splicing factors, such as SRSF1 and DDX5 (68, 75),
forming a splicing complex, which completes the pre-mRNA
and pri-miRNA splicing process after binding intronic regions
(Figure 2).

The pre-miRNAs generated from the canonical and non-
canonical pathways are exported from the nucleus via Exportin
5 and then cleavage by Dicer occurs within the RISC
loading complex (RLC) (76). Then, the miRNA/miRNA duplex
unwinds via the Argonaute complex. In this process, MOV10
typically combines with Dicer, Ago, and TRBP (transactivation
response element RNA-binding protein) forming the RISC
complex and finally promoting miRNA maturation (76).
Thus, MOV10 deficiency could cause an imbalance in the
pools of miRNA, mRNA, and lncRNA (long non-code RNA)
(Figure 2).

MOV10 is also important in the regulation of mRNA
degradation and stability. A MOV10 protein, typically in the
cytoplasm, combines with an Argonaute protein to form a
complex that was recognized as an important component
stored in a mRNA processing body (the P body) (60). In a
previous study (60, 66), MOV10 inhibited retrotransposition
by binding cell ribonucleoprotein particles (RNPs). MOV10
can bind high GC regions of the 3′-UTR within mRNAs,
exposing miRNA recognition sites and guiding Ago proteins in
promoting mRNA degradation (60). MOV10 can also increase
mRNA stability and maturity via enriching the Fragile X
mental retardation protein (FMRP) in miRNA-recognized sites
(Figure 2) (66).

The virulence and infectivity of RNA viruses are influenced by
MOV10-mediated changes in miRNA/mRNA. In the third stage
of HIV infection, HIV infectivity is weakened because of miRNA
expression in target cells (63). MOV10 also serves as a cofactor
of HIV-1 Rev to facilitate Rev/RRE-dependent nuclear export of
viral mRNAs (77). The same influence of MOV10 is apparent in
the replication of human hepatitis delta virus (57). MOV10 can
also weaken influenza infectivity and inhibit influenza A virus
replication via binding RNP (65, 78).

CONCLUSIONS

The antiviral activity of MOV10 during RNA virus infection
is discussed in this review. Overall, the antiviral capacity of
MOV10 is primarily reflected in two important mechanisms.
First, MOV10 weakens viral virulence by binding the related
protein, thereby activating IFN signal and cell autophagy
pathways. Second, MOV10 functions as an RNA helicase during
RNA virus infection. MOV10 regulates miRNA and mRNA
generation, maturation, and degradation by miRNA pathways,
which influence virus replication and packaging. The two
mechanisms are typically coordinated in different virus infection
stages. In addition, the number of studies is increasing that
confirm MOV10 not only has important roles in infection by
human viruses, such as HIV and human hepatitis delta virus,
but also shows antiviral activity against animal RNA viruses.
The antiviral ability of MOV10 and the related pathways during
animal RNA virus infection are worthy of future attention. It is
also can be used as an important tools for reduction of animal
RNA viruses infection in future.
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Illegal animal trade (pet, wildlife, animal products, etc.) is an example of transnational

organized crime (T.O.C.) that generates a large business with huge profit margins. This

criminal activity causes several negative effects on human health (zoonoses), animal

health and welfare, market protection, consumer fraud and may be used as tool of

agro/bio-terrorism. Illegal animal trade can facilitate the spread of zoonoses that are

defined as diseases and infections that are transmitted by vertebrate animals to man.

Humans are affected by more than 1,700 known pathogens: 60% of existing human

infectious diseases are zoonotic and at least 75% of emerging infectious diseases of

humans have an animal origin and 72% of zoonoses originate from wildlife or exotic

animals. The Bio-Crime Project was developed in 2017 by Friuli Venezia Giulia Region

(Italy) and Land Carinthia (Austria) together with other public institutions to combat

illegal animal trade and to reduce the risk of disease transmission from animals to

humans. Project partners agreed that a multi-agency approach was required to tackle
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the illegal animal trade that was high value, easy to undertake and transnational crime.

The Bio-crime model of cross-border cooperation introduces the novel approach of

replicating the cooperative framework given by the triad of Veterinary Public Health,

Justice and Law Enforcements/Customs across borders using the International Police

and Custom Cooperation Centres (IPCCCs) as a connection link among public entities of

the neighbor countries. This model has been recognized as a best practice at European

level because it can be easily replicated and scaled up without any supplementary cost

for Member States.

Keywords: bio-crime, veterinary services, law enforcements, medical intelligence, zoonoses, illegal animal trade,

bio-terrorism, cooperation

INTRODUCTION

The European Union (EU) faces an increasing level of
transnational crime where criminal conduct in one country has
an impact on another or even on many others. Illegal animal
trade (pet, wildlife, animal products, etc.) is an example of
transnational organized crime (T.O.C.) that generates a large
business with great profit margins. In 2015, the cat and dog
trade involved 61 million dogs and 67 million cats in twelve
EU Member States, representing e1.3 billion and generated a
direct employment of about 300,000 workers (1, 2). This criminal
activity and its negative impacts in terms of risks to human and
animal health, are considered by the European Commission to
be a real and emerging risk for Member States and the need to
improve legislation at the EU and national level on the welfare
of dogs and cats involved in commercial activities has been
underlined since 2013 (2, 3). Illegal pet sellers do not pay taxes
or bear any costs necessary for ethical breeding/transportation of
pets and the impact on the EU market of this criminal activity
generates several negative effects on human health (zoonoses),
animal health and welfare, market protection, consumer fraud
and agro/bio-terrorism (1, 4).

Zoonoses and Public Health
Illegal animal trade can facilitate a spread of zoonoses that are
defined as diseases or infections that are transmitted by vertebrate
animals to humans. In addition to being a public health problem,
many of the major zoonoses prevent effective production of food
of animal origin and create obstacles to the international trade
in animal products (5). Humans are affected by more than 1,700
known pathogens: 60% of existing human infectious diseases are
zoonotic. At least 75% of emerging infectious diseases of humans
have an animal origin and 72% of zoonoses originate from
wildlife or exotic animals. One factor leading to the emergence
and spread of zoonotic infections is due to the increase of
contacts between animals and humans that occurs for many
disparate reasons (pets, food, population density, bush-meat,
globalization and illegal animal trafficking) (6, 7). The trade in
live animals and animal products is considered one of the major
drivers of zoonotic disease emergence (8).

It is a mistake to think that the distribution and higher
prevalence of zoonotic diseases is related to a higher density of
mammalian hosts, meaning that the probability of contracting

a zoonotic disease is higher in the tropical forests of the Old
and New World. In fact, as reported by Han et al. (9) although
major hotspots of mammalian hosts occur in the New and Old
World tropics (South America and Eastern Africa, particularly),
more zoonoses are concentrated in Northern latitudes, Eastern
Africa, and Southeast Asia. According to these findings, it is very
important to emphasize that zoonoses are not “exotic diseases”
for North American and European citizens.

Bio-Terrorism and Public Health
Bio-terrorism can be defined as the use of biological agents
to intentionally produce disease or intoxication in susceptible
populations - humans, animals, or plants - to meet terrorist
aims. Biological agents may be naturally occurring or genetically
modified and generally, the types of agents used as biological
weapons cause systemic diseases, haemorrhagic fevers,
pneumonias, or involve toxins and biological poisons (6, 10, 11).
Biological weapons suitable for terrorist attacks are easy to
produce, conceal, and transport. Elaborate “weaponization” is
not needed for attacks to cause considerable damage and they
have potential for dissemination over large geographic areas.
Some pathogens can survive to sunlight, drying, heat, and they
can cause high morbidity, mortality, resulting in public panic.
Person-to-person transmission is possible for some infectious
agents, many of which are difficult to diagnose and/or treat
(6, 10, 11).

Many naturally occurring pathogens could be used as well
as genetically modified pathogens produced in a laboratory and
this would make it difficult to discriminate between a naturally
occurring outbreak and a bio-terrorist attack. In any case,
regardless of whether the attack is related to a terroristic act or
it is a naturally occurring outbreak, the damage caused by the
biological agent is always significant for the affected country (see
Figure 1).

Legal Framework Concerning Zoonoses
and Public Health
The EU system for monitoring and collecting information on
zoonoses is based on the Zoonoses Directive 2003/99/EC (12),
which obliges European Union Member States to collect relevant
and, when applicable, comparable data on zoonoses, zoonotic
agents, antimicrobial resistance and food-borne outbreaks (FBO)
(13). Data collection on human diseases from Member States is
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FIGURE 1 | A truck with 2,615 parrots was confiscated on the Italian Austrian border of Tarvisio during a routine vehicle control by the Forestal Police of Friuli Venezia

Giulia, December 2015. All the birds were infected with Chlamydia psittaci a zoonotic biosafety agent class III on IV of biosecurity level and recognized as a critical

biological agent for public health. This agent can be transmissible by inhalation of contaminated dusts o contact with excretions but also by human-to-human infection

(photos courtesy of Noava, Forestal Police of Friuli Venezia Giulia Region Italy).

conducted in accordance with Decision 1082/2013/EU (14) on
serious cross-border threats to health. This Decision replaced
Decision 2119/98/EC and identifies the fight against serious
cross-border threats to health in response to planning and
monitoring. Member States have to report data on infectious
diseases to the European Centre for Disease Prevention and
Control (ECDC) according to the Decision 2018/945/EU (15).
Since 2008, data on human cases have been received by ECDC
via The European Surveillance System.

The European Parliament Resolution 2019/2814 (16) of 12
February 2020 focuses on protecting the EU’s internal market
and consumer rights against the negative implications of illegal
trade in companion animals. European Parliament Resolution
P9 TA 0035 (17) approved on 14 February 2020 on a proposal
from the Commission for the Environment, Public Health and
Food Safety (SANI) indicates that profitable cooperation between
Member States constitutes an urgent need and deems appropriate
to promote and improve ad hoc training programs aimed at
customs, medical and veterinary authorities in order to intercept
pet illegal trade. This resolution underlines the importance of
proposing training courses aimed at providing customs, medical
and veterinary authorities with better tools for intercepting pet
smuggling and highlights how Member States should ensure
adequate staff training at borders.

The Bio-Crime Project and the Bio-Crime
Center
The two Regions on the border between Italy and Austria,
Friuli Venezia Giulia and Carinthia, are both transit routes as
regions of destination for the illegal animal trade from Eastern
European countries (mainly pet animals such as dogs, cats,
birds, small mammals, and reptiles). The Bio-Crime Project (18)
(www.biocrime.org) was developed in 2017 by Friuli Venezia
Giulia Region and Land Carinthia together with other public

institutions to combat illegal animal trade and to reduce the
risk of disease transmission from animals to humans, following
numerous criminal episodes and zoonotic infections that had
occurred in both Regions. The objective of this joint action
funded by the European Community by means of the Interreg
V-A financial tool, is to protect the health and safety of citizens
through health prevention strategies and repression of cross-
border crime. One of the project output that will maintains
the sustainability of the actions after the end of the project
is represented by the Bio-crime veterinary medical intelligence
center that has been created by Friuli Venezia Giulia Region
and Land Carinthia (19). This cross-border joint center put
together all the public entities involved in tackling Transnational
Organised Crime (TOC) related to the illegal animal trade and it
is based into the International Police and Custom Cooperation
Centre (IPCCC) of Thörl-Maglern (Austria). It is the first
Veterinary Medical Intelligence Centre based inside an IPCC
Centre in Europe. From a symbolic point of view, it represents
the first neuronal synapse among the Veterinary Public Health,
Justice and Law Enforcement/Customs Networks at a downside
horizontal level (see also Figures 2, 4).

Public Entities Involved in Tackling
TOC/Illegal Animal Trade and the Related
Spread of Zoonoses
The public entities involved in tackling illegal animal trade and
the related spread of zoonotic diseases among human population
on the border between Italy and Austria, work within the
framework of the Bio-crime project and belong to:

• Justice (Public Prosecutors Offices of Udine Italy and
Klagenfurt Austria);

• Veterinary Services and Laboratories of Friuli Venezia Giulia
Region Italy and Land Carinthia Austria;
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FIGURE 2 | The International Police and Custom Cooperation Centre (IPCCC) of Thörl-Maglern (Austria) is the first IPCCC in Europe that host a connection link

(synapse) among the Veterinary Public Health, Justice, Law Enforcements and Customs Networks (icons of Veterinarian, Policeman and Judge from Wikimedia

Commons, the free media repository; synapse layer’s patterns from Internet, source unknown, modified).

• Law Enforcements and Customs of Italy and Austria;
• The International Police and Custom Cooperation Centre

(IPCCC) of Thörl-Maglern.

An International Police and Custom Cooperation Centre
(IPCCC) is an institution established by the EU national Police
according to the Art. 39 of the Convention implementing
the Schengen agreement for a better cross-border cooperation
among the Law Enforcements and Customs of the Member
States. In an International Police and Custom Cooperation
Centre (IPCCC), officials from at least two, sometimes even
several Member States, work together both in the office and in
the field. On one hand, investigations by the security apparatuses
of one State to another are processed directly by the respective
officials in the cooperation center and allow efficient and rapid
work, on the other hand a common field service is provided
by patrolling the border area. The first International Police
and Custom Cooperation Centre (IPCCC) among Austria, Italy
and Slovenja was established in Thörl-Maglern in 2005 and
it hosts the law enforcement representatives of Austria, Italy,
Slovenja and Germany. At present there are more than 40
International Police and Custom Cooperation Centres (IPCCCs)

distributed along the internal and external borders of the
European Community.

The Organizational Sector of Public
Entities Involved in Tackling Transnational
Organized Crime (TOC) and Illegal Animal
Trade
All the European public entities (Veterinary Public Health,
Justice, Law Enforcements/Customs, IPCCCs) involved in
tackling TOC/illegal animal trade are organized hierarchically
top-down around vertical chains of command. This type of
structure resembles a pyramid and gets wider as you move down.
Roles are clearly defined within this structure, and every unit
knows to whom it should report. However, on the downside,
horizontal communication between different units may be poor,
as the system is built around a vertical chain of command and
furthermore all the different pyramid’s layers of bureaucracy can
slow down decision making and reduce the capability of the
public entity to collaborate with other agencies and adapt to fast
“environmental changes” (see Figure 3).
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FIGURE 3 | Organizational communication within and among public entities involved in tackling Transnational Organized Crime/Illegal animal trade. Vertical

communication within a pyramidal structure is good although is time spending and slow down decision making (blue arrows). Horizontal communication among top

management of different structures is good (blue arrows) while on the downside level, horizontal communication among Officers of different structures is poor (red

arrows) (icons of Veterinarian, Policeman and Judge from Wikimedia Commons, the free media repository).

MATERIALS AND METHODS

Public entities belonging to the Veterinary Public Health, Justice,
Law Enforcements/Customs and IPCCC of both side of the
Italian-Austria border agreed that a multi-agency approach
was required to tackle the illegal animal trade that was high
value, easy to undertake and transnational crime. Such trade is
endangering human and animal health by facilitating the spread
of diseases and threatening economic security and public safety.
In order to be effectively countered, this illegal trade requires a
coordinated transnational response as well defined by "Decision
no. 1082/2013 of the European Parliament and of the European
Council on serious cross-border threats to health” that explain
how preparedness and response planning are essential elements
for effective monitoring, early warning and the fight against
serious threats to cross-border health.

The Bio-crime cooperation model has been developed
through a process of refinement of cross-border cooperation
procedures between Friuli Venezia Giulia and Carinthia started
in 2017. Initially, the increase in the exchange of information
and cooperation between public entities at regional cross-border
level occurred only between Veterinary Public Health services of
Friuli Venezia Giulia Region (Italy) and Carinthia (Austria) that
analyzed the problem and decided to enlarge the stakeholder’s
participation. Subsequently, the other two main stakeholders
of the Bio-crime cooperative model represented by Justice and

Law Enforcements/Customs were involved since only a rapid
and horizontal communication that could take place also at the
downside and horizontal level guaranteed an effective response
to the contrast of the Transnational Organized Crime (TOC)
and at the same time allowed the implementation of health
prevention procedures for staff and citizens of the two Regions.
The main connection link of the cross-border cooperation
procedure was identified as the International Police and Custom
Cooperation Centre (IPCCC) of Thörl-Maglern on the Italian-
Austrian border that since December 2019 hosts the joint Friuli
Venezia Giulia Region and Land Carinthia Bio-crime Veterinary
Medical Intelligence Centre.

RESULTS

Cross-Border Model of Cooperation
The structural and functional architecture of the “Bio-crime
model” of cooperation is described in Figure 4. One Region
institutional triad represented by Veterinary Public Health,
Justice, Law Enforcements/Customs is replicated specular on
the other side of the border and the International Police and
Custom Cooperation Centre (IPCCC) of Thörl-Maglern acts as
the main connection link of the cooperation system. The IPCCC
of Thörl-Maglern hosts the Bio-crime center office and two local
branches at the Central Veterinary Directorates of Friuli Venezia

Frontiers in Veterinary Science | www.frontiersin.org 5 November 2020 | Volume 7 | Article 5936832627

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


Zucca et al. The Bio-Crime Model of Cross-Border Cooperation

FIGURE 4 | Bio-crime model of cross-border cooperation among Veterinary Public Health, Justice and Law Enforcements/Customs. The International Police and

Custom Cooperation Centre (IPCCC) of Thörl-Maglern acts as the link between the two specular triad of public entities (icons of Veterinarian, Policeman and Judge

from Wikimedia Commons, the free media repository).

Giulia and Carinthia in Trieste and Klagenfurt, respectively, have
been established.

Performance Indicators of Cross-Border
Institutional Cooperation Before and After
the Bio-Crime Program
The Bio-crime model has consolidated the institutional
cooperation among five neighboring European Regions
through the development of training programs for Law
enforcements/Customs/Medical and Veterinary Officers, health
prevention programs on biological risk/zoonoses in schools
and development of Standard Operation Procedures (SOP)
and best practices at a cross-border level. The different entities
involved in the program exchange data directly during cross-
border monthly meetings at the IPCCC of Thörl-Maglern
or digitally via secure intranet institutional Share-Points.
Furthermore, an alert system named “Bio-crime alert,” for short
and fast communications within the partner’s network has been
established via an institutional mailing list. The performance

indicators of institutional cross-border cooperation before
and after the establishment of the Bio-crime program are
summarized in Table 1.

Illegal Pet Trade Cross-Border Data
Collection and Analysis Before and After
the Bio-Crime Program
Prior to the development of the Bio-crime program, a
comprehensive shared database on illegal pet trade data at cross-
border level was not available. Over the years, the Bio-crime alert
data sharing platform has made it possible to share information
on the (i) country of origin, (ii) number of events, (iii) pet
species prevalence, (iv) absolute numbers of dog and cat puppies
confiscated, (v) prevalence of sanitary quarantine on the total
number of pets, (vi) number of pets tested every year, (vii)
diseases that are looked for through laboratory testing and a
tendency indicator of the increase or decrease of the illegal pet
trade over time (Table 2).
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TABLE 1 | Performance indicators of cross-border institutional cooperation before and after the Bio-crime program.

Public entities Units Before After Note

Institutional cooperation established among Justice, Law

Enforcements, Customs and Veterinary Services

Number 0 13 n. 2 Public Prosecutor Offices, n. 6 Law enforcements,

Customs and Army, n. 5 Regional Veterinary Services

Regions involved Number 0 5 Friuli Venezia Giulia, Land Carinthia, South Tyrol Province

of Bolzano, Land Styria, Land Burgenland

People Units Before After Note

Law Enforcements/Public Officers trained during the

past 3 years

Number 0 1.072 Customs and Law enforcements belonging to several

different specialties, Medical and Veterinary Officers

Students involved into the health prevention program Number 0 656* Age cluster 11–13 years-old

Standard Operation Procedures (SOP) Units Before After Targets

SOP Public Prosecutors Offices (procedure for the

correct execution of investigative activities/reports)

number 0 1 Law Enforcements/Customs, Veterinary Officers

SOP for Vehicle inspections (procedure for the correct

and safe inspection of vehicles that might transport pet

animals)

Number 0 1 Law Enforcements, Customs and Veterinary Officers

SOP Veterinary Public Health (procedure for the correct

management of the confiscated animals /zoonotic risk)

Number 0 1 Public Prosecutors, Law Enforcements/Customs, Medical

and Veterinary Officers

*The school’s program involved also students from Slovenja, Germany, Mauritius, and Japan.

TABLE 2 | Illegal pet trade data collection and analysis at cross-border level.

Illegal pet trade data Units Before After Note

Countries of origin Number Unkonwn* 13 Ukraine, Hungary, Romania, Slovakia, Poland, Bulgaria,

Austria, Slovenja, Czech Republic, Serbia, Bosnia, Russia,

China.

Events caught (Dec 2017–July 2020) Number Unkonwn* 40 Two peaks with four events per month in May 2018 and Sept

2019.

Pet species prevalence (Dec 2017–July 2020) % Unkonwn* Dogs, cats,

birds

In order of decreasing prevalence.

Puppy’s dogs and cats confiscated (Dec 2017–July

2020)

Number Unkonwn* 652 Maltese, French bulldog, Golden retriever, Terriers and

Chihuahua puppies for dog breeds while Scottish folds for

cats breeds show the higher prevalence among confiscated

pets.

Sanitary quarantine on the total number of pets Number Unkonwn* 77.5% Health documents or identification or country of origin data

were missing.

Number of pets tested every year Number Unkonwn* All Until Dec. 2020.

Diseases that are looked for through laboratory testing Category Unkonwn* Zoonotic and

notifiable

diseases

Among zoonotic diseases laboratories are focusing especially

on Salmonellosis, Chlamydiosis, Rabies, endo-ectoparasites,

and other notifiable diseases.

Illegal pet trade tendency indicator Trend Unkonwn* Light increase Very difficult to assess because at present many illegal pet

transactions are placed via Internet and many pets are

delivered directly from traders to buyers without any

intermediate.

*A comprehensive shared database at cross-border level was not available before the establishment of the Bio-crime program.

Furthermore, this dataset cross-checked with data reported
on the documents that accompany the animals, with particular
reference to the presence of a transponder for individual
identification, the pet passport, the valid rabies vaccination
certificate, of a clinical examination by a veterinarian within 48 h

prior to departure and of the TRACES certificate, if relevant, as

shown in Figure 5.

The Cost-Benefit Ratio (CBR) of the
Program Investments of the Bio-Crime
Project
It is always complex to provide a quantitative analysis of the Cost-
Benefit Ratio (CBR) applied to the areas of crime reduction and
health prevention since the positive effects of preventive actions
in these two areas are not easily quantifiable financially and they
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FIGURE 5 | Missing documents of confiscated pets (dog and cat puppies n = 652) in Friuli Venezia Giulia Region Italy, Autonomous Province of South Tyrol Bolzano

Italy and Land Carinthia Austria (Dec 2017–July 2020).

are often difficult to link to a specific geographical area. In order
to provide the clearest picture of the CBR relating to the Bio-
crime program, the analysis will focus on two specific project
scenarios represented by (i) Free training courses on biological
risks/zoonoses and by (ii) Border controls on illegal pet trade.

The Cost-Benefit Ratio (CBR) of Free Training

Courses on Biological Risks/Zoonoses
A total number of 1,072 law enforcements, customs, medical
and veterinary officers have attended the free training courses
over the past 3 years. The average cost on the market of a 2-
day training course on these subject amount to about e2,300.
and therefore the cost avoidance for the public system for 1,072
units of personnel is e2,465,600. As the budget of the Bio-crime
project Working Package (WP) 4 allotted to training courses was
e120,000. the CBR amount to 19.57 meaning that the benefit was
almost twenty times the budget cost.

The Cost-Benefit Ratio (CBR) of Border Controls on

Illegal Pet Trade
The border controls for tackling illegal animal trade are not
part of a specific Working Package (WP) of the project as they
include personnel, administrative, travel costs, health screenings
on confiscated animals, and training courses for staffmembers; to
avoid any overestimation of the CBR, it was decided to consider
the entire budget of the project (e1,117,300) as the overall cost
of the project program. Taking as an example the scenario of

2,615 parrots infected with Chlamydia psittaci confiscated at
the Italian-Austrian border, if these animals were sold on the
market and assuming the best epidemiological scenario a low
transmission rate between parrots and humans with absence
of human-to-human transmission of the infection, the costs of
the outbreak for the public health system would approximately
be e35M. The worst epidemiological scenario includes in the
model the possibility of a human-to-human transmission of
the pathogen with a basic reproductive rate R0 = 10 (20).
The estimated costs of the outbreak for the health system
could therefore rise up to e350M (21). Assuming the best
epidemiological scenario, the CBR would be 31.32 while for the
worst it could reach 313.20.

DISCUSSION

Cross-Border Model of Cooperation
There are several examples of joint cooperation programs among
veterinary services and law enforcement/customs agencies all
over the world although these programs don’t normally involve
a third important actor, i.e., the judiciary system. The Bio-
crime model includes in its cooperative framework also public
prosecutors whose contribution is essential to tackle the illegal
animal trade and reduce the related health risks for citizens.
Furthermore, this model introduces the novel approach of
replicating the cooperative framework across borders using
the International Police and Custom Cooperation Centres
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FIGURE 6 | (A) The “centralized star network” approach uses a single EU task force that brings together all the stakeholders of the EU Member States; (B) Network

topology of a star network (icon 6B from Wikimedia Commons, the free media repository).

(IPCCCs) as a connection link among public entities of
neighboring countries.

According to this new approach, at European level the
“Bio-crime model” has been recognized as a best practice
that can be easily replicated and scaled up without any
supplementary cost for theMember States. In fact, the Veterinary
Public Health, Justice, Law Enforcements/Customs and IPCCCs
infrastructures already exist all over Europe. It is only a matter
of involving all the public stakeholders and increasing the
downside horizontal communication among different public
entities of the framework. The model has been discussed during
the conference “Illegal pet trade: Game over” organized by the
Eurogroup for animals and the Croatian Presidency of the
European Council (Bruxelles 21 April 2020) and it has been listed
among the recommendations for the European Union as follows:
“Other enforcement projects should be funded under the European
Regional Development Fund and Internal Security Fund based on
the Bio-crime model at key borders crossed by the puppy trade
using the links between animal and human health and the 43
IPCCCs” (1).

There are at least two main approaches that could help
to contrast the illegal animal trade and bio-terrorism. One
“centralized star network” approach to solve the problem is to
create a single EU task force, hosted by an existing European
agency such as EUROPOL for instance, that brings together all
the stakeholders of the EU Member States (see Figures 6A,B).

Another approach, represented by the “Bio-crime model”
can easily be scaled at European level by means of a “fully
connected network” perspective: the architecture of such model

connecting Veterinary Public Health, Justice, Law Enforcements
and Customs at a cross-border level as described in Figure 5, is
replicated in every International Police and Custom Cooperation
Centre (IPCCCs) of Europe that are already connected one to
each other (see also Figures 7A,B).

Both approaches have advantages and disadvantages: a
“centralized star network” provides a global view of what is
happening all over Europe and allows the implementation of
common strategies; however, at the same time its centralized
architecture limits its connections with the fields. Furthermore,
the fault/delay response of the central node (Central Agency)
will stop the whole network activity. On the other hand, the
“fully connected network” of the “Bio-crimemodel” is muchmore
responsive and appropriate to investigate, and it guarantees more
rapid decisions at local level. According to our experience, the
“centralized star network” EU task force and the Bio-crime “fully
connected network” models are not opposed but complementary
because one node represented by a IPCCC of the Bio-crime
model can acquire, even if temporarily, a higher hierarchical
level and coordinate the activities of the others. In case of
fault/slowdown of the lead node (Central Agency), the highest
hierarchy level can be immediately shifted to an IPCCC, thus
keeping the network always active and efficient.

Illegal Pet Trade Phenomena at Cross
Border Level
The illegal pet trade data collected by the Bio-crime program
allows us to have an exhaustive picture of this criminal activity
that transports pets from Eastern countries to Europe and sells
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FIGURE 7 | (A) The “Bio-crime model” can easily be scaled at European level by means of a “fully connected network” approach: the architecture of the Bio-crime

model that connects Veterinary Public Health, Justice, Law Enforcement and Customs at a cross-border level as described in Figure 4, is replicated in every

International Police and Custom Cooperation Centre (IPCCCs) of Europe (identified with a red star). Each IPCCC is already connected one to each other; (B) (right)

Network topology of the “fully connected network” used by the Bio-crime model where all nodes (IPCCCs) are interconnected (icon 7B from Wikimedia Commons, the

free media repository).

them on black markets. Over time, the countries of origin of the
illegal pet trade have changed their attitude and have become
more involved, not only non-European countries relatively close
to the EU borders such as Ukraine, but also countries such as
Russia or even China. The number of events and the prevalence
of the species are quite constant over time. Dog and cat puppies
and birds are the pet species most subject to illegal pet trade.
Most of the confiscated animals don’t have an identification
device, pet passport or valid rabies vaccination and they represent
a serious health risk. In order to avoid the introduction of
infectious diseases into the EU countries, 77.5% of the 652
puppies confiscated between December 2017 and July 2020 were
placed in sanitary quarantine by the local Veterinary Officers.
Thanks to the financial support from the Bio-crime project, it
was possible to perform laboratory tests to all the confiscated
animals and carry out necropsies on those that had died during
transport or while in sanitary quarantine. It is difficult to briefly
summarize the results of the laboratory survey performed on the
confiscated animals although, it was surprising to discover that (i)
almost 100% of the confiscated cat and dog puppies were positive
for Toxocara sp., an intestinal zoonotic nematode transmissible
to humans; (ii) about 5.5% of the dog and cat puppies were
positive to Salmonella sp.; (iii) serological investigation displayed
failure in post-rabies vaccination immunity in about 75% of total
analyzed, a percentage even worse than previously described (22)
while Chlamydia psittaci, Canine distemper and Parvovirus have
been isolated quite frequently in the target species. Although

most zoonoses evolve from wildlife hosts, most of them need
an intermediate domestic/pet hosts transmission to be able to
spread to human (23–25). For this reason, the choice of focusing
the health monitoring procedures on confiscated pets coming
from the illegal trade developed by the Bio-crime project can
improve the effectiveness of human and animal health prevention
procedures and reduce the risk of incursion of zoonotic and
exotic animal diseases into the EU Member States (4, 26).

Illegal Pet Trade, On-Line Illegal Pet Trade
and Bio-Terrorism
The economic impact of a zoonotic event (natural, accidental, or
deliberate) is difficult to assess because it changes according to
the different pathogen. However, small-scale events can generate
high economical losses (21, 27) and the example of Chlamydia-
infected parrots mentioned in the results section confirms how
true this statement is. The total value of the parrots and the truck
used to transport these animals did not exceed e5,000 while the
damage they could have caused to the health system if they had
been sold on the market ranged between e35 and e420M. A
single event of this kind, regardless of whether the introduction
of the pathogen is natural, accidental or deliberate, can lead to a
default of the health system in a whole Region.

Through the simultaneous use of different tools, the Bio-crime
program has contributed to reduce the risk of natural, accidental
or deliberate introduction of pathogens dangerous for human
and animal health. First, suspicious transports were examined
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with great attention posed to the species of animals transported,
to the infectious isolated diseases and, in particular to the Cost-
Benefit Ratio (CBR) between the value of the transported pets and
the distance traveled by car. For instance, transporting only few
puppies in a vehicle traveling for days from Asia to Europe is a
suspicious behavior, as the sale value of the puppies on themarket
does not even cover the cost the fuel.

Furthermore, the online trade of dogs, cats and other pet
species was monitored simultaneously with a veterinary medical
intelligence approach. This trade, and digital technologies in
general, can pose significant challenges for the competent
authorities of the Member States operating within national
boundaries, particularly as their systems of official controls may
not be adequately adapted to deal with the rapidly evolving
character and cross-boundary nature of internet commerce
(28). Open Source Intelligence (OSINT) tools were also used
to monitor the on-line illegal pet trade, while computational
linguistic and sentiment analysis tools were used to profile illegal
animal traders and to analyze bio-terroristic claims.

The Cost-Benefit Ratio (CBR) of the
Program Investments of the Bio-Crime
Project
The results of a 3 years cross-border cooperation extended also to
the health sector confirm what has already been widely reported
in the scientific literature, namely that local public health
interventions are highly cost-saving. Free trainings generate a
saving rate higher than the entire project budget with a Cost-
Benefit Ratio that is almost 20 times the budget used while
the cost avoidance related to the spread of infectious diseases
transmissible from animals to humans can generate a Cost-
Benefit Ratio that for a single criminal event can reach up to 313
times the whole budget of the project. Therefore, cuts to public
health budgets in high income countries therefore represent a
false economy, and are likely to generate billions of Euro of
additional costs to health services and the wider economy (29).

CONCLUSIONS

The prevention and control of zoonotic diseases related to
the illegal pet trade is not only a matter of the cooperation
architecture model but requires a strong communication
network and a continuous training education program for
all the stakeholders involved. The public health infrastructure
must look beyond passive surveillance of acute animal disease
events to build capacity for active surveillance and intervention
efforts to detect and control on-going outbreaks of disease
in domestic and wild animal populations (30). In fact, there
are no short cuts, because you can control disease only with
laboratory capacity, workforce training (epidemiology, clinical,
laboratory, IT, . . . ), surveillance and network communications
across political boundaries (31, 32). It will be more and more
important to use a medical intelligence approach, including
also social media content analysis, during the processes of data
collection, data analysis and data sharing at cross-border level for

a better prevention, monitoring and control of zoonotic diseases
(21, 33).

“Although it is difficult to make predictions, especially
those about the future” (quot. by Niels Bohr), the use of
predictive models for risk assessment in veterinary medicine is
becoming increasingly important as demonstrated for instance
by the “spatial risk assessment model framework for incursion
of exotic animal disease into the European Union Member
States” by Simons et al. (34) and by the Handbook for the
Assessment of Capacities at the Human-Animal Interface (35,
36). The Bio-crime model of cross-border cooperation is placed
within the context of Organizational modeling that integrates
organizational structure, goals, behavior and components and
has been developed to improve the veterinary health prevention
procedures at cross-border level. Such model proves that an
increase in communication and data sharing on a horizontal
level among public officers belonging to different disciplines like
Justice, Law enforcements, Customs, Veterinary public health,
improves the early-warning system, increasing the capacity to
detect, report, assess and respond to the entry of zoonotic
infectious diseases into the EU Member States according to the
International Health Regulation standard (35, 36).

Despite that fact that 60% of existing human infectious
diseases are zoonoses and most of the bioterrorism threat agents
are zoonotic disease agents, veterinary medical expertise is
scarcely present in biohazard training and education programs
for law enforcement agencies and public officials. We hope
that in the near future, collaboration and data sharing
between Veterinary public health, Justice, Law Enforcements
and Customs engaged in the fight against illegal animal trade
and agro/bio-terrorism, will increase (21). In fact, “without
data you’re simply another person with an opinion” (quot.
W.E. Deming).
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Murine Norovirus (MNV) is one of the most known viruses among viruses in mice.

Because of the high prevalence of MNV in frequently used laboratory animals in

biomedical researches, there is a significant impact of MNV. There may be different

prevalence degrees and molecular characteristics of MNV in different regions around

the world. Here, we reported an MNV strain “designated HBTS-1806” isolation from

commercial mice’s feces that caused a detectable cytopathic effect (CPE) in RAW264.7

cells. According to electron microscopy, the virus was 50–70 nm in diameter. The

complete genome of HBTS-1806 is 7383 nucleotides with a structure similar to that

of MNV reference strains. According to phylogenetic analysis on the basis of the whole

genome, HBTS-1806 shared nucleotide sequence identities of 90.2–95.4% with other

Chinese isolates reported. Analysis of amino acid sequence on the basis of ORF1 and

ORF2 suggested that the isolated strain may be derived from recombination. Although no

gross lesions or histopathological changes were found from mice infected with 5 × 105

TCLD50 of MNV by oral gavage inoculation, the intestinal virus loads lasted 12 weeks,

suggesting a persistent infection strain of MNV isolate in China.

Keywords: murine norovirus, virus isolate, persistent infection, laboratory animals, C57 (C57BL/6J)

INTRODUCTION

As single-stranded and positive-sense RNA viruses, noroviruses belong to the family Caliciviridae
and the genus Norovirus. Recently, noroviruses are divided into five genogroups (GI to GV) (1).
The GI and GII viruses are the causes of most cases of acute non-bacterial gastroenteritis among all
ages worldwide of human, causing great burden to public health (2, 3). Due to the lack of cell culture
and small animal model systems research on the virus replication and pathogenesis of noroviruses
have been difficult to carry out (4). Nevertheless, murine noroviruses (MNVs), categorized as GV,
were discovered in conventionally housed mice at Washington University in a screen for novel
human pathogens capable of infectingmice (5). ThisMNV can propagate in the RAW264.7 cell line
originated from mouse macrophages (4, 6). Therefore, MNV has been considered as an alternative
model of human norovirus.
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The MNV is non-enveloped, non-segmented virus and
has ∼7.5 kb pairs of bases that encode three open reading
frames (ORFs): ORF1 encoding a large polyprotein cleaved
to single non-structural proteins is encoded; ORF2 encoding
the viral capsid protein (VP1) is encoded by ORF2; and
ORF3 encoding a minor structural protein (VP2) (7–9).
An additional ORF4 has also been found in the MNV
genome (10). The original strain was called MNV-1, and
then many MNV-1 strains have been isolated by different
institutions around the world (11). The reports showed that
all MNV strains isolated from laboratory mice around the
world are of single genotype with ∼13% nt and ∼7%
aa diversity in the ORF2 (VP1) region, indicating very
limited genetic diversity when comparing with the human
noroviruses (12).

The discovery of MNV-1 strain accelerated the development
of assays for detection of antibody to MNV, so that serologic
evidence is provided for a widespread distribution of this
virus in laboratory mice (13, 14). Almost all mouse strains are
liable to MNV infection (15, 16). In immunodeficient mice,
MNV infection recapitulated various clinical symptoms such as
hepatitis, focal interstitial pneumonia, and peritonitis (17–21).
Propagateion could both wild-type and immunocompromised
mice as an asymptomatic infection (22). Asymptomatically
infected mice would cross-infect from institution to another
and caused high prevalence of MNV among animal
institutes (23–25). Undoubtedly, this infection is able to
can cause detrimental effects to laboratory animals and bring
biased experimental results. Therefore, the research on the
epidemiology and etiology of MNV is of great particular
importance. In this study, an MNV persistent infection
strain from laboratory mice was identified and characterized
in China.

MATERIALS AND METHODS

Sample Collection
Three laboratory animal production companies in Beijing,
Shandong, and Liaoning province respectively provided 160
C57BL/6J mice between March and September 2018. After
mixing the feces of 10 individual mice from the same company,
it was made into 10% suspensions in phosphate buffer (PBS, pH
7.2) was prepared and stored at−80◦C.

RT-PCR Detection of MNV
Detection of MNV in the samples of commercial laboratory mice
were attempted with a MNV specific primer pair targeting a 396

bp region at the 5
′

end of MNV ORF2 (VP1) (24). Briefly, 2
µl RNA as template was used in one step RT-PCR kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
Thermocycling conditions starts with reverse transcription at
42◦C for 40min (for the RT-PCR) followed by an initial
incubation at 94◦C for 2min and 30 cycles of denaturation at
94◦C for 40 s, annealing at 50◦C or 40 s, and extension at 72◦C
for 10min. PCR products were analyzed on 2% agarose gels in
the presence of ethidium bromide.

Virus Isolation and Identification
Adopting Eagle’s medium (DMEM, Gibco, USA) modified
by Dulbecco as growth medium (GM), supplemented with
10% heat-inactivated fetal calf serum, penicillin (250 units/ml,
Gibco, USA) and streptomycin (250 mg/ml, Gibco, USA)
were supplemented. Maintenance medium (MM) consists of
DMEM supplemented with 2% heat-inactivated fetal calf
serum, penicillin (250 units/ml, Gibco, USA) and streptomycin
(250 mg/ml, Gibco, USA). The murine macrophage-like cell
line RAW264.7 was supplied by the Cell Ceter of Basic
Medical Sciences, Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences (3111C0001CCC000146), which
was used to perform virus isolation as described previously
(26). Briefly, a 0.22-µm syringe filter (Millipore, USA) was
used to further filter feces samples that are positive by
reverse transcription-polymerase chain reaction (RT-PCR). A
RAW264.7 cell monolayers was added with the feces samples
in a 6-well tissue culture plate (Costar, Corning Inc., Corning,
NY). After 60-min adsorption at the temperature of 37◦C, MM
was added to wash cells. Cultures were incubated at 37◦C with
5%CO2, and its cytopathic effect (CPE) was checked every day. It
was necessary to harvest and froze the cultures when CPE of the
cells reaches 75%. A new RAW264.7 cell monolayer was infected
by 20ml of the resultant suspensio. According to the amount of
associated CPE, the material was passed between 3 and 5 times.
RT-PCR was used to test MNV in the cell culture supernatants.

Electron Microscopy
Virus-infected RAW264.7 cells were fixed in 2.5% glutaraldehyde
at 24 and 48 h after infection. Uranyl acetate and leadcitrate were
used to stain the ultrathin sections. Then, a Hitachi TEMH-7500
was used to examine the samples as described previously (27).

Animal Infection
Beijing Huafukang Bioscience Co., Ltd. (Beijing, China) which
was certified MNV-free vendors provided female C57BL/6 mice.
To investigate the efficiency of virus replication, the 6 week-
old mice infected 5 × 105 TCLD50 of MNV by oral gavage
inoculation (n = 60), and the same volume of PBS (pH 7.2)
was applied to treat the mice in the negative control group (n
= 10). Food uptakes, body weight and clinical signs of infected
mice were examined daily for 12 weeks. Ten infected mice were
euthanized 2, 4, 6, 8, 10, and 12 weeks after infection. Heparinized
blood and tissue samples from liver, spleen and appendix were
collected from both infected and control mice. For each organ,
one half was frozen at−80◦C, and the other half was fixed in 10%
neutral-buffered formalin. Paraffin-embedded tissue blocks were
cut into 5µm thick sections and stained with hematoxylin and
eosin (HE) with standard methods.

Virus Gene Amplification and Genome
Sequencing
E.Z.N.A. R©Viral RNA Kit (Omega, USA) was used to extract
viral RNAs from MNV-infected RAW264.7 culture supernatant
according to the manufacturer’s instructions. The SuperScript
III First-Strand Synthesis System for RT-PCR (Invitrogen, USA)
was adopted to synthesize DNA. Different regions of the
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MNV genomes were amplified by applying 12 pairs of oligo
nucleotide primers designed on basis of the sequence of MNV
BJ 10-2062 strain (Table 1). After being purified and cloned
into pMD18-T vector (TaKaRa, Japan), the PCR products
were sequenced by Beijing Sunbiotech Co., Ltd. Lasergene
software (DNAstar Inc., USA) was employed to assemble and
analyze sequence data. Clustal X 2.1 was adopted to perform
multiple sequence alignments. The MEGA 6 program was used
to carry out phylogenetic analyses. The genome sequence of
the isolated strain was registered in GenBank (the Accession
Number MT358379).

Virus Quantitation by Real-Time PCR
The viral RNA detected by real-time PCR to monitor viral
RNA in the organs and feces of mice. The primers used to
detect MNV were MNV-S (5′-CCGCAGGAACGCTCAGCAG-
3′) and R2 (5′-GGYTGAATGGGACGGCCTG-3′). The sequence
of the TaqMan probe was 5′-FAM-ATGAGTGATGGCGCA-
MGB-NFQ (28). A E.Z.N.A. R©Total RNA Kit I (Omega, USA)
was used to extract total RNA from different tissues and

TABLE 1 | Oligonucleotide primers referred to in this study.

Name Sequence(5′-3′) Genomic postion*

1F GTGAAATGAGGATGGCAACG 1-20

1282R AGTTGGCACTCGTTCTTGAT 1263-1282

851F AAACCTTCTGGCATCTGTGA 851-870

1985R CAAGATGAAATTGATGTGGC 1966-1985

1790F CATCATCATCACCACCAACC 1790-1809

3442R ACCCAGGTGTTTCCTTTCTT 3423-3442

3229F TTGTCGCTTCGGTCCTTGTT 3229-3248

4816 R TGGTGATTGGGTCCTTTGGT 4797-4816

4388F CCCTTCGCTGCTGGATGTTG 4368-4387

5967R CACCTGACCCGTGCCTGATT 5948-5967

5454F AGGGTCACTCACCACTGCTC 5454-5673

7382R AAAATGCATCTAATTACTAC 7363-7382R

*Location corresponds to position within the BJ 10-2062 (KM458057) genome.

feces samples according to the manufacturer’s instructions. A
PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Japan)
was applied to conduct reverse transcription. A QuantiTect
Probe PCR Kit (Qiagen, USA) was used for perform the
quantitative real-time PCR in a 25 µl reaction volume. The
thermal cycling profile belowwasmade by an ABI 7500 Fast Real-
Time PCR System (Applied Biosystems): initial denaturation
at 95◦C for 15min, then 40 cycles of 95◦C for 10 s and 60◦C
for 1 min.

Ethics Statement
The Experimental Animal Ethics Committee (North China
University of Science and Technology) approved this animal
infection experiment, and the animals were maintained
in accordance with the guidelines issued by North China
University of Science and Technology for the care and use of
laboratory animals.

FIGURE 2 | The electron micrographs of virus particles. The section of the

infected cell 24 h post-infection, showing dense particles and virions.

FIGURE 1 | CPE in MNV infected RAW264.7 cell (Original magnification × 200). (A) Non-infected RAW264.7 cell monolayer; (B) Infected Vero cells rounded up and

focal detachment 48 h post-infection.
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RESULTS

MNV Detection in Commercial Laboratory
Mice
The presence of MNV was checked by testing fecal specimens
from 170 C57BL/6J mice. Among 17 laboratory mice pooled

TABLE 2 | MNV RNA detection in tissues of 6 week-old C57BL/6J mice tissues

sacrificed at various time-points.

Weeks Tissues samples

post-infection Stomach Appendix Liver Spleen

2 80% (10/10) 100% (10/10) 50% (5/10) 70% (7/10)

4 40% (4/10) 100% (10/10) 10% (1/10) 10% (1/10)

6 20% (2/10) 100% (10/10) 0% (0/10) 0% (0/10)

8 10% (1/10) 80% (8/10) 0% (0/10) 0% (0/10)

10 10% (0/10) 80% (8/10) 0% (0/10) 0% (0/10)

12 10% (0/10) 60% (6/10) 0% (0/10) 0% (0/10)

TABLE 3 | MNV strains investigated in this study.

Strain GenBank no. Country

Mu/NoV/GV/MNV1/2002/USA AY228235 USA

GV/NIH-4431/2005/USA JF320651 USA

GV/CR6/2005/USA EU004676 USA

GV/CR18/2005/DEU EU004683 USA

GV/WU24/2005/USA EU004669 USA

CW3 EF014462 USA

GV/NIH-A114/2006/USA JF320652 USA

MNV2 DQ223041 USA

GV/NIH-D220/2007/USA JF320653 USA

Berlin/05/06/DE EF531290 GER

MNV 3 K4 FJ446720 ROK

MNV 4 S18 FJ446719 ROK

Guangzhou/K162/09/CHN HQ317203 CHN

MT30-2 AB601769 JPN

KHU-1 JX048594 CHN

O7 KF113526 GBR

BJ 10-2062 KM458057 CHN

SC/2014/USA KM102450 USA

MuNoVIT1 KR349276 ITA

samples, RT-PCR revealed 15 samples positive for MNV by RT-
PCR (Supplementary Table 1 and Supplementary Figure 1),
and all of the mice pooled samples from Shandong and Liaoning
Province were detected positive for MNV.

Isolation and Identification of the MNV
Since the virus could replicate in RAW264.7 cells, infected
cells rounded up and drifted out of the flask surface and
focal CPE appeared 48 h after infection (Figure 1). The newly
isolated virus was named MNV HBTS-1806. 24 h after infection
an ultrathin section of infected RAW cells was obtained. EM
identified dense particles with the diameter of 50–70 nm within
cytoplasmic vesicles (Figure 2). Human norovirus appeared
similar morphology as∼50 nm in diameter (29). All the passages
of the cell cultures were tested positive for MNV by RT-PCR.

Persistent Infection With the Isolated Virus
in Wild-Type Mice
All mice infected by the MNV HBTS-1806 strain via oral gavage
inoculation at a dose of 5 × 105 TCLD50/mouse exhibited no
significant clinical signs until 12 weeks post-infection. There are
no significant difference in food intake and body weight between
two groups. To monitor viral RNA in some organs of all infected
mice between 2 and 12 weeks after infection, the viral RNA was
extracted and analyzed from stomach, appendix, liver, spleen, and
feces at different time points (Table 2). Six of ten appendices were
still positive12 weeks after infection. Tissues frommice sacrificed
at 2, 4, and 12 weeks were examined histologically after infection.
There is no apparent microscopic change in the liver, spleen and
appendix (Supplementary Figure 2).

Genomic Sequencing and Phylogenetic
Analysis
The entire genome of MNV HBTS-1806 strain was sequenced
and compared with the full-length sequences of reference MNVs
(Table 3). The HBTS-1806 contained 7383 nucleotides and
had four ORFs, conforming to the genomic characteristics
of MNV1. The genetic distances between the query strain
and the reference MNV strains were drawn according to
nucleotide position. The overall sequence similarity among
these MNVs was 88.9–95.4%. Highest homology to isolates
was the MNV BJ-2011-1 strain, which was isolated in Beijing
of China. The glutamate at position 94 in the NS1/2 protein
was critical for persistent replication and shedding (Figure 3).

FIGURE 3 | Align sequencs of 1–100 domain of MNV NS1/2 protein construts. The presence of a glutamate at position 94 of the NS1/2 protein could played an

essential role in persistent replication and shedding of MNV.
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Phylogenetic analysis based on ORF1 sequences placed HBTS-
1806 away from MNV1 (Mu/NoV/GV/MNV1/2002/USA)
(Figure 4B), while the tree based on the whole genome
and ORF2 showed close evolutional relationship between
HBTS-1806 and MNV1 (Mu/NoV/GV/MNV1/2002/USA)
(Figures 4A,C).

DISCUSSION

Murine noroviruses consist of a group of newly-recognized
pathogens that are able to infect laboratory mice. The first
reported MNV-1 generates a transient infection with a short
duration of fecal shedding after infecting immunocompetent
mice in laboratory (30). It is very likely thatMNV infection can be
widespread across the world (11). Besides, once infected the host,
MNV is highly persistent and hard to be removed completely
without an integrated eradication system (31). MNV isolates
such as MNV-2, MNV-3, and MNV-4,have been extractedfrom
laboratory mice in academic research institutes around the world
(8). There are dramatic differences between these MNV strains
and MNV-1 in pathogenicity because MNV-1 persistently infect
tissues in experimentally inoculated immunocompetent mice
(32). Therefore, it is necessary to screen laboratory animals
for MNV frequently to prevent animal diseases and interfere
in experiments (8, 33, 34). This stduy describes a novel strain
of MNV isolated from feces samples of commercial laboratory
mice. The virus was successfully propagates in RAW264.7 cell
culture. And the size and morphological characteristics of this
virus were similar to norovirus described previously by other
investigators (35, 36).

In general, different MNV isolates show different
pathogenicity. A recent research reported that an MNV
strain (CR6) can cause intestinal pathology under a specific
Crohn’s disease genetic background, while another strain
(MNV-1) cannot (37). In this work, MNV HBTS-1806 strain
infection of immunocompetent C57BL/6J mice did not cause
gross pathology. Moreover, no lesion was found in small
intestine, liver or spleen of animals in this study. Although
no significant pathological changes in immunocompetent
mice were shown, it should be noted that infectious viral
titers in tissues were continuously detected 2–12 weeks
after infection. And even virus loads in the intestinal
would last 12 weeks. Our data demonstrated that intestinal
pathology cannot be predicted by MNV titers in wild-type
mice, which could be potentially explained by that to the
specificity of virus strains in either cell tropism relating
to virulence or interactions with host cells (12). Since the
biological significance of these observation is not completely
understood yet, the situation that the prolonged viral load
may be a major risk factor for large-scale MNV infection
in the animal breeding and housing environment shall be
recognized. Because the MNV was described as an acute
infection with apparent mortality and morbidity in Stat1−/−

mice, persistent subclinical infection in Rag−/− mice, the
pathogenicity of isolates in immunodeficient mice requires
further study (11).

FIGURE 4 | Phylogenetic relationships of the isolated MNV with other MNVs.

Nucleotide sequence comparisons of the whole genome (A), ORF1 (B), and

ORF2 (C).
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How persistent MNV infection is maintained is unclear.
During persistent infection, the mutations of MNV surface
antigens were predicted to make viral progeny avoid the
immune system (38). In addition, genetic elements in the
NS1/2 protein causing persistence of the virus in the mouse
determine the viral persistence in the intestinal tract. Residue
94, a critical factor determining persistence, was separated in
a reverse turn after an α-helix in the folded domain (39).
The presence of glutamate at position 94 of the NS1/2 protein
from HBTS-1806 plays an essential role in persistent replication
and shedding.

This study reported the complete genomic sequence of
HBTS-1806 and analyzed the phylogenetic associations among
MNV strains on basis of the genomic and individual gene
levels, so as to characterize the novel isolated virus. Sequence
homology and phylogenetic analysis of the MNV showed
that the HBTS-1806 strain has high homology with MNV
BJ-2011-1. The alignments of the whole genome, ORF1,
and ORF2 nucleotide sequences of the HBTS-1806 strain
and MNV1 (Mu/NoV/GV/MNV1/2002/USA) strain revealed
considerable distinctions among the trees. The recombinantion
of human noroviruses have been recognized as the cause of
global norovirus outbreak (40–42). Nevertheless, the molecular
mechanisms promoting norovirus recombination have not
been determined experimentally (43). The report suggested
that the recombination may occurred at several points of
breakout within ORF2 in several MNV genomes, despite
of the predominant break point detected in recombinant
human norovirus genomes is at the ORF1-ORF2 junction
(44). However, contribution of recombination to the evolution
of the MNV strains is not known, and the effects of the
recombination on MNV biology are to be elucidated in
the future.
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Leptospira is a bacteria that causes leptospirosis and is transmitted through water, soil, or

mud that is contaminated by the urine of infected animals. Although it is mainly associated

with the urban environment, Leptospires also circulate in rural and wild environments.

This study aimed to investigate the role of small mammals in leptospirosis epidemiology in

the western Amazon, Brazil. In total, 103 animals from 23 species belonging to the orders

Didelphimorphia and Rodentia were captured. Blood, kidney, and urine samples were

collected and Microscopic Agglutination Test (MAT), lipL32 PCR, secY sequencing, and

culturing were conducted. MAT was reactive on 1/15 sera, and no bacterial isolate was

obtained. PCR yielded 44.7% positive samples from 16 species. Twenty samples were

genetically characterized and identified as L. interrogans (n = 12), L. noguchii (n = 4),

and L. santarosai (n= 4). No statistical association was found between the prevalence of

infection by Leptospira spp. in small mammals within carrier/hosts species, orders, study

area, and forest strata. Our results indicate a high prevalence of pathogenic Leptospira

spp. in several rodent and marsupial species and report the first evidence of Leptospira

spp. carrier/hosts in the Brazilian Western Amazon.

Keywords: marsupial, small mammal, Amazon, wild rodent, sylvatic leptospirosis

INTRODUCTION

Leptospirosis is a zoonotic infectious disease caused by the bacteria from the Leptospira genus
(1) and transmitted through water, soil, or mud contaminated by the urine of infected animals.
Although it is mainly reported in the urban environment, leptospirosis also circulates in rural
and wild environments, with a wide variety of mammal species acting as carrier/hosts of the
bacterium (2).

The Amazonian biome has the ideal conditions for maintaining and disseminating Leptospira
spp. The high humidity and temperature along with the high diversity of mammals and potential
renal carriers of the bacteria, creates a scenario that exposes the animals to different strains of
Leptospira (3, 4). Besides the importance of small mammals in the maintenance of Leptospira spp.

4243

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2020.569004
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2020.569004&domain=pdf&date_stamp=2020-12-02
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lusmedeiros@yahoo.com.br
https://doi.org/10.3389/fvets.2020.569004
https://www.frontiersin.org/articles/10.3389/fvets.2020.569004/full


Medeiros et al. Small Mammals as Carriers of Leptospira

in the wild and in the transmission to humans, the possibility
of transmission between wild and domestic animals has
been a major concern among conservationists and livestock
authorities in many areas, especially in the Amazon (5–7). The
emergence of zoonosis can greatly impact the abundance of some
carrier/host populations, in some extreme cases leading to local
extinctions (8).

Every mammal is a potential renal carrier of leptospires.
Rodents have been described as the most essential
maintenance/amplifier reservoirs in nature for several
pathogenic Leptospira (9, 10). In Brazil, marsupials from
the eastern Amazon (11), semi-arid regions (12), and the
Atlantic Forest biome (13, 14) have also been reported with
antibodies against Leptospira spp. The first report of Leptospira
isolation in samples of Didelphis albiventris was from southern
Brazil. These findings suggest marsupials may serve as important
transmission reservoirs of pathogenic Leptospira spp. (15).
Despite this, little is known about the role of wild small mammals
as Leptospira carrier/hosts in the Amazon forest. Therefore, the
objective of this study was to identify Leptospira infection in
wild small mammals (rodents and marsupials) and investigate
predictor variables related to infection in these animals in the
Western Amazon, Brazil.

FIGURE 1 | The four study areas located in the state of Acre. Floresta do Seringal Cachoeira (FSC): a continuous and conserved primary forest, Reserva Florestal

Humaitá (RFH): a wide fragment of a primary rain forest, Floresta do Parque Zoobotânico (FPZ): an urban small fragment, and Floresta Experimental Catuaba (FEC): a

secondary forest with agriculture.

MATERIALS AND METHODS

Study Design
The following licenses were used to conduct the study:

permanent license to collect zoological material number
13373 (SISBIO-ICMBIO) and CEUA LW-39/14 license (Ethics

Committee on Animal Use, FIOCRUZ). The studied areas were

forests in the state of Acre, Brazil, western Amazon on Acre
river basin, and represented different levels of conservation
and land use (Figure 1). These areas included: (1) Floresta do

Seringal Cachoeira (FSC) (10◦49′S, 68◦21′W), in themunicipality

of Xapuri, a continuous and conserved primary forest with
24,200 ha, a medium anthropic impact and land use for eco-

tourism and traditional activities of latex and castanha-do-
Brasil extractions; (2) Reserva Florestal Humaitá (RFH) (9◦43′S,

67◦48′W), in the municipality of Porto Acre, is a wide fragment
of ∼2,000 ha of primary and secondary rain forest, submitted
to moderate anthropic action, surrounded by farms, roads and
a large river. This area belongs to the Federal University of
Acre (UFAC) and is a preserved area designated for research;
(3) Floresta Experimental Catuaba (FEC) (10◦04′S, 67◦37′W), in
the municipality of Senador Guiomard, comprising 900 ha of
primary and secondary rain forest. This farm is used for research
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activities and also belongs to UFAC; and (4) Floresta do Parque
Zoobotânico (FPZ) (9◦57′S, 67◦52′W), in the municipality of Rio
Branco, an intense anthropized small fragment of approximately
140 ha in different succession stages. It is an urban park located
on the UFAC campus, with land use destined to activities such as
trekking, research, and recreation.

The field expeditions to capture small mammals and collect
biological samples were conducted in the rainy seasons, between
November and December 2015, at the RFH, FPZ, and FSC, and
in FEC in December 2016.

Animal Capture
Trapping was conducted over five consecutive nights. In each
study area, the animals were captured with live traps, Sherman R©

(30 × 8 × 9 cm) and Tomahawk R© (40 × 12 × 12 cm), in five
to ten linear transects with 15 trapping stations each. Sampling
was conducted at three forest strata—soil level, understory (at a
height of 2m), and canopy (15m). At the end of each transect,
four pitfalls were installed, with a volume of 60 L. The bait
used was a mixture of bacon, oat, banana, and peanut butter.
The captured animals were transported to a field laboratory
base, where they were anesthetized and euthanized following
the procedures reported previously (16). Blood samples were
collected by cardiac puncture. Immediately after euthanasia,
the urinary bladder and kidneys were exposed, and urine
and kidney fragments were collected using sterile instruments.
The small mammals were identified by external and cranial
morphology, karyotyping, and DNA sequencing of cytochrome
b gene (17, 18). Specimens were deposited in the mammal
collection of the Laboratório de Biologia e Parasitologia de
Mamíferos Reservatórios Silvestres, Instituto Oswaldo Cruz
(tagged as LBCE), Rio de Janeiro, Brazil.

Bacteriological Procedures
Individual urine samples were processed immediately in a mobile
laboratory. Three to five drops of urine were inoculated to
three different culture mediums: 5mL of liquid EMJH medium
(Difco, BD, Franklin Lakes, NJ, USA), 5mL of semisolid Fletcher
medium (Difco, BD, Franklin Lakes, NJ, USA), and 5mL of
liquid EMJH medium supplemented with an antibiotic cocktail
named STAFF (19). Kidney fragment samples were macerated
into EMJH using a 5mL syringe. After inoculation, the tubes
were maintained at room temperature and sent to the Reference
Laboratory on Rio de Janeiro after 5 days due to Biosafety
standards (4,000 km away from the initial collection site). There,
tubes were incubated at 28◦C and evaluated weekly for 4 months
using dark-field optical microscopy. If contamination occurred,
the liquid cultures were filtered or once again transferred to the
EMJH and STAFF.

Serology
To detect anti-Leptospira antibodies, we conducted the MAT
according to World Organization for Animal Health standards
(20). Strains related to 22 serogroups were used as antigens, using
the highest titer obtained to identify the infecting serogroup.
Animals were considered seroreactive when titration was ≥50,
as carrier/host animals tend to present low titers (21).

PCR
DNA was extracted from all individual kidney samples using
the DNeasy R© Blood & Tissue Kit (QIAamp, Qiagen, France) as
recommended by the manufacturer. First, PCR was conducted
using primers targeting a short region of the lipL32 gene (241 bp),
reported to be present only in pathogenic leptospires (LipL32-
45F: 5′-AAGCAT TACCGC TTG TGGTG-3′ and LipL32-286R:
5′-GAA CTC CCA TTT CAG CGA TT-3′) (21). Second, lipL32
positive samples were subjected to a nested PCR targeting
a partial region of secY gene. An initial reaction targeting a
549 bp region was conducted using the primers secY_outer_F
(5′-ATGCCGATCATTTTTGCTTC-3′) and secY_outer_R
(5′- CCGTCCCTTAATTTTAGACTTCTTC-3′). Finally,
amplicons were included in a second reaction using the primers
secY_inner_F (5′-CCTCAGACGATTATTCAATGGTTATC-3′)
and secY_inner_R (5′- AGAAGAGAAGTTCCACCGAATG-3′)
(Mathieu Picardeau, personal communication, November
27, 2019), providing an expected amplicon of 410 bp. In
all reactions, for each set of samples, ultrapure water was
used as negative control, while 10 fg of DNA extracted from
Leptospira interrogans serovar Copenhageni (Fiocruz L1-130)
was used as positive control. PCR products were analyzed by gel
electrophoresis in 1.5–2% agarose and visualized under UV light,
after GelRed R© staining.

Sequencing and Phylogenetic Analysis
The secY amplicons were directly sequenced using the Big
Dye Terminator v. 3.1 Cycle Sequencing Ready Reaction Kit
(Applied Biosystems) in a 3100 Automated DNA Sequencer
according to the manufacturer’s instructions. The nucleotide
sequences were deposited in GenBank under accession numbers
MT361666-MT361685. Phylogenetic analysis was accomplished
using Pairwise/Blast/NCBI, SeqMan v. 7.0, ClustalW v. 1.35 (22)
and BioEdit v. 7.0.1 (23) software for editing and sequence
analysis. A maximum likelihood (ML) tree was constructed using
the Tamura-Nei model with the gamma distribution (TN+G) in
MEGA X software (24), as it was determined to be the best-fitting
model of DNA substitution using the Bayesian information
criterion. Information about sequences used for phylogenetic
analysis is shown in the Supplementary Material.

Statistics
We calculated the prevalence of infection by Leptospira
sp., considering mammal carrier/host orders (rodents and
marsupials), localities (FSC, RFH, FPZ, and FEC), forest strata
(soil, understory, or canopy) and species. Prevalence of infection
represents the proportion of PCR positive carrier/hosts by the
total number of analyzed individuals.

Considering differences in conservation status among the
study areas and differences among small mammal species in
terms of their habits and habitat use, we tested the influence of
carrier/host species, carrier/host orders, study area, and forest
strata on the prevalence of infection by Leptospira spp. using
generalized linear models (GLM). Best models were chosen using
the corrected Akaike information criterion (AICc), where the
suitable models presented Delta AICc ≤ 2. The GLM analysis
followed a binomial distribution. The analyses were performed
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FIGURE 2 | Small mammals (A: Didelphimorphia; B: Rodentia) included in the present study according to study area (shown by different colors as indicated in the

figure). Samples positive for pathogenic Leptospira, detected by lipL32 gene amplification, are indicated by a (+) sign. Columns at right show prevelance values for

each host. Pathogenic Leptospira prevalence on Didelphimorphia (C) and Rodentia (D) of each collection site are also presented. *Species with first Leptospira DNA

detection. **Species already described as carrier hosts of Leptospira by Bunnell at al. (29) and Cortez et al. (30). Species for which all samples were negative for

Leptospira have no asterisk. Study areas located in the state of Acre: Floresta do Seringal Cachoeira (FSC), Reserva Florestal Humaitá (RFH), Floresta do Parque

Zoobotânico (PPZ), and Floresta Experimental Catuaba (FEC).
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with R version 3.4.2 (25) using the vegan package (26). We also
tested differences in Leptospira infection between two rodent
families (Cricetidae and Echimyidae), with different evolutionary
histories, using a chi-square test.

RESULTS

We analyzed 103 animals, including 55 wild rodents and 48
marsupials, belonging to 23 species (Figures 2A,B). Of 15 serum
samples subjected to MAT, only one (6.6%) was positive, a
sample from the marsupial Marmosa (Micoureus) rutteri that
was reactive to two L. interrogans serogroups (Australis and
Autumnalis) at a titer of 1:100 each. All kidney culture attempts
were negative. Themost important result was the high prevalence
(44.7%) of the lipL32 gene confirmed by PCR. Of the 15 sera
submitted to MAT, six were lipL32 positive and nine were
negative by PCR (including the only positive in MAT). We
detected leptospiral DNA in kidney samples from carrier/hosts
representing 16 species (n= 46/103, overall prevalence of 44.7%)
in all four study areas investigated. Of the 23 mammalian
carrier/host species studied, 16 had at least one leptospiral DNA-
positive specimen (Figures 2A,B). In the carrier/hostMarmosops
ocellatus, Leptospira was found in 7/10 (70%) specimens,
the highest prevalence in marsupials (Figure 2A). In rodents,
Neacomys spinosus showed the highest percentage of lipL32-PCR
positives (4/6, 66.7%) (Figure 2B).

The prevalence by study area was 12/23 (52.2%) in FSC,
26/49 (53.1%) in RFH, 1/2 (50%) in FPZ and 7/29 (24.1%) in
FEC. Considering mammal orders, 22/48 (45.8%) marsupials
and 24/55 (43.6%) rodents were PCR-positive. The prevalence
by forest strata were 13/29 (44.8%) in canopy, 26/59 (44.1%) in
soil and 6/14 (42.9%) in understory. The prevalences for each
species are shown in Figures 2A,B, and prevalances according
to collection site are show on Figure 2C (marsupials) and
Figure 2D (rodents).

Considering only the PCR positive samples, 12/46 (26.1%)
were positive in FSC, 26/46 (56.5%) in RFH, 1/46(2.2%) in FPZ,
and 7/46 (15.2%) in FEC. Among mammal orders, 22/46 (47.8%)
marsupials and 24/46 (52.2%) rodents were PCR positive. Also,
considering forest strata, 13/45 (28.9%) in canopy, 26/45 (57.8%)
in soil, and 6/45 (13.3%) in understory were PCR positive.

According to GLM analyses, the model with study area was
suitable; however, the null model was also suitable, indicating
no relation between the prevalence of infection by Leptospira sp.
in small mammals considering the studied variables (Table 2).
There were no differences in Leptospira infection between
Cricetidae (12/21= 57.1%) and Echimyidae (12/34= 35.3%) (χ2

= 2.52, p= 0.1124, df= 1).
DNA from 20 samples representing 13 carrier mammalian

species was amplified and sequenced using the secY genetic
marker (410 bp), providing a species-specific identification
of leptospires. In three samples, it was not possible to
perform phylogenetic analysis due to low sequence quality.
Pairwise/Blast/NCBI comparisons with the GenBank secY gene
dataset identified them as L. interrogans (n = 12), L. noguchii
(n = 4) and L. santarosai (n = 4) (Table 1). Phylogenetic

TABLE 1 | Pathogenic Leptospira genetically identified through secY gene

sequencing in small mammals of the western Amazon.

Carrier/Host Leptospira Collection Sample ID

species Site (LBCE)

DIDELPHIMORPHIA

Marmosa (micoureus) constantiae L. interrogans RFH 19802

L. noguchii FPZ 19850

Marmosa (Micoureus) rutteri L. interrogans RFH 19826

Marmosops ocellatus L. interrogans RFH 19804

L. interrogans FEC 18063

Marmosops ocellatus L. santarosai FSC 19866

Metachirus myosurus L. santarosai FSC 19828

Monodelphis glirina L. interrogans RFH 19799

L. santarosai FSC 19871

Monodelphis peruviana L. santarosai RFH 19823

RODENTIA

Mesomys hispidus L. noguchii FSC 19861

Neacomys spinosus L. interrogans RFH 19818

L. interrogans RFH 19845

L. interrogans FSC 19875

Neacomys musseri L. interrogans FSC 19881

Oligoryzomys microtis L. interrogans RFH 19817

Proechimys gardneri L. noguchii FSC 19882

Proechimys gardneri L. interrogans FEC 18052

Proechimys brevicauda L. interrogans RFH 19812

Rhipidomys leucodactylus L. noguchii RFH 19819

Study areas located in the state of Acre: FSC, Floresta do Seringal Cachoeira;

RFH, Reserva Florestal Humaitá; PPZ, Floresta do Parque Zoobotânico; FEC, Floresta

Experimental Catuaba.

analysis based on ML TN+G tree including secY sequences
from different carrier/hosts confirmed species identification
(Figure 3). Sequence data included in phylogenetic analysis
are shown in the Supplementary Material. Sequences of L.
interrogans from the present study clustered together with
sequences of Leptospira isolated from small mammals but
also isolated from humans, swine, and dogs from different
geographical locations (Figure 3) with high support value (98%).
Two main L. noguchii clusters are observed, with all sequences
from the present study grouping with high support value
(99%) with sequences of Leptospira isolated from swine and
opossum, from China and Peru, respectively, and distant from
sequences from other carrier/hosts (Figure 3). A main cluster
well-supported (98%) was observed with L. santarosai sequences
from the present study and those from different carrier/hosts
and geographical locations, including small mammals, humans,
swine, and capybara, all from Americas (Figure 3).

DISCUSSION

To our knowledge, this is the first study that investigated the
leptospiral infection in small mammals in the Brazilian Western
Amazon forest. Only one sample (6.6%), originating from the
marsupial Marmosa (Micoureus) rutteri, was reactive against
two L. interrogans serogroups (Australis and Autumnalis) with
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FIGURE 3 | Maximum likelihood phylogenetic tree inferred from partial secY gene sequences (410 bp) of L. interrogans, L. noguchii, and L. santarosai from this study

(bold and underlined) and GenBank sequences from other carrier/hosts (accession numbers are shown). Hosts are indicated by vectors and geographical locations by

colors, as indicated in the figure. Numbers at nodes are bootstrap values >50%. Leptospira biflexa strain “Patoc” is the outgroup taxa.
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titers of 1:100 each. A limitation of this study was the small
number of samples submitted to MAT, as obtaining sera from
wild animals is not a trivial procedure. However, as reservoirs
tend to show a seronegative response (27), the focus of this study
was the identification of carriers/hosts by bacterial isolation and
molecular techniques.

No bacterial isolate was obtained, possibly due to the expected
low sensitivity of this technique. It is known that bacterial
culturing of leptospires is fastidious, laborious, and difficult to
perform (28). Additionally, the transport of samples from the
field Laboratory on Acre State to the Reference Laboratory on
Rio de Janeiro State delayed the filtration and reseeding of the
samples, and consequently impaired bacterial isolation. Thus, the
use ofmolecular techniques contributed for improving sensitivity
of leptospiral detection, providing a broader understanding of the
potential significance of infection.

We could identify, by PCR, seven Didelphimorphia and nine
Rodentia species that could act as carriers of leptospires in
the Amazon region. Our findings show, 13 new carrier/hosts
(Figures 2A,B). Additionally, three species (Mesomys hispidus,
Neacomys spinosus and Oligoryzomys microtis) were already
described as leptospiral carriers in the Peruvian Amazon (29, 30)
but described for the first time in the Brazilian region. Although
the role of wild animals in the leptospirosis transmission cycle is
unclear, the high diversity of carrier/host species found and the
lack of correlation between a specific taxonomic level and a forest
stratum with leptospiral infection suggest wide dissemination
of the bacteria in those environments. Some studies found a
higher occurrence of Leptospira infection in specific species of
small mammals or a specific habitat/locality (9, 31). In our
study, although we had observed differences in prevalence among
study areas, the GLM model had no differences in relation to
the null model (Table 2). Thus, there was no clear evidence of
influence of those study areas with different land use and levels of
conservation on the Leptospira prevalence.

Samples from the present study clustered in highly supported
clades with L. interrogans, L. noguchii, and L. santarosai.
Interestingly, sequences from the present study were similar
(>98%) to sequences identified in rodents and marsupials
from different locations, including all continents (Figure 3).
Moreover, while L. noguchii sequences were closest to each
other, forming a distinct clade almost exclusively with sequences
from South America. L. interrogans and L. santarosai sequences
were closely related to sequences from other carrier/hosts from
different geographical locations, including dogs and humans.
This reinforces that these strains are widespread geographically
and between carrier/host species.

From the epidemiological perspective, the identification of the
animal species that may act as carriers/hosts is crucial since each
species has a particular habitat use and geographic distribution.
Thus, our data comprise 16 new mammalian species, described
in Table 1, that can be carrier/hosts in the Brazilian Western
Amazon (10). Those species were found in all study areas
and in all habitat strata, showing that Leptospira could be
widely distributed. All of the 23 mammal species have a known
geographic distribution in the Amazon (32, 33). Considering the
16 PCR positive species, the most tolerant species are often found
in peri-urban and rural forest fragments, and therefore, the most

TABLE 2 | Generalized linear models (GLM) for the prevalence of infection by

Leptospira sp. in small mammals from Western Amazon, Acre, Brazil.

Models AICc Delta Weight K Log-Likelihood

Locality 141.5 0 0.374 4 −66.535

Null 142 0.54 0.285 1 −69.993

AICc, corrected version of Akaike information criterion; Delta, Difference between the

AICc value of a model and that of the best model; Weight, Akaike weights; K, number

of parameters of the model.

in contact with humans are the marsupials, D. marsupialis and
P. canus, and rodent species Proechimys gardneri (32). Regarding
other carrier/host species, besides their potential role in the
Leptospira transmission in the Amazon region, some of them
could also have an epidemiological importance in other Brazilian
regions since they have a wider geographic distribution.

Moreover, genetic analysis showed that Leptospira species are
circulating in different ecosystems including humans and other
animals as carrier/hosts. This finding confirms the importance of
a One Health context to study leptospirosis. Finally, this study
reports the first evidence of the diversity of small mammals as
leptospiral carriers/hosts in the western Brazilian Amazon forest.
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Picobirnaviruses (PBVs) are bisegmented double-stranded RNA viruses that have been

detected in a wide variety of animal species including invertebrates and in environmental

samples. Since PBVs are ubiquitous in feces/gut contents of humans and other animals

with or without diarrhea, they were considered as opportunistic enteric pathogens of

mammals and avian species. However, the virus remains to be propagated in animal

cell cultures, or in gnotobiotic animals. Recently, the classically defined prokaryotic

motif, the ribosomal binding site sequence, has been identified upstream of putative

open reading frame/s in PBV and PBV-like sequences from humans, various animals,

and environmental samples, suggesting that PBVs might be prokaryotic viruses. On

the other hand, based on the detection of some novel PBV-like RNA-dependent RNA

polymerase sequences that use the alternative mitochondrial genetic code (that of mold

or invertebrates) for translation, and principal component analysis of codon usage bias for

these sequences, it has been proposed that PBVs might be fungal viruses with a lifestyle

reminiscent of mitoviruses. These contradicting observations warrant further studies to

ascertain the true host/s of PBVs, which still remains controversial. In this minireview,

we have focused on the various findings that have raised a debate on the true host/s

of PBVs.

Keywords: picobirnavirus, true host/s, opportunistic animal pathogen, prokaryotic virus, fungal virus

INTRODUCTION

Picobirnaviruses (PBVs) are bisegmented double-stranded RNA viruses that belong to the sole
genus Picobirnavirus within the family Picobiraviridae (1). Picobirnaviruses have been widely
reported in fecal samples/gut contents of humans and various animal species with, or without
diarrhea (1–3). Traditionally, PBVs are considered as opportunistic enteric pathogens of mammals
and avian species (1–5). On the other hand, PBVs have also been detected in invertebrates and
environmental samples (6–9). During the past few years, the whole genomes, or at least the
complete/nearly complete gene segment-2 sequences of several PBV strains from humans, different
animal species and environmental samples have been obtained using next generation sequencing
technologies, or a modified non-specific primer-based amplification method (1, 4, 6–8, 10–20).
Analyses of the expanded repertoire of diverse full-length/nearly full-length PBV sequences
revealed remarkable features in the PBV genome including those that suggest that PBVs might
be actually prokaryotic or fungal viruses (1, 4, 6–8, 10–21). In this minireview, we have discussed
the various findings that have raised a debate on the true hosts of PBVs.
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PICOBIRNAVIRUS MORPHOLOGY AND
GENOME

Picobirnaviruses are spherical, non-enveloped viruses with a
diameter of ∼33–37 nm (1). Since PBVs are non-cultivable,
information on the virus capsid is based on those of recombinant
virion-like particles (22). PBV possess a simple icosahedral capsid
that is composed of 60 symmetric dimers (22). The PBV capsid
contains two segments of dsRNA, designated as gene segment-
1 (∼2.2–2.7 kb in size) and −2 (∼1.2–1.9 Kb in size) (Figure 1)
(1–3, 5). Because of their small size (“pico” in Spanish) and
bi-segmented (“bi” in Latin) nature of the viral genome, the
viruses were named “Picobirnaviruses” (23). However, PBVs with
monopartite genomes have also been reported in a few studies
(6, 24, 25).

The gene segment-1 of PBVs consists of 2 or 3 open reading
frames (ORFs), designated as ORF1, ORF2, and ORF3 from
the 5′- end (Figure 1) (1, 13). The ORF3 codes for a precursor
of the capsid protein which undergoes autocatalytic cleavage
to generate the mature capsid protein, and a charged peptide
that is believed to interact electrostatically with the viral RNA
(22). The ORF2 encodes a protein characterized by repeats of
the ExxRxNxxxE motif (1, 26). However, the function/s of this
protein is not yet known. On the other hand, the functionality,
or even the presence of ORF1 in gene segment-1 of PBVs
remain to be elucidated (1, 13, 26). The PBV gene segment-2
possess a single large ORF that encodes the RNA-dependent RNA
polymerase (RdRp) (Figure 1) (1–3, 5). The 5′- (GUAAA) and 3′-
(ACUGC) termini sequences appear to be conserved in the gene
segment 2 of PBVs (1, 10, 14–20). The PBV RdRp catalyzes RNA
synthesis with both single-stranded RNA and dsRNA templates,

and transcription occurs in a semi-conservation manner (27).

During encapsidation, the RdRp is believed to form a complex
with the viral genome (27).

Picobirnaviruses exhibit high genetic diversity within
and between host species (1–5, 10–18, 24, 28–30). A viral

FIGURE 1 | The genomic organization of human picobirnavirus genogroup-I strain Hy005102. (A) Gene segment-1 (GenBank accession number AB186897) of PBV

strain Hy005102 consists of 3 putative open reading frames (ORF), designated as ORF1, ORF2 and ORF3. The ORF3 codes for a precursor of the viral capsid protein.

(B) Gene segment-2 (GenBank accession number AB186898) of PBV strain Hy005102 possess a single ORF that encodes the viral RNA-dependent RNA

polymerase (RdRp).

metagenomics study in diarrheic free-ranging wolves has
provided evidence for genetic reassortment events among PBVs
(31). Most studies on genetic diversity of PBVs are based on gene
segment-2/RdRp sequences (2–5). The phylogenetic analysis of
PBV RdRp sequences has been shown in Figure 2. Majority of
the PBV RdRp sequences reported so far use the standard genetic
code for translation, whilst, recently, some novel PBV-like RdRp
gene sequences that use an alternative mitochondrial genetic
code have been detected in bats, humans, invertebrates, and a
mongoose (6, 11, 12, 14). Picobirnaviruses using the standard
genetic code cluster separately from PBVs using the alternative
mitochondrial genetic code (12, 14). However, three PBV-like
RdRp sequences (from a bat, a mongoose and a myriapod) that
use an alternative mitochondrial genetic code were found to
cluster with PBVs using the standard genetic code (12, 14). These
unique PBV-like RdRp sequences have been discussed in the
section “evidence that picobirnaviruses might infect fungi” of the
review article. Within the cluster of PBV RdRp sequences using
the standard genetic code, PBVs are further classified into two
genogroups (genogroup-I (GI) and GII), although several PBVs
that could not be classified into either genogroup have also been
reported (1–5, 10–20, 24, 29, 30). Picobirnavirus GI strains have
been more frequently detected compared to GII strains (2, 3, 5).

PICOBIRNAVIRUS INFECTION IN HUMANS
AND ANIMALS

Picobirnavirus infection in humans and animals have been
excellently reviewed by Ganesh et al. (2) and Malik et al. (3).
Picobirnaviruses have been detected in sporadic cases of diarrhea
as well as associated with outbreaks of gastroenteritis in humans
and in a wide variety of animals (1–3, 5). They are often
reported in coinfection with other enteric pathogens (1–5, 32–
34). On the other hand, PBVs have also been frequently detected
in apparently healthy humans and animals without diarrhea
(1–3, 5, 14, 15, 18).
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FIGURE 2 | Phylogenetic analysis of the picobirnavirus (PBV) and PBV-like RNA-dependent RNA polymerase (RdRp) sequences. The phylogenetic tree was

constructed by the Maximum Likelihood method using the MEGA6 software. Phylogenetic distances were measured using the LG + G model of substitution. The tree

was statistically supported by bootstrapping with 500 replicates. Bootstrap values <70% are not shown. Scale bar, 0.5 substitutions per amino acid. The name of the

PBV strain includes virus/host of detection/country/common name/date of collection. GenBank accession numbers are shown in parentheses. Pink circle: prototype

PBV genogroup-I (GI) strain; green circle: prototype PBV GII strain; purple triangles: PBV-like viruses that use an alternative mitochondrial genetic code to translate the

RdRp and cluster separately from PBVs using the standard genetic code; red triangles: PBV-like strains that use an alternative mitochondrial genetic code to translate

the RdRp, yet cluster within PBVs using standard genetic code.
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Based on studies in immunocompromised and
immunosuppressed humans, PBVs were considered as
opportunistic enteric pathogens (2, 3). PBVs have been reported
more frequently in HIV-infected patients with diarrhea than
those without diarrhea (35–38), and in fecal samples from kidney
transplant patients (39, 40). In organ transplant recipients, PBVs
were predictive of the occurrence of severe enteric graft-vs.-host
disease (GVHD), and correlated with the high levels of GVHD
severity markers in feces (41). Recently, it was demonstrated that
pregnant women with type 1 diabetes (T1D) are more likely to
harbor PBVs than those without T1D (42).

Prolonged fecal shedding of PBVs, characterized by
alternating periods of high-, low-, and no- virus detection,
have been observed in asymptomatic animals, and in healthy
and HIV-infected humans (35, 38, 43–50). Various factors, such
as age, stress, physiological status and environmental conditions
have been proposed to influence the PBV shedding patterns
in infected humans and animals. In studies monitoring PBV
shedding patterns in animals, highest excretion rates were
observed during the lactogenic period in pigs and sheep, whilst
increased viral shedding occurred at a young age in rabbits
(weaned), broilers (aged 2–7 weeks) and rhea (∼3 weeks of age)
(44, 46, 49, 51, 52). Based on these observations, it has been
suggested that animals could acquire PBV infection early in life,
followed by establishment of persistent infection, with infected
adults serving as asymptomatic carriers (2, 3, 5).

Although mostly reported in feces/gut contents, PBVs have
also been detected, albeit rarely, in the respiratory tract of
humans (from individuals with unexplained respiratory disease
in Netherlands and cases of severe acute respiratory infection in
Uganda) and animals (asymptomatic cattle, monkeys and pigs)
and in the plasma of a febrile horse, suggesting an expanded tissue
tropism of the virus (10, 24, 53–55).

PBVs exhibit high genetic diversity between and within
host species, and phylogenetically, species specific clustering
patterns have not been observed so far (1, 4, 10–18, 24, 28–
31). Nevertheless, based on sequence identities and phylogenetic
analysis, interspecies transmission events including zoonoses
have been proposed for PBVs, although several of these studies
were based on partial gene segment-2 sequences and are not
conclusive (2–5, 11, 40, 43, 53, 56–60).

EVIDENCE THAT PICOBIRNAVIRUSES
MIGHT INFECT PROKARYOTES

One of the intriguing recent findings on PBVs has been the
identification of a classically defined prokaryotic motif, the
ribosomal binding site (RBS) sequence (also known as Shine-
Dalgarno sequence), upstream of putative ORF/s in PBV gene
segment-1 and−2 sequences (Table 1) (13, 21). In prokaryotes,
the RBS sequence (AGGAGG), or its subset (4-, 5-, or 6- mer
of AGGAGG) enables the mRNA to bind to ribosome, resulting
in initiation of translation, and is mostly located anywhere
between −18 and −4 nucleotides upstream from the start
codon (21, 61–63). Certain viruses that infect prokaryotes have
been shown to be highly enriched for RBS sequences, such as

the bacteriophages with segmented dsRNA genomes of family
Cystoviridae (13, 21, 64, 65). Similar to prokaryotic mRNAs and
the cystoviruses, the RBS sequence, or its subset has been found
to be conserved upstream of putative ORF/s (putative ORF1, 2
and 3 in gene segment-1 and putative ORF for RdRp in gene
segment-2) in published PBV sequences from humans, animals
and environmental samples (4, 7, 8, 11–18, 21). The presence of
the conserved prokaryotic RBS sequence upstream of the putative
start codon/s in representative PBV gene segment-1 sequences,
gene segment-2 sequences of PBV GI and GII strains, and PBV-
like RdRp sequences are shown inTable 1. In fact, PBVs exhibited
an enrichment level for RBS sequences that was higher than those
observed in any known prokaryotic viral family (21). Based on
these observations, it has been proposed that PBVs might be
actually prokaryotic viruses (13, 21). Since not all prokaryotic
viruses appear to retain the prokaryotic RBS sequence, and not
every bacterial phylum exhibits a high level of enrichment for
RBS sequences, it has been hypothesized that viruses enriched for
RBS sequences, such as PBVs, were more likely to infect bacteria
that highly conserves the RBS sequences for its own genes (21).

Supporting the hypothesis on prokaryotic hosts, PBVs remain
to be successfully propagated in eukaryotic cell cultures (1).
However, previous experiences with adapting enteric viruses,
especially noroviruses to cell culture have been extremely
challenging (66). Furthermore, the lack of a cell culture platform
in itself does not rule out the possibility that PBVs are animal
viruses. Recently, attempts were made to cultivate PBVs in
prokaryotic cells by inoculating 3% cloacal suspension from
a PBV positive chicken into brain heart infusion broth (13).
The in vitro cultures were maintained under aerobic and
anaerobic conditions for 2 weeks, and regularly monitored
for PBV RNA by RT-qPCR assay. There was no evidence for
amplification of PBVs during the study period. Since the sample
was collected and frozen long-term to analyze viral nucleic acid
rather than maintain bacterial diversity or retain viral infectivity,
it might have been possible that the number of cultivable,
intact bacteria as well as the low initial infective particles were
significantly decreased. However, in the same study, expression
analysis in Escherichia coli using 6xHis-tagged recombinant
PBV segment-1 and western blot assay revealed the in vivo
functionality of PBV segment-1 sequences containing the RBS
motif in a bacterial system (13). The ubiquitous nature of PBVs,
especially high prevalence of the virus in environmental samples
including sewage water and detection of viral RNA in feces/gut
contents from a wide variety of animal species including atypical
hosts such as reptiles and invertebrates, and persistent fecal
shedding by asymptomatic animals, suggest that PBVs might be
prokaryotic viruses of the gut microbiome (1–3, 6–9, 43–52).

On the other hand, certain observations with PBVs are
reminiscent of eukaryotic viruses, such as (i) viremia in a
sick horse and respiratory tract infections in cattle, humans,
monkeys and pigs, (ii) immune response in a rabbit that
was temporally associated with PBV excretion, and (iii)
autoproteolytic processing of the PBV capsid protein and
liposome-perforating capacity of viral particles (10, 22, 24, 53–
55, 67). However, similar findings have also been reported for
bacteriophages:(i) bacteriophages have been detected in blood
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TABLE 1 | The location of the prokaryotic ribosomal binding site (RBS) sequence upstream of the putative open reading frame/s (ORF) in picobirnavirus (PBV) and

PBV-like sequences.

Host/PBV strain PBV gene segment-1

GenBank

accession

number

5′- UTR of putative ORF-1 5′ -UTR of putative ORF-2 5′ -UTR of putative ORF-3

(ORF3 codes for the Capsid)

(A) PBV GENE SEGMENT-1

Human/Hy005102 AB186897 GAAGGAGAGATGTTATGAA AAAGGAGGTTATTTAATGAC GCAGGAGGTTTATCATGAA

Pig/221/04-16/ITA/2004 KF861770 AAAGGAGAATGATCTAACATGAA TAAGGAGGTGAAAGTTATGCT ATGGAGGCTAATATGAA

Otarine/PF090307 KU729753 AAAGGAGATGTGCATTTTTAATGGA AAAGGAGGAAATGTATGAC AAAGGAGTGTTTAATATGTC

Roe

deer/SLO/D38-14/2014

NC_040752 GAAGGAGGAGATGCT AAAGGAGGACACAGTTTCATGAC TAAGGAGAATATTACAAATGAA

Wolf/PRT/891/2015 KT934310 AAAGGAGGAACTTATGTGTAGTAA AAAGGAGGAATGCA AAAGGAGACCATTAATAATGGC

Marmot/c130145_g1_i1

_libraryA_2712

KY928752 AAAGGAGGACTGTTGGAATGTT AAAGGAGGTCATGTA AAAGGATTTATTATCATGAG

Rabbit/ R5-9 NC_038919 ATAGGAGGAAGTGCTTATGAAACATGCA AAAGGAGGTGTCAATGGTATGAC CTAGGAGGTAAAATATGAA

Macaque/WUSTL MG010886 AAAGGAGAACAGATCATGGT AAAGGAGGAAACGTTTATGAC CTGGAGAAAATTATGAG

Chicken/ChPBV-S1-

ctg289/2013-HUN

MH425579 AAAGGAGGAATCAGTGTTTTATGGA AAAGGAGGTATATAATGAC ATAGGAGGAATAAATATGAA

Turkey/USA/MN-1/2011 KJ495689 AAAGGAGGCGTACGTAATGGT CAAGAAAGGAAGTGACAAACATGAC TTGGAGGAATTATCGATGGG

Host/Genogroup/PBV strain PBV gene segment-2 Host/Genogroup/PBV

strain

PBV gene segment-2

GenBank

accession

number

5′-UTR of putative ORF

(ORF codes for the RdRp)

GenBank

accession

number

5′ -UTR of putative ORF

(ORF codes for the RdRp)

(B) PBV GENE SEGMENT-2

Human/GI/Hy005102 AB186898 AAAGGAGGACTACTTATGCA Marmot/GI/c299351 KY928717 AAAGGAGGTTCACGTTATGCC

Pig/GI/221/04-16/ITA/2004 KF861773 AAAGGAGGCTAAGCATTATGCC Rat/GI/Rat9 MH412924 AAAGGAGGCTTTTCTATATGCC

Otarine/GI/PF090307 KU729767 AAAGGAGGCCATTACAATGCC Shelduck/GI/MW26 MH453875 AAAGGAGGCTATCTTTATGCC

Roe deer/GI/SLO/D38-14/2014 NC_040753 AAAGGAGGTTATCGTTATGCC Chicken/GI/ChPBV-S2-

ctg1042/2013-HUN

MH425584 AAAGGAGGTAATGCTTATGCT

Dog/GI/RVC7 KY399057 AAAGGAGGTTCACATTATGCC Turkey/GI/USA/MN-1/2011 KJ495690 AAAGGAGGTCATTCATGTATGAA

Cat/GI/K40 MF071281 AAAGGAGGTCGCGTAATGCC Human/GII/4-GA-91 AF246940 AAAGGAGGTTTACTATGAA

Cow/GI/RUBV-P GQ221268 AAAGGAGGACTACAAAATGTC Cow/GII/C372N KY120178 AAAGGAGGTTTACTATGAA

Horse/GI/Equ2 KR902505 AAAGGAGGTTACGTTATGCC Pig/GII/CYZ-II-1 KP984805 AAAGGAGGTTTACTATGAA

Water skink/GI/ZGLXR71534 MG600064 AAAGGAGGACATTAGATATGTC Mongoose/ND/M17A MN563302 TCAGGAGGTTAGTTTCTTGTGAT

Wolf/GI/PRT/1109/2015 KT934308 AAAGGAGGTCCGTTATGCC Myriapoda/ND/WGML128211 KX884187 AAAGGAGTTTTACTATGAG

Simian/GI/016593 KY053143 AAAGGAGGCCATCATTATGCC Bat/ND/P15-218 MG693102 AAAGGAGGAAACAAGAATGCC

Mongoose/GI/M17B MN563301 AAAGGAGGTTCACGTTATGCC Hermit

crab/ND/BHJJX25000

KX884060 AGAGAGGGATATCTAATGAA

The RBS sequence is underlined, whilst the putative start codon is shown with bold font, respectively. The PBV-like sequences that use an alternative mitochondrial genetic code for

translating the putative RNA-dependent RNA polymerase (RdRp) are shown with italics. UTR, untranslated region.

(phagemia) and respiratory samples, (ii) immune responses have
been raised against prokaryotic viruses, and (iii) autoproteolytic
capacities have been demonstrated for bacteriophages (68–72).

EVIDENCE THAT PICOBIRNAVIRUSES
MIGHT INFECT FUNGI

The recent detection of unique PBV-like sequences that lack a
putative ORF for RdRp using the standard genetic code, but
use an alternative mitochondrial genetic code for translation

has further complicated the ongoing debate on true hosts of
PBVs (6, 11, 12, 14). These PBV RdRp-like sequences have
been detected in bats, humans, invertebrates (crustaceans
and myriapods), and a mongoose (6, 11, 12, 14). The human
PBV-like RdRp sequences were closely related (99% sequence
identities) to that of a bat PBV-like RdRp sequence detected
in the same region (11). The PBV-like RdRp sequences
were found to translate the putative RdRp using the invertebrate
mitochondrial genetic code (transl_table=5, NCBI genetic codes,
www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi#SG5)
as well as the mold mitochondrial genetic
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code (transl_table=4, NCBI genetic codes,
www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi#SG4)
(6, 11, 12, 14). Based on phylogenetic analysis of the PBV-
and PBV-like RdRp sequences, except for three PBV-like
strains (Lysoka PBV-like virus/Bat/CMR/P16-366/2014, Hubei
PBV-like virus 3/Myriapoda/CHN/WGML128211/2013, and
PBV-like virus/Mongoose/KNA/M17A/2017), the PBV-like
RdRp sequences formed a separate cluster that was distinct
from the PBVs using standard genetic code including PBV GI
and GII strains (Figure 2) (6, 11, 12, 14). The metagenomics
data pool reporting these PBV-like RdRp sequences did not
reveal any PBV-like capsid sequences (6, 12). Based on these
observations, it has been proposed that the PBV-like strains
using the alternative mitochondrial genetic code might have a
lifestyle that is reminiscent of mitoviruses (12).

Mitoviruses (genus Mitovirus, family Narnaviridae) are plus-
stranded RNA virus-like elements that replicate in the fungal
mitochondria, although they have also been reported in
plants and invertebrates (thought to be derived from fungal
symbionts) (73–75). Mitoviruses lack a capsid, and the viral
genome consists of a single long ORF that encodes a deduced
protein with the conserved motifs of a viral RdRp. Principal
component analysis of the codon usage bias revealed close
clustering of the PBV-like RdRp sequences from bats and
invertebrates with those of mitoviruses using the mitochondrial
genetic code, corroborating the hypothesis that PBVs might
behave like mitoviruses (12). By phylogenetic analysis of RdRp
sequences from different virus families, PBVs and partitiviruses
(known to infect fungi and plants, and share similarities in
capsid architecture and genome organization with PBVs) were
found to constitute the partitivirus-picobirnavirus clade, which,
interestingly, also consisted of some naked RNA replicons that
reproduce in algae mitochondria or chloroplasts, translate using
amitochondrial genetic code, and exhibit mitovirus-like behavior
(76). Taken together, these findings suggested that PBVs might be
fungal viruses.

On the other hand, at least three PBV-like RdRp sequences
(P16-366, WGML128211, and M17A from a bat, myriapod and
mongoose, respectively) that use the alternative mitochondrial
genetic code (that of mold or invertebrate) for translation
were found to cluster within PBVs using the standard genetic
code (Figure 2) (6, 12, 14). Furthermore, a capsid sequence
was identified for the bat PBV-like strain P16-366 (12).
Based on phylogenetic analysis of RdRp sequences, it has
been hypothesized that the dsRNA viruses of the partitivirus-
picobirnavirus clade might have evolved through reassortment
events involving gene segments encoding, respectively, a dsRNA
virus capsid protein related to those of the major clade of
dsRNA viruses (cystoviruses, totiviruses, and reoviruses) and
a positive sense RNA virus RdRp (possibly from a naked
RNA replicon within the partitivirus-picobirnavirus clade) (76),
which might offer a possible explanation for the origin of P16-
366. Although the presence or absence of a capsid sequence
could not be determined for the mongoose PBV-like strain
M17A, the RdRp sequence of M17A retained the various
features (5′- terminal nucleotide sequence and the three motifs

(DFXKFD, SGSGGT and GDD) in putative RdRp) that are
conserved in gene segment-2 of PBVs, and phylogenetically,
clustered near PBV GI strains (14). Further analyses are
required to decipher the complex evolution of these PBV-
like strains.

LIMITATIONS AND FUTURE SCOPE OF
RESEARCH

Studies so far could not establish a consistent association
between PBV detection and diarrhea in humans and animals
(1, 5). Moreover, there are a few reports on detection of
PBVs in respiratory samples and in a serum sample from
mammals (10, 24, 53–55). To date, PBVs remain to be
successfully propagated in mammalian cell culture systems
and/or gnotobiotic animal models (1). As a result, the tissue
tropism and pathogenesis of PBVs in mammals remain to
be elucidated so far, necessitating further research toward
establishing mammalian cell culture systems, intestinal
organoids, and/or gnotobiotic animal models that would
support the propagation of the virus. On the other hand,
the recent speculations that PBVs might actually infect
bacteria or fungi were based on analyses of PBV and PBV-like
sequences (7, 8, 12–14, 21, 76). To date, PBVs have not yet
been isolated from cultured bacterial or fungal cells. In order to
conclusively establish that PBVs are prokaryotic or mycoviruses,
future research should focus on successful propagation
of PBVs in various prokaryotic and fungal cell culture
systems, especially those derived from the gut microbiome
of mammals.

CONCLUSIONS

Since PBVs have been mostly detected in feces/gut contents
of animals and humans with or without diarrhea, they were
considered as opportunistic enteric pathogens of mammals (2, 3).
However, the identification of the prokaryotic RBS sequence
upstream of putative ORF/s in PBV and PBV-like sequences
indicate that PBVs might actually infect bacteria (7, 8, 13, 21).
Furthermore, by phylogenetic analysis of viral RdRp sequences,
the partitivirus-picobirnavirus clade has been hypothesized to
have originated in an as-yet-undiscovered lineage of prokaryotic
RNA viruses (76). On the other hand, detection of some novel
PBV-like RdRp sequences that use the alternative mitochondrial
genetic code (that of mold or invertebrates) for translation
has raised the speculation that PBVs might be fungal viruses
with a mitovirus-like lifestyle (6, 12, 14). Based on these
observations, it might be possible that PBVs actually infect
the gut microbiome of mammals and not mammalian cells.
Taken together, these contradicting findings warrant further
studies to ascertain the true host/s of PBVs, which still
remains controversial. Until the true host/s of PBVs are proven,
caution should be exercised during interpretation of PBV-related
data in animals and humans, especially those on interspecies
transmission events.
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The surveillance studies for the presence of caprine rotavirus A (RVA) are limited in

India, and the data for the whole-genome analysis of the caprine RVA is not available.

This study describes the whole-genome-based analysis of a caprine rotavirus A strain,

RVA/Goat-wt/IND/K-98/2015, from a goat kid in India. The genomic analysis revealed

that the caprine RVA strain K-98, possess artiodactyl-like and DS-1 human-like genome

constellation G8P[1]-I2-R2-C2-M2-A3-N2-T6-E2-H3. The three structural genes (VP2,

VP4, and VP7) were close to caprine host having nucleotide-based identity range

between 97.5 and 98.9%. Apart from them, other gene segments showed similarity

with either bovine or human like genes, ultimately pointing toward a common

evolutionary origin having an artiodactyl-type backbone of strain K-98. Phylogenetically,

the various genes of the current study isolate also clustered inside clades comprising

Human-Bovine-Caprine isolates from worldwide. The current findings add to the

knowledge on caprine rotaviruses and might play a substantial role in designing future

vaccines or different alternative strategies combating such infections having public health

significance. To the best of our knowledge, this is the first report on the whole-genome

characterization of a caprine RVA G8P[1] strain from India. Concerning the complex

nature of the K-98 genome, whole-genome analyses of more numbers of RVA strains

from different parts of the country are needed to comprehend the genomic nature and

genetic diversity among caprine RVA.
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INTRODUCTION

Rotaviruses (RVs) are the major viral pathogens that often
leads to severe diarrhea in young neonates of animals as
well as humans. It affects multiple livestock species, including
newborn calves (1), pigs (2), foals (3), small ruminants (4),
incurring significant economic losses (5). The virus is a
non-enveloped, triple-layered, and the genome consists of 11
segmented dsRNA encoding for six structural genes and six
non-structural proteins (6). Based on antigenic and genetic
properties, RVs are further classified into eight recognized species
A-H and two tentative species rotavirus I and rotavirus J (7,
8).

As per recommendations of the Rotavirus Classification
Work Group (RCWG), nucleotide percent similarity cut-off
values of all 11 viral gene segments are used to determine
a genotypic scheme Gx–P[x]–Ix–Rx–Cx–Mx–Ax–Nx–Tx–Ex–
Hx designating VP7–VP4–VP6–VP1–VP2–VP3–NSP1–NSP2–
NSP3–NSP4–NSP5/6 genes, respectively (9, 10).

Globally, data regarding epidemiology, prevalence, and
circulating genotypes of small ruminant RVA is scarce compared
to other domesticated species. To date, three rotavirus species
(RVA, RVB, and RVC) have been reported in the caprine
population worldwide (11, 12). Association of RVs with diarrhea
in the caprine population and their prevalence have been
described from the United Kingdom (13), Italy (14), Spain
(15), Japan (16), South Korea (16), Egypt (17), Bangladesh (18),
Turkey (19), and Argentina (20). Apart from these published
reports, a few GenBank sequence records of caprine RVA are
available from Argentina (21), China (22), and India (23) but
are unpublished. To best of our knowledge, there are only two
reports from India describing the detection and characterization
of caprine RVA (24, 25). Past studies reported G2, G3, G6, G8,
G9, and G10 and with P[1], P[3], P[4], P[5], P[8], P[11], P[14]
and P[15] genotype circulation in caprine and ovine population
worldwide (26). To sum up the count of whole-genome reports
available for caprine RVA, there are only four complete genomes
published from Argentina (20), Bangladesh (18), China (22), and
Uganda (27).

Based on the 20th livestock census, the combined cattle
and buffalo population of India stands at 302.34 million
(56.42%), and small ruminants constitute around 223.14
million (41.64%) in livestock, which are a notable species
reared by the marginal farmers for their livelihood. Goats
contribute around 27.8% (148.88 million) of livestock. India
lacks epidemiological and molecular studies on caprine RVs.
The proximity of the caprine population to human settlements
is a matter of concern with regards to the interspecies
transmission of caprine and human RVA between them
(27, 28). Several studies have documented zoonotic as well
as zooanthroponotic transmission of common RV genotypes
between the caprine-bovine-human population (18, 29–32).
We, for the first time characterized the whole-genome of a
caprine isolate and studied its possible origin. The findings
of this study contribute to the understanding of re-assortment
events, interspecies transmission, and the emergence of unusual
RVA isolates.

MATERIALS AND METHODS

Sampling, Screening, and Primers
Designing
During an investigation of the outbreak of diarrhea in goat
population located in an unorganized sector, reared by local
people randomly, a sample K-98 was collected from a goat
kid in the Northern state of Uttar Pradesh, India was found
positive using an antigen-capture sandwich ELISA for RVA
infection (33).

In the preliminary testing, RNA–polyacrylamide gel
electrophoresis (34, 35) revealed eleven dsRNA bands of
RVA with 4:2:3:2 pattern after silver staining.

The sample was processed by preparing 10% (w/v) fecal
suspension in 1X PBS, followed by RNA extraction using
Qiazol lysis reagent (Qiagen, Hilden, Germany). The extracted
RNA was then reverse-transcribed using MuMLV RT (Promega,
Wisconsin, USA). PCR for the detection/diagnosis of RVA
was carried out using previously described primers based
on the VP6 gene, the positive samples yielded a specific
amplicon of 226 bp on agarose gel electrophoresis (36).
Structural genes VP2, VP3, VP4, VP6, VP7, and non-
structural genes NSP1, NSP2, NSP3, NSP4, and NSP5 were
amplified using earlier reported primers (18, 37, 38) whereas
two new pair of overlapping primers for VP1 gene were
designed to amplify its partial gene for nearly ∼1,400 bp
(Supplementary Data 1). Standalone software like MEGA 7.0
(39) and online primer designing tool IDTs Oligoanalyzer
(https://eu.idtdna.com/calc/analyzer) were used to design and
verify the primers sets (33).

Complete Genome Amplification—Cloning,
Sequencing, and Genotyping
The PCR amplified products of all the gene segments were cloned
in pDrive vector (Qiagen, Hilden, Germany) and sequenced
bi-directionally with universal sequencing primer pairs T7 and
SP6. The open reading frames (ORFs) along with respective
untranslated regions (UTR) were located using the EditSeq
tool, DNASTAR software (Lasergene, USA) for all the gene
segments. The VP7 gene is responsible for eliciting neutralizing
antibodies through its antigenic epitopes. The VP7 trimer
consists of two structurally distinct antigenic epitopes: 7-1 and
7-2. The 7-1 epitope extends to the inter-subunit boundary
and is further subdivided into 7-1a and 7-1b (40). Comparison
between the amino acid residues that contains the 7-1a, 7-1b,
and 7-2 epitopes of the strain K-98 and other G8 type VP7
genes from different species was conducted using the MegAlign
tool of DNASTAR (Figure 4). All eleven gene segments were
assigned a particular genotype by comparing them against
the available reference sequences in NCBI GenBank using the
nucleotide BLAST tool (BLASTn) search. Further, their genotype
was also ascertained using the online Rotavirus A Genotype
Determination tool (https://www.viprbrc.org). Nearest isolates to
eleven gene segments were also determined and compared using
the BLAST tool and RVA genotyping tool of ViPRBRC (https://
www.viprbrc.org).
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NCBI GenBank Submissions
Each gene segment for the caprine strain RVA/Goat-wt/IND/K-
98/2015 was submitted to NCBI GenBank under the accession
number MT501452 to MT501462.

Phylogenetic Analysis and Percent Identity
Calculation
Phylogenetic analysis was conducted using MEGA 7.0 software
(39) using the maximum likelihood (ML) method. Before
applying the ML method, best substitution models were selected
according to the individual datasets of all the 11 gene segment
through “find model” program incorporated in MEGA 7.0.
Based on the “find model” analysis, datasets of six genes (NSP1,
NSP2, VP1, VP2, VP3, and VP7) were assigned the GTR+G+I
substitution model, whereas four genes (NSP3, NSP4, VP3, and
VP4) and one single gene (NSP5) were assigned GTR+G and
HKY+G substitution models, respectively.

Recombination Detection
In silico study was performed to identify the possible chances
of recombination in the virus genes using the recombination
detection program 4 (RDP 4 v 4.95) (41). Following the
detection of a “recombination signal” with BOOTSCAN (42),
MAXCHI (43), CHIMERA (44), 3SEQ (45), GENECONV (46),
LARD (47), and SISCAN (48), RDP4 determines approximate
breakpoint positions using a Hidden Markov Model, BURT. It
then identifies the recombinant sequence using the PHYLPRO
(49), VISRD (50), and EEEP methods (51, 52). The RDP 4
program was used for all the 11 gene segments to find out any
possible recombination.

Selection Pressure Analysis
The datamonkey web server (http://www.datamonkey.org/), was
used to analyze the major genes (VP7, VP4, VP6, and NSP4) for
selection pressure analysis to test the rate of non-synonymous to
synonymous (dN/dS) ratio (53). Several codon-specific models
like Fixed-Effect-Likelihood (FEL), Single Likelihood Ancestor
Counting (SLAC), Mixed Effects Model of Evolution (MEME),
and Fast, Unconstrained Bayesian AppRoximation were used
for Inferring Selection (FUBAR) methods incorporated in the
datamonkey web server. Sites identified significant by at least
three models were considered under positive selection.

RESULTS

Whole-Genome Sequencing and Genotype
Constellation
The 11 genes of the RVA including six structural genes VP1, VP2,
VP3, VP4, VP6, VP7, and five non-structural genes NSP1, NSP2,
NSP3, NSP4, and NSP5 for the strain K-98 were sequenced and
compared with other RVA sequences available in the GenBank
database. Nucleotide sequencing analysis in ViPR and BLASTn
analysis of each gene revealed a genotype constellation G8P[1]-
I2-R2-C2-M2-A13-N2-T6-E2-H3. The lengths of the nucleotide

sequences obtained for each of the 11 genomic segments of strain
K-98 are shown in Table 1.

All genotypes have been reported earlier, and its comparison
to known genotype constellations of human, bovine, and small
ruminant are shown in Figure 1. The genotype constellation
of strain K-98 reveal a mixed backbone of RVA wherein five
genes (VP1, NSP1, NSP3, NSP4, and NSP5) were derived
from a bovine host, three genes (VP3, VP6, and NSP2)
were derived from a human host, and three caprine gene
segments (VP2, VP4, and VP7) were derived from caprine
species (Figure 1). Based on the genotype constellation, it was
observed that apart from NSP1, where an unusual bovine
like A13 genotype was observed, all other genes exhibited
genotypes that have been described in the caprine host in
earlier studies. The genomic combination of G8P[1] has also
been reported in the Argentinian caprine population earlier
(20). Reports of G8P[1] genotype being diagnosed in small
ruminants of Turkey emerged in 2012 and recently in 2020
(19, 54).

Phylogenetic and Percent Identity Analysis
of Non-structural Proteins (NSP1-5)
In phylogenetic analysis, K-98NSP1 gene clustered with A13 type
bovine and bovine-like human (SI-R56) and Lapine (K1130027)
RVA isolates (Figure 2). Rest all other small ruminant isolates
from worldwide clustered inside a single clade of A11 genotype.
The nucleotide sequence of the NSP1 gene for K-98 showed the
maximum similarity of 95.7% with a bovine isolate from South
Africa (KP752872) (Supplementary Data 2). Strain K-98 showed
94.2% nucleotide similarity with its next nearest neighbor, a
bovine-like Lapine, and human RVA isolates.

In the phylogenetic analysis of the NSP2 gene, the isolate K-
98 formed a separate cluster along with human RVA isolates
MCS-KOL-383 and N-1 from India inside the N2 genotype clade
(Figure 2). All major small ruminant strains fromworldwide also
clustered inside the same branch of the N2 genotype. It showed
the highest percent nucleotide similarity of 98.1% with a human
isolate (KU292526) from Kolkata, India. Further, the percent
nucleotide similarity with the nearest human isolate was 94.7%
(KX655458) from Uganda, whereas it was found to be 94.6%
(JX040428) with a caprine isolate from Bangladesh, respectively
(Supplementary Data 2).

The NSP3 gene of isolate K-98 clustered inside a clade
comprising other small ruminant isolates belonging to the T6
genotype (Figure 2). The NSP3 gene of K-98 isolate showed
99.5% identity with a bovine isolate BR91 (JX442772) from India,
which is an artiodactyl-like human RVA strain. Apart from BR91,
the next nearest neighbor to the K-98 NSP3 gene was an Italian
human isolate PR457 (KP198633), showing 98.6% similarity
(Supplementary Data 2).

The NSP4 gene of K-98 isolate also grouped inside a clade
comprising other E2 genotype isolates from bovine, human,
and caprine species (Figure 2). Apart from E2 type NSP4, E12
genotype has been previously described in Argentinian caprine
RVA isolate 0040. Notably, a camel RVA (JX968472) carrying
E15 NSP4 genotype appeared inside the major clade of E2.
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TABLE 1 | Size and accession number of 11 gene segments of caprine strain RVA/Goat-wt/IND/K-98/2015.

Sl No. Gene name Size (bp) Accession no. Nucleotide completeness ORFs position

1 VP1 1,402 MT501452 Partial cds 12–1,402

2 VP2 2,663 MT501453 Complete cds 17–2,662

3 VP3 2,586 MT501454 Complete cds 9–2,516

4 VP4 2,087 MT501455 Partial cds 1–2,087

5 VP6 1,314 MT501456 Complete cds 9–1,202

6 VP7 981 MT501457 Complete cds 1–981

7 NSP1 1,515 MT501458 Complete cds 3–1,478

8 NSP2 1,060 MT501459 Complete cds 47–1,000

9 NSP3 1,074 MT501460 Complete cds 26–967

10 NSP4 739 MT501461 Complete cds 42–569

11 NSP5/NSP6 654 MT501462 Complete cds 14–610/72–368

FIGURE 1 | Comparison of genomic constellations of RVA/Goat-wt/IND/K-98/2015 with those of selected human and animal RVA strains with known genomic

constellations. Individual gene segments of all strains are color coded based on the maximum homology with the RVA strains available in the public domain.

The NSP4 gene of K-98 was closely related to a bovine isolate
86 (GU984765) of western India, sharing a nucleotide percent
identity of 98.4% (Supplementary Data 2).

In the phylogenetic analysis of the NSP5 gene segment, K-
98 clustered alongside humans, bovine, caprine, and ovine RVA

isolates inside the major clade of the H3 genotype. It showed the
highest percent nucleotide similarity of 99.0% with bovine isolate
RUBV81 (EF200580) from India (Supplementary Data 2). The
nearest caprine isolate was Ugandan BUW-14-085 (KY055437),
with a nucleotide percent identity of 98.4% (Figure 2).
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FIGURE 2 | Phylogenetic dendrograms of all non-structural gene segments of caprine strain RVA/Goat-wt/IND/K-98/2015/G8P[1] with those of representative RVA

strains. Phylogenetic dendrogram was constructed by the maximum likelihood method using MEGA software version 7. Phylogenetic distances were statistically

supported by bootstrapping with 1,000 replicates. In all the dendrograms, the position of strain K-98 is indicated by the red colored text. The scale bar indicates

nucleotide substitutions per site. The genotypes are indicated at the right-hand side of each dendrogram.

Phylogenetic and Percent Identity Analysis
of Structural Proteins (VP1-4 and VP6-7)
Phylogenetic analysis of the VP1 gene segment revealed that all
the small ruminant RVA were found to fall in the R2 genotype
clade except the Argentinian caprine strain 0040 (KF577838),
which possessed the R5 genotype. The current study isolate K-98
clustered with an Indian bovine rotvairus A BoRVA isolate M1
(HQ440220), which also shared the highest similarity of 97.5% at
the nucleotide level. The percent similarity with human, ovine,
and caprine isolates ranged from 88.5 to 88.9%, belonging to
group R2 genotype (Figure 3 and Supplementary Data 2).

The VP2 gene of isolate K-98 is grouped within the
C2 genotype clade with all other small ruminant strains
worldwide (Figure 3). Caprine strain GO34 (GU937878)
from Bangladesh was the nearest neighbor in the phylogeny
having 97.5% nucleotide similarity (Supplementary Data 2).
Apart from GO34, an Indian human RVA isolate having
a 95.3% identity at the nucleotide level also appeared
inside the same branch (Figure 3). The percent nucleotide
similarity with other isolates like the prototype DS-

1 human RVA isolate was 95.3%, whereas it ranged
between 85.5 and 89.4% with small ruminant origin
strains worldwide.

The phylogenetic analysis of the VP3 gene clustered the K-98
isolate close to two human isolates from Italy and India inside
a major clade comprising the M2 genotype (Figure 3). Apart

from PR457 human RVA isolate from Italy, it clustered alongside
an Indian human RVA isolate CMC-00022 (MN066958) with a
nucleotide similarity of 96.9%. The M2 genotype clade is also
comprised of small ruminant origin isolates from worldwide
sharing close relationships. The percent nucleotide identity of the
VP3 gene of the K-98 isolate showed the highest similarity of
97.5% with a human RVA isolate PR457 (KP198630) from Italy
(Supplementary Data 2).

In a phylogenetic analysis of the outer capsid VP6 gene,
K-98 clustered alongside human RVA isolates from eastern
and southern India within the I2 clade (Figure 3). The I2
clade also includes the caprine and ovine origin strains from
China, Bangladesh, Uganda, Spain, and Argentina. The percent
nucleotide similarity of K-98 showed the highest similarity of
97.4% with a human RVA isolate MCS-KOL-383 (KU292523)
from India (Supplementary Data 2).

The phylogenetic analysis of the VP4 gene grouped the

caprine RVA K-98 isolate with caprine and a human RVA isolate

of P[1] genotype having the highest similarity of 97.4% at the

nucleotide level with a caprine RVA isolate GO34 (GU937878)

from Bangladesh (Supplementary Data 2 and Figure 3). Apart
from our study, P[1] genotype have been reported from
Bangladesh, Argentina, and Ugandan caprine strains. Genotype
P[1] has been the major P-type reported worldwide in small
ruminant, whereas P[14] and P[15] has only been reported in
Spain and China, respectively.

Frontiers in Veterinary Science | www.frontiersin.org 5 January 2021 | Volume 7 | Article 6066616465

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


Sircar et al. Caprine Rotavirus Whole Genome Analysis

FIGURE 3 | Phylogenetic dendrograms of all structural gene segment of caprine strain RVA/Goat-wt/IND/K-98/2015/G8P(1) with those of representative RVA strains.

Phylogenetic dendrogram was constructed by the maximum likelihood method using MEGA software version 7. Phylogenetic distances were statistically supported

by bootstrapping with 1,000 replicates. In all the dendrograms, the position of strain K-98 is indicated by the red-colored text. The scale bar indicates nucleotide

substitutions per site. The genotypes are indicated at the right-hand side of each dendrogram.

FIGURE 4 | The VP7 antigenic epitopes analysis of caprine strain RVA/Goat-wt/IND/K-98/2015 with selected G8 strains. The alignment of residues in VP7 is divided

into three antigenic epitopes (7-1a, 7-1b, and 7-2). Residues that differ from the strain K-98 caprine strain are highlighted by yellow color. Majority of the residues were

observed to be in consensus with the caprine strain K-98 except the site 87 where extensive variation was observed throughout the species.

In the phylogenetic analysis, VP7 gene of the K-98 isolate
clustered into a clade comprising G8 genotype strains (Figure 3).
Apart from the current study, small ruminant origin G8
genotype strains have been reported from Argentinian caprine
strain 0040, Spanish, and Turkish ovine strain OVR762 and
Kutahya, respectively. Other G-types of small ruminants that
clustered separately in the phylogenetic tree include G6 and
G10. The VP7 gene of the K-98 isolate shows the highest
percent nucleotide identity with bat isolate Rota_MNO_76

(MK674285) from Bangladesh. The next nearest neighbor to
isolate K-98 is a Bangladeshi caprine RVA isolate GBNL0022.
Moreover, the maximum nucleotide identity with other G8
type RVA species like caprine, human, bovine, and the
ovine isolate was 98.9, 98.6, 98.1, and 85.5%, respectively
(Supplementary Data 2). The major antigenic epitopes of the
VP7 gene were also analyzed with those of other reported G8
genotypes of different species worldwide (Figure 4). Among
all the 29 antigenic epitopes, residues number 87 showed
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FIGURE 5 | SimPlot output for VP1 gene segment of caprine RVA strain K-98. (A) The image shows RDP 4.0 output depicting the major and minor parents by blue

and green color on a phylogenetic tree. (B) The right-side window in the image generated using SimPlot analysis shows the recombination crossover points (408 and

630) in the gene depicted by a green and blue color line across them.

extensive change concerning other G8 genotype reported in
different species.

Recombination Detection by RDP 4.0
Analysis of all the genes from K-98 isolate for any possible
recombination revealed recombination events in segment
1 (VP1) gene. The statistical results supported that K-98
(isolated in this study), HuRVA_M1_2010 (GenBank no.
HQ440220), and OvRVA_Lamb-NT_2007 (GenBank no.
FJ031024) are three recombinants exhibiting unique genetic
recombination patterns (recombinant score >0.68, P < 0.001)
(Supplementary Data 1). Recombination events were further
confirmed by SimPlot analysis (55). SimPlot analysis detected
recombination breakpoints at position number 408 and 630
(Figure 5).

Selection Pressure Analysis
Using the datamonkey web server, site by site-selective pressure
analysis by FEL, SLAC, MEME, and FUBAR methods were tried
with no positively selected sites in any of the four genes chosen for
the analysis. For each of the four genes, either one or two models
gave positive selection sites, but as per the thumb rule, those sites
which are identified as significant by at least threemodels are only
considered positively selected. In the current study, none of the
genes showed a positive selection at least by three models.

DISCUSSION

RVs are the major diarrheic pathogens which causes severe
diarrhea in humans as well as domesticated animals. There have
been ample reports regarding RVA infection in large ruminants

from different parts of the world, but data concerning RVA
infections in small ruminants (sheep and goats) is very scarce.
We aimed to investigate RVA associated diarrhea in the goat
population of India. In India, only few studies have been done
on RVA infection in goat population (24, 25). Apart from these
two previous studies, there is only an NCBI GenBank submission
for a partial length VP7 gene segment (KC416965) of the G8
genotype from India in the year 2011. Following a shortage in
reports of RVA infection status in goat population of India, the
data on its characterization is also less. The scarcity of well-
characterized caprine RVA strains in NCBI GenBank from goat
species India also needs to be addressed. This report characterizes
the first whole-genome of a caprine isolate RVA/Goat-wt/IND/K-
98/2015 from India.

Upon characterization of the caprine RVA isolate K-98, it
possessed the genotype constellation of G8P[1]-I2-R2-C2-M2-
A13-N2-T6-E2-H3, which is exhibited by RVA strains human
and artiodactyl (bovine, caprine, and ovine) type species (9, 28,
56). Human G8P[1], G10P[11], G6P[14], G8P[14], and G10P[14]
strains also display this type of consensus genotype constellation
(29, 57–60). Previously, whole-genome caprine RVA strains
reported fromChina, Bangladesh, Argentina andUganda showed
multi-reassortant backbone wherein few genes were also found
to have been derived from human. Majority, of the previously
described caprine RVA backbones, were showing closeness
to artiodactyl-type species where they were not significantly
associated with any other rotavirus strains known till date.

In the phylogenetic analysis of non-structural protein gene
segments of K98, NSP1, NSP3, NSP4, and NSP5 were found
clustering with bovine isolates, whereas only NSP2 is branching
alongside a human RVA isolate. Gene segment NSP1 and NSP5
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of K-98 clustered with bovine RVA isolates from South Africa
(MRC-DPRU456) and India (RUBV81) having 95.7% and 99.0%
of nucleotide similarity, respectively. It was observed that these
two bovine RVA isolates from South Africa (61) and India (62)
are only NCBI GenBank records for which no publications were
found. Therefore, their origin and association with a particular
species could not be determined. Gene segment NSP2was located
closer to Indian human RVA isolate KOL-383 (KU292526)
having a close identity with Indian human rotavirus A HuRVA
strain N-1 and Bangladeshi caprine RVA strain GO34 possessing
human origin (63). Thus, NSP2 reflects a true human-origin
having 98.2% nucleotide similarity with HuRVA isolate KOL-
383 (KU292526). Gene segment NSP3 was found closer to a
bovine RVA isolate HR-B91 in phylogenetic analysis having an
artiodactyl-like backbone with 99.5% of nucleotide similarity
(32). Similarly, gene segment NSP4 shared a high nucleotide
similarity of 98.4% with a bovine RVA isolate 86 (GU984765)
clustering alongside three human-like bovine RVA isolates from
western India (64).

In the structural protein gene analysis, the VP1 gene of the
current study isolate K-98 clustered with an Indian BoRVA isolate
M1 (HQ440220) (65) within the R2 clade sharing the highest
similarity of 97.5% at the nucleotide level. This particular bovine
RVA isolate M1 has been described to be close to Italian human
strains. The VP2 gene of isolate K-98 grouped with caprine GO34
(GU937878) and human CMC-00014 isolates from Bangladesh
(18) and India (66) inside the C2 genotype clade having 97.5 and
95.3% nucleotide similarity, respectively. The study regarding the
caprine isolate GO34 indicated its closeness to a Chinese lamb
isolate Lamb-NT (67), which suggests it to be of small ruminant
origin. Similarly, the VP4 gene was also found closer to caprine
GO34 isolate in the phylogenetic analysis, which also shared a
high nucleotide-based identity of 97.4%. The GO34 VP4 gene
sequence was found closer to a bovine isolate A5 from Thailand.
Two gene segments VP3 and VP6 also clustered close to human
RVA isolates in phylogeny having 97.5% and 97.4% nucleotide-
based identity. Moreover, the human RVA isolate PR457 close to
VP3 K-98 had been described to possess a bovine-like VP3 gene
in its respective publication. Similarly, the human RVA isolate
KOL-383 from Kolkata, India also contained a porcine/bovine
like VP6 gene. In a phylogenetic analysis of the VP7 gene of
the K-98 isolate clustered into a clade comprising G8 genotype
strains. It showed the highest percent nucleotide identity with
bat isolate Rota_MNO_76 (MK674285) from Bangladesh (68).
This caprine RVA VP7 G8 isolate from Bangladesh was described
to have transmitted from human or livestock to bats. It shared
high a high similarity to human, bovine as well as porcine RVA
strains. As reported in the recently concluded study, the closeness
of VP7 gene of K-98 to this bat RVA isolate from Bangladesh
points toward the possibility that bats may have acquired the RVA
infection as they share the water bodies while drinking which
lie in close proximity to livestock as well as humans (68). The
next nearest neighbor to isolate K-98 is a Bangladeshi caprine
RVA isolate GBNL0022, which also appeared to be a GenBank
submission (69).

Phylogenetic and percent identity analysis indicated that
five gene segments (NSP1, NSP3, NSP4, NSP5, and VP1) and

three gene segments (NSP2, VP3, and VP6) out of the eleven
gene segments of caprine strain K-98 were derived from a
heterologous host species, bovine and human, respectively.
Notably, the RNA binding protein VP2 and the two surface
protein genes VP4 and VP7, which are responsible for
stimulating the production of neutralizing antibodies, were
found to be of caprine origin. Cumulatively, it was observed that
out of the eleven gene segments, 4 NSPs (NSP1, NSP3, NSP4,
NSP5) and 6 VPs (VP1-VP7) were found having their origin from
artiodactyl-like RVA strains.

In the antigenic epitope analysis of VP7, apart from the
residue number 87, all other residues in the three putative
antigenic regions showed that the VP7 gene of strain K-98 might
have shared origin with human, bovine, and small ruminant
origin G8 genotype. There were very few sporadic changes in the
antigenic epitope regions, which point toward the conservation
of pivotal epitopes that are responsible for attachment of the virus
to the host.

Upon analyzing the two major neutralizing genes VP4 and
VP7, along with the background data, we observed that G8P[1]
is quite a common genotype circulating in caprine and ovine
population, which is also found in humans, cattle, monkey,
guanaco, goats, dogs, and other hosts (19, 54, 60, 70, 71).
In Asia, Central America and Europe, this G8P[1] genotype
combination has also been described to possess bovine-like gene
segments in different mammalian species (72–75). In India,
a partial G8 genotype has also been reported from North
India in the year 2011, which had been submitted to NCBI
GenBank (ca/KRR81/IVRI). TheG8 genotype has been published
worldwide in artiodactyl type species (ruminants and camelids)
(20, 71). It was also described earlier in Hungary, where a
zoonotic RVA strain had spread from goat and sheep to human
(76). Although G8 genotype is quite commonly found in humans
(77), the close proximity of humans and goats to each other
may be responsible for the host switching of G8 genotype.
Moreover, the finding of genotype A13 of NSP1, which is
usually a common bovine genotype also sheds lights toward
the interspecies transmission of artiodactyl-type genes among
different farm animals.

Recombination analysis by RDP and Simplot software
revealed putative recombination events in gene segment VP1. It
was observed to have recombined with an Indian human-like
bovine and a Chinese lamb RVA strains. These in-silico based
analyses suggest the continuous recombination tendency of RVA
strains having zoonosis potential between human and caprine
origin RVA strains.

CONCLUSION

The first full-length genome sequencing of a K-98 caprine isolate
from India revealed a complex bovine or a human reassortant
RVA strain backbone. In total, the strain K-98 possessed an
artiodactyl type genomic constellation, which seems to have
acquired the majority of genes from bovine, porcine, or caprine
host. Due to these conjectures, it is tough to determine the
particular RVA backbone’s exact ancestral origin. Diarrheal
diseases due to rotavirus have been a significant burden to the
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large ruminant industry. Still, the burden of such etiologies in the
small ruminant industry has not been explored widely in previous
studies from India.

Due to the simultaneous circulation of identical RVA
genotypes in humans, large and small ruminants, the utmost
importance for the surveillance studies targeting these three
species is needed in the future. The full genomic analysis of
strain K-98 has provided significant insights into the whole
genetic makeup of caprine RVA strain from India and its genetic
relatedness to different RVA from other host species. Concerning
the complex nature of the K-98 genome, whole-genome analyses
of RVA strains from different parts of the country are needed to
comprehend the genomic nature and genetic diversity of caprine
RVA. The current study’s findings add to the knowledge on
caprine rotaviruses and might play a substantial role in designing
future vaccines or other alternative strategies combating such
infections having public health significance.
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Deltacoronavirus (DCoV)–the only coronavirus that can infect multiple species of

mammals and birds–was initially identified in several avian and mammalian species,

including pigs, in China in 2009–2011. Porcine DCoV has since spread worldwide and

is associated with multiple outbreaks of diarrheal disease of variable severity in farmed

pigs. In contrast, avian DCoV is being reported in wild birds in different countries without

any evidence of disease. The DCoV transboundary nature and the recent discovery of

its remarkably broad reactivity with its cellular receptor–aminopeptidase N (APN)–from

different species emphasize its epidemiological relevance and necessitate additional

research. Further, the ability of porcine DCoV to infect and cause disease in chicks

and turkey poults and gnotobiotic calves is suggestive of its increased potential for

interspecies transmission or of its avian origin. Whether, porcine DCoVs were initially

acquired by one or several mammalian species from birds and whether avian and

porcine DCoVs continue co-evolving with frequent spillover events remain to be major

unanswered questions. In this review, we will discuss the current information on the

prevalence, genetic diversity, and pathogenic potential of porcine and avian DCoVs. We

will also analyze the existing evidence of the ongoing interspecies transmission of DCoVs

that may provide novel insights into their complex evolution.

Keywords: deltacoronoviruses, diarrhea, epidemiology, evolution, recombination, pigs, birds

INTRODUCTION

Coronaviruses (CoVs) infect humans and a wide variety of animals causing respiratory,
enteric, hepatic, and neurological diseases and peritonitis of highly variable severity. Based on
genetic and antigenic characterization, known CoVs were recently classified into four genera:
Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus (1).

The unique mechanism of viral replication (that involves the synthesis of nested subgenomic
RNAs), relatively low fidelity of RNA polymerases, and high frequency of recombination contribute
to the remarkably high genetic diversity of CoVs (2). Their tendency for recombination and the
inherently high mutation rates allow for rapid expansion of their host and geographic range, as
emphasized by the recent [severe acute respiratory syndrome (SARS) CoV, Middle East respiratory
syndrome (MERS) CoV] and ongoing (SARS-CoV-2) pandemics, emergence of new genogroup of
highly virulent porcine epidemic diarrhea virus (PEDV) and porcine deltacoronavirus (PDCoV) in
Asia, and its subsequent spread to the US (3–7).
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Recently discovered bulbul CoV HKU11 (BuCoV HKU11),
thrush CoV HKU12 (ThCoV HKU12), munia CoV HKU13
(MunCoV HKU13) (8), porcine CoV HKU15 (PDCoV HKU15),
white-eye CoVHKU16 (WECoVHKU16), sparrowCoVHKU17
(SpCoVHKU17), magpie robin CoVHKU18 (MRCoVHKU18),
night heron CoV HKU19 (NHCoV HKU19), wigeon CoV
HKU20 (WiCoV HKU20), common moorhen CoV HKU21
(CMCoV HKU21) (9), falcon CoV HKU27 (FalCoV UAE-
HKU27), houbara bustard CoV HKU28 (HouCoV UAE-
HKU28), pigeon CoV HKU29 (PiCoV UAE-HKU29), and
quail CoV HKU30 (QuaCoV UAE-HKU30) (10) are the best
characterized DCoV species that form the Deltacoronavirus
genus (1) (Table 1). Of interest, PDCoVHKU15, SpCoVHKU17,
and QuaCoV HKU30 share more than 90% amino acid identity,
indicating that these three CoVs may be subspecies of the same
species (9, 10). While DCoVs were also detected in Asian leopard
cats, Chinese ferret-badgers, green-cheeked Amazon parrot, and
several other avian species, the complete genomes could not be
recovered, which warrants further studies to determine whether
DCoVs can replicate in these species (9, 11, 12, 26).

Deltacoronavirus (DCoV) genomes are the smallest known
CoV genomes (25,400–26,689 bases) with the genomic
organization similar to that of other CoVs: 5′-replicase ORF1ab,
spike (S), envelope (E), membrane (M), and nucleocapsid (N)-3′

(9). Both 5′ and 3′ ends contain short untranslated regions.
The replicase ORF1ab occupies up to 18,887 nt and encodes
a number of proteins, including nsp3 [putative papain-like
protease (PLpro)], nsp5 [putative chymotrypsin-like protease
(3CLpro)], nsp12 (putative RdRp), and nsp13 (putative helicase),
as well as some proteins with unknown function (9).

Although PDCoVwas originally identified in pig fecal samples
collected in 2009 in Hong Kong (9), its etiological role was not
recognized until 2014 when it emerged as a significant source
of diarrheal disease in baby pigs in the US (15, 28) (Table 1).
However, a retrospective reverse transcription (RT)-PCR analysis
demonstrated that PDCoV was present in the US swine as early
as August 2013 (29). In contrast, a surveillance study in Asia and
the Middle East demonstrated a high prevalence and frequent
interspecies transmission of avian DCoVs (ADCoVs) in healthy
aquatic birds (9, 10, 13).

PORCINE DELTACORONAVIRUS

PDCoV is a newly recognized enteropathogenic CoV that causes
acute enteric disease in younger pigs (15). The disease is often
manifested by diarrhea, vomiting, rapid dehydration, weight
loss/decrease of weight gain, and lethargy and can lead to death
in seronegative neonatal piglets, and these clinical signs generally
subside within 10 days (28, 30). In older animals, including
weaned pigs and sows, morbidity remains high, but the disease
severity and mortality rates are low.

PDCoV diarrhea was first confirmed in the US (Ohio and
Indiana) in early 2014, which coincided with the emergence
of PEDV (15, 28). The latter as well as the lack of large-scale
PDCoV outbreaks interfered with the comprehensive evaluation
of PDCoV pathogenic and epidemic potential in the field and the

exact time of its emergence. The PDCoV HKU15-OH1987 strain
first identified in the US (GenBank accession no. KJ462462)
has a 99% nucleotide identity to the prototype Chinese strains
PDCoV HKU15-44 and HKU15-155. While it is considered
that PDCoV was introduced around the same time as PEDV
(2013/2014), molecular analysis of the US PDCoV strains traced
back to a common ancestor between August 2010 and September
2012 (31). Recent serological data confirm the presence of swine
PDCoV IgG antibodies as early as 2010 (32). The fact that the
diversity of PDCoV in US swine is restricted (≥99.7% nucleotide
identity) (31, 33, 34) is also consistent with the relatively recent
introduction of the virus. While the exact route of emergence of
PDCoV in the US is unknown, Asia is considered to be the area
of PDCoV origin, where no association of this pathogen with
significant clinical disease was reported (28). The latter might
indicate that PDCoV could have been circulating in pigs in that
geographical region for some time inducing partial immunity.
In agreement with this hypothesis, a recent study has confirmed
PDCoV presence in diarrheic pigs in mainland China as early as
2004 (35).

Relatively low prevalence and decreased pathogenicity of
PDCoV vs. PEDV/transmissible gastroenteritis virus may
indicate that PDCoV has only recently emerged in swine and
is incompletely adapted to this host species, which may result
in its decreased replication and spread and pathogenicity in
pigs. Although BEAST analysis results suggested that PDCoV
(HKU15) and SpCoV (HKU17) have shared the last common
ancestor ∼523 years ago (9), this analysis does not account for
recombination events (36) and for an evolutionary route that
involves other (unknown) intermediate hosts. Lau et al. suggested
that PDCoV (HKU15) could have resulted from recombination
between HKU17 and bulbul CoV HKU11 (10). Thus, the actual
time of PDCoV divergence from its ADCoV ancestor(s) could
have been substantially more recent than estimated.

To date, PDCoV has been detected in most swine producing
states (at least 20) within the United States (31), where it still
occurs at an apparent low number of reported cases according to
the Swine Health Information Center. PDCoV presence was also
confirmed in Canada (16), South Korea (17), Japan (37), China
(18, 38), Thailand (19), Lao People’s Democratic Republic (22),
Vietnam (20), and Mexico (24), posing a significant threat to the
global swine industry (Table 1).

He et al. have recently demonstrated the presence of at least
four distinct phylogenetic lineages of PDCoV that differ in their
geographic circulation patterns (34). Of interest, more frequent
intra- and inter-lineage recombination events (resulting in higher
virus genetic diversity) were observed among PDCoV strains
of the Chinese lineage than among those of the US lineage.
This may be a result of different farming systems and ecological
environments or more prolonged circulation of PDCoV in China
and the presence of selective pressure due to partial immunity
of the Chinese swine population. Surprisingly, PDCoV strains
recently identified in South Korea were more closely related to
the US and not the Chinese strains (17). Since there is currently
no evidence that PDCoV was introduced into South Korea from
the USA, this may suggest that PDCoV variants cluster according
to the time of their emergence rather than geographical origin.
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TABLE 1 | Summary of geographical locations and times of identification of known DCoVs.

DCoV species Year of

detection/

characterization

Host species Location Evidence of

disease

References*

Green-cheeked Amazon

parrot** CoV

1999/2006 Avian—green-cheeked

Amazon parrot

Unknown,

possibly

England

Yes, similar to

psittacine

proventricular

dilatation disease

(11)

Asian leopard cat DCoV

Chinese ferret-badger DCoV

2005/2007 Mammalian—Asian leopard

cat, Chinese ferret-badger

China No (12)

Bulbul CoV HKU11

Thrush CoV HKU12

Munia CoV HKU13

2006–2007/2009 Avian—bulbul, thrush,

munia

Hong Kong No (8)

Aquatic bird (Ciconiiformes,

Pelecaniformes, and

Anseriformes) DCoVs

2009–2010/2011 Avian—gray herons, pond

herons, great cormorants,

black-faced spoonbills, and

several duck species and

other

waterfowl/wading/shorebird

species

Hong Kong No (13)

Porcine CoV HKU15

White-eye CoV HKU16

Sparrow CoV HKU17

Magpie robin CoV HKU18

Night heron CoV HKU19

Wigeon CoV HKU20

Common moorhen CoV

HKU21

2007–2011/2012 Mammalian—pig

Avian—white-eye, sparrow,

magpie robin, night heron,

wigeon, common moorhen

China,

Hong Kong

No (9)

Quail CoV HKU30 2013/2016 Avian—quail Brazil No (14)

Porcine CoV HKU15 2014/2014 Mammalian—pig USA Yes, diarrhea (15, 16)

Porcine CoV HKU15 2014/2014 Mammalian—pig Canada Unknown (16)

Porcine CoV HKU15 2013–2015/2016 Mammalian—pig South Korea Yes, sporadic

diarrhea

(17)

Porcine CoV HKU15 2015/2015 Mammalian—pig China Yes, sporadic

diarrhea

(18)

Porcine CoV HKU15 2015/2016 Mammalian—pig Thailand Yes, diarrhea (19)

Porcine CoV HKU15 2015/2018 Mammalian—pig Vietnam Yes, sporadic

diarrhea

(20)

Quail CoV HKU30 2015/2019 Avian—quail Poland Yes, acute enteritis (21)

Falcon CoV HKU27

Houbara bustard CoV

HKU28

Pigeon CoV HKU29

Quail CoV HKU30

2013–2016/2018 Avian—falcon, houbara

bustard, pigeon, quail

UAE No (10)

Porcine CoV HKU15 2016/2016 Mammalian—pig Lao PDR Yes, diarrhea (22)

Australian duck and heron

DCoVs

2016/2018 Avian—Australian duck and

heron

Australia No (23)

Porcine CoV HKU15 2015–2017/2019 Mammalian—pig Mexico Yes, sporadic

diarrhea

(24)

Sparrow CoV HKU17 2017/2018 Avian—sparrow USA No (25)

“Novel” avian DCoVs 2009–2017/2020 Avian—a broad range of

bird species including a

broad range of host species,

such as gulls, shorebirds,

penguins, passerines, and

even bustards

Poland No (26)

Blue-winged teal, mallard,

snow goose, northern

shoveler (HKU20-like), and

red-tailed hawk DCoVs

2015–2018/2019 Avian—blue-winged teal,

mallard, snow goose,

northern shoveler, red-tailed

hawk

USA No (27)

*If multiple references are available, only the earliest are cited. **Avian DCoVs are shown in red, and mammalian DCoVs are shown in blue.
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Similarly, we found that the emerging genogroup 2 PEDV strains
from South Korea and Japan were genetically closer to the US
PEDV strains than the Chinese strains (39).

AVIAN DELTACORONAVIRUS

CoVs are important pathogens of poultry and other birds
(40). For decades, two gammacoronaviruses (GCoVs), infectious
bronchitis virus and turkey CoV, have been recognized causes
of respiratory and enteric diseases in chickens and turkeys,
respectively (41–43). However, less is known about their
pathogenesis in wild birds. The first ADCoV was identified
by Gough and colleagues in a green-cheeked Amazon parrot
in 2006 (11). The parrot had died in 1999 after having a
history of anorexia, regurgitation, and passing undigested food,
a suspect psittacine proventricular dilatation disease (formerly
Macaw wasting disease). A CoV, distinct from all known
CoVs, including GCoVs was isolated and confirmed to be the
etiological agent. While its complete genomic sequence has not
been determined, BLASTn analysis of the available sequence
(DQ233651) indicated that it is a DCoV that shares 92% nt
identity with MunCoV HKU13. This discovery was followed
by identification of additional avian and mammalian DCoVs
in Hong Kong, Guangdong Province of China, and the Middle
East in apparently healthy wildlife species (8–10). Another recent
study demonstrated that apparently healthy wild aquatic birds
in Hong Kong and Cambodia serve as major reservoirs of a
wide range of GCoVs and DCoVs, at a prevalence of 15 and
10%, respectively (13). Of interest, the latter findings indicated
that GCoVs and DCoVs had distinct host species preference,
and that GCoVs were associated with more frequent interspecies
transmission among these hosts. Unlike DCoVs in pigs and
GCoVs in poultry, these ADCoVs had no apparent association
with clinical signs in the aquatic bird species. Further, similar
to birds in Hong Kong and Cambodia, birds in the Middle
East host a diversity of DCoVs with a reported prevalence
of 3.7% (10). Moreover, Western blotting detected FalCoV
UAE-HKU27-specific antibodies in 75% of the serum samples
tested, supporting a high prevalence and likely productive DCoV
infection in falcons. Recent studies that sampled wild birds
in the US identified substantially lower prevalence of GCoVs
and DCoVs (27, 44). Of interest, an earlier study did not
identify any DCoV-positive samples among those collected from
wild aquatic birds sampled in 2010–2011 in the Central and
Eastern USA (44). However, we recently demonstrated that
4.99 and 1.14% of wild (aquatic and terrestrial) birds in the
Mississippi and Atlantic flyways sampled between 2015 and
2018 were positive for GCoVs and DCoVs, respectively (27).
The only DCoV-positive sample from terrestrial birds in our
study was one from a red-tailed hawk, a predatory bird species,
whereas 13 DCoV-positive samples were identified in aquatic or
wading bird species and shared high nt identity with HKU20.
Phylogenetic analysis demonstrated that the latter clustered with
other DCoVs from aquatic/wading birds, whereas PDCoVs and
SpCoVs formed a distinct lineage (27). Another study identified
and characterized SpDCoVs from 10 samples collected from

healthy sparrows at the sites of their commingling with pigs
(swine farms in Illinois and Minnesota) (25); however, DCoV
prevalence in sparrows has not been evaluated. Additionally,
DCoVs have been confirmed in quail in Brazil (14) and in various
wild birds in Australia (23), suggesting the global circulation of
ADCoVs. Identification of DCoVs in farmed quail provides the
first evidence of DCoV (highly similar to PDCoVs) circulation
in poultry species (14). Interestingly, a recent study described a
DCoV-associated disease in farmed quail in Poland, providing
evidence of DCoV pathogenic potential in poultry species (21).

Overall, these findings suggest that unlike in Asia, ADCoVs
may not be endemic in the US and may still be in the process of
emergence. Collectively, these studies indicate that aquatic birds
may represent a natural reservoir for DCoVs, whereas terrestrial
birds and mammalian species may serve as spillover hosts.
Terrestrial birds, such as sparrows, can facilitate DCoV spread
through common pig–bird commingling in high-pig-traffic sites,
and birds of prey (including red-tailed hawks, falcons, and other
species) may play an important role in DCoV epidemiology due
to their feeding habits: acquiring DCoVs from their prey and
facilitating viral recombination and further spread.

DELTACORONAVIRUS INTERSPECIES
TRANSMISSION

The great diversity and host specificity of bat and bird CoVs are
hypothesized to be due to the large variety of bat/avian species,
providing a large variety of cell types and receptors for the
different CoVs (45, 46). Further, due to their flocking behavior
and abilities to fly long distances, birds can play a role in the
generation of novel CoV variants and their dissemination among
avian species and other animals (9).

There is growing evidence of remarkable diversity and
complex ecology of DCoVs from various host species (23, 34).
Previously, avian DCoVs were suggested to have more stringent
host specificities than GCoVs (13); however, emerging evidence
provides numerous examples of the ability of DCoV to
efficiently cross interspecies barriers under field or experimental
conditions. These examples include: (1) evidence of circulation
of “novel” avian DCoVs in a broad range of host species, such
as gulls, shorebirds, penguins, passerines, and even bustards
(26); (2) emergence of FalCoV UAE-HKU27, HouCoV UAE-
HKU28, and PiCoV UAE-HKU29 through recombination
between WECoV HKU16 and MRCoV HKU18; (3) emergence
of QuaCoV UAE-HKU30 through recombination between
PDCoV HKU15/SpCoV HKU17 and MunCoV HKU13;
and (4) emergence of PDCoV HKU15 from recombination
between SpCoV HKU17 and BuCoV HKU11 (10) (Figure 1).
Additionally, it was demonstrated that PDCoV can infect chicks
and turkey poults and gnotobiotic calves under experimental
conditions (48–50) (Figure 1). In addition, of interest, while
PDCoV infection was associated with diarrhea chicks and turkey
poults, gnotobiotic calves infected with PDCoV-OH had fecal
viral RNA shedding and seroconversion, but did not develop
lesions or disease (48). In contrast, some DCoV species, such as
CMCoV HKU21 and WiCoV HKU27, have only been described
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FIGURE 1 | (A) Phylogenetic analysis of complete genomic sequences of HKU11–HKU30 DCoVs. The evolutionary history was inferred by using the Maximum

Likelihood method and General Time Reversible model. The tree with the highest log likelihood (−268,106.59) is shown. The tree is drawn to scale, with branch

lengths measured in the number of substitutions per site. This analysis involved 14 nucleotide sequences. Evolutionary analyses were conducted in MEGA X (47).

Natural recombinant variants are marked with. (B) Natural suggested host ranges are shown for PDCoV HKU15, MunCoV HKU13, and “novel” avian DCoVs.

Dashed lines/arrows are used when the fact and direction of transmission cannot be confirmed due to the lack of complete genomic sequence and/or experimental

evidence. (C) Experimental transmission and disease reproduction in chicks and poults using PDCoV HKU15.

in a single avian species, or within a single host order, such
as BuCoV HKU11 and MunCoV HKU13 in passerines. These
patterns are likely formed following the ecological traits of
their avian host species: including bird feeding patterns and
occupation of distinct ecological niches with or without frequent
commingling with other avian or mammalian species.

A recent study demonstrated that PDCoV employs host
aminopeptidase N (APN) as an entry receptor, whereby its S
protein (S1 domain) interacts with an interspecies conserved
domain allowing for virus entry (51–54). Moreover, in one of
these studies, PDCoV was capable of infecting cell lines of
porcine, human, and chicken origins, and transient expression
of porcine, feline, human, and chicken APN rendered normally
non-permissive cells susceptible to PDCoV infection (51).
However, permissiveness of cell lines of human origin to PDCoV
does not imply that this virus is readily transmissible to humans.
Similarly, most bovine CoVs are capable of replication in human
rectal tumor (HRT-18) cells (55), but are not known to infect
humans with only a few exceptions (such as HECoV-4408) (56).
Of interest, PDCoV infection of porcine cells was diminished,
but not abolished, by APN knockout (KO) suggesting that it can
utilize some other unknown receptor(s) in the absence of APN.
This is further emphasized by the recent data demonstrating
that APN absence in porcine alveolar macrophages (PAMs)
from APN KO pigs made them resistant to PDCoV, whereas
lung fibroblast-like cells, derived from the above PAM cultures,

supported PDCoV infection to high levels (54). A possible
promiscuity in PDCoV receptor usage is further corroborated
by the fact that susceptibility of turkey poults and chicks to
PDCoV infection cannot be explained by APN similarity between
pigs and chickens/turkeys that only reaches 62.9/63.99%. In
contrast, APN sequence identity between humans/domestic cats
and pigs is 81.89/82.56%, but there is no evidence that PDCoV
is transmissible to these species. Thus, the existing evidence
highlights some molecular mechanisms that may contribute to
DCoV interspecies transmission and suggests the existence of
additional unknown cellular receptors as well as the importance
of some additional host and possibly environmental factors.

FINAL PERSPECTIVES AND FUTURE
RESEARCH

Recent pandemics of human CoVs of zoonotic origin (SARS-
CoV, MERS-CoV, and SARS-CoV-2) emphasize the importance
of avian and mammalian species as wild-life CoV reservoirs and
intermediate hosts. This has given a tremendous boost to research
on animal CoVs and generated significant amounts of novel
knowledge on CoV diversity and ecology. Nevertheless, studying
DCoV emergence and epidemiology remains exceptionally
challenging. Current evidence indicates that aquatic avian species
that carry highly diverse DCoVs and yet do not develop
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DCoV-associated disease can be considered the natural host
reservoir. Nevertheless, species definition of avian DCoVs
remains challenging due to their relatively low global prevalence
(compared with that of GCoVs) and often low amounts
of virus found in the host species (26). This hinders the
generation of complete genomic sequences of these viruses,
preventing their proper classification by the International
Committee on Taxonomy of Viruses (ICTV). The latter, in turn,
impedes the accurate and comprehensive assessment of DCoV
diversity in wild birds and limits our ability to study DCoV
interspecies transmission among wild birds, between the latter
and important poultry species, as well as between avian and
mammalian species.

Further, numerous species of terrestrial birds including
raptors and various migratory birds may promote genetic
diversity and facilitate the spread of DCoVs. Consistent with this
notion, a higher frequency of recombinant events was reported
for DCoVs circulating in terrestrial birds including bulbuls,
sparrows, munias, falcons, pigeons, houbara bustards, and white-
eyes (10), whereas DCoVs from aquatic/wading birds seemed to
have more stringent species specificities (9, 13). This signifies that
terrestrial birds may serve as mixing vessels andmeans for DCoV
spread. Finally, small migratory birds (such as sparrows) that
commonly commingle with swine on farms and other high-pig-
traffic sites may represent the intermediate host or viral vehicle
that introduced DCoV into the swine population (25). Similar
scenarios may occur in nature in different geographical locations.

One of the most intriguing unanswered questions is whether
avian and porcine (and possibly other unknown mammalian)
DCoVs co-evolve with frequent spillover events (similar to
influenza A virus) or they evolve independently from one another
in different geographic regions. This question cannot be fully
answered without knowing the times of emergence of PDCoV
in swine and avian DCoVs in different geographic regions.
As discussed above, while it is considered that PDCoV was
introduced around the time of PEDV emergence in the US, a
time-scaled Bayesian phylogenetic analysis and recent serological
data suggest that PDCoV could have been present in the US as
early as 2010 (31, 32). Similarly, while the highest prevalence and

diversity of ADCoVswere noted in earlier studies in several Asian
countries (8, 9, 13), the first ADCoV was identified prior to that
from another region (11). Because global studies evaluating the
prevalence of ADCoVs are scarce, it is still unknown whether
ADCoVs are endemic in many geographic regions or only in
Asia. The lack of large-scale outbreaks in pigs and acute clinical
disease in most avian hosts as well as the unavailability of
comprehensive epidemiological data from different geographic
regions and timeframes preclude the accurate evaluation of
DCoV origins and emergence routes.

Additionally, the prevalence of DCoVs in birds worldwide is
lower than that of GCoVs or other enteric CoVs in pigs during
the epidemic phase in a given swine population. The reasons for
the apparently lower prevalence are unknown; however, it may be
an indication of incomplete adaptation of DCoVs to their hosts.
The ability of PDCoV to utilize APN of numerous species origin
for cell entry may be one of the key factors regulating the virus’s
increased potential for interspecies transmission, but it can also
be associated with decreased virus–swine host fitness.

In conclusion, additional studies evaluating the genetic
diversity of DCoVs in birds and mammalian hosts are needed
to better understand their epidemiology and evolution. In
addition, seroprevalence studies in various avian species (poultry
and wild birds) can provide useful information highlighting
the actual prevalence of DCoVs globally. Finally, experimental
studies on DCoV interspecies transmission, host adaptation,
and identification of additional cellular receptors are needed
to carefully evaluate its pathogenicity in various hosts and its
zoonotic potential. If indeed DCoVs have just recently emerged
in most known highly diverse avian and mammalian hosts,
their epidemic potential, including the possible spillover into
humans, can be tremendous and should not be underestimated.

AUTHOR CONTRIBUTIONS

AV drafted the manuscript. AV, SK, KJ, QW, and LS critically
revised the manuscript. All authors contributed to the article and
approved the submitted version.

REFERENCES

1. De Groot R, Baker S, Baric R, Enjuanes L, Gorbalenya A, Holmes K, et al.

Coronaviridae. In: King AMQ, Adams MJ, Carstens EB, Lefkowitz EJ, editors.

Virus Taxonomy: Ninth Report of the International Committee on Taxonomy

of Viruses, International Union of Microbiological Societies, Virology Division.

London: Elsevier Academic Press (2011). p. 806–28.

2. Sawicki SG, Sawicki DL, Siddell SG. A contemporary view of coronavirus

transcription. J Virol. (2007) 81:20–9. doi: 10.1128/JVI.01358-06

3. Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, Emery S, et al. A

novel coronavirus associated with severe acute respiratory syndrome. N Engl

J Med. (2003) 348:1953–66. doi: 10.1056/NEJMoa030781

4. Rota PA, Oberste MS, Monroe SS, Nix WA, Campagnoli R, Icenogle

JP, et al. Characterization of a novel coronavirus associated with

severe acute respiratory syndrome. Science. (2003) 300:1394–9.

doi: 10.1126/science.1085952

5. Drosten C, Muth D, Corman VM, Hussain R, Al Masri M, Hajomar W,

et al. An observational, laboratory-based study of outbreaks of middle East

respiratory syndrome coronavirus in Jeddah and Riyadh, kingdom of Saudi

Arabia, 2014. Clin Infect Dis. (2015) 60:369–77. doi: 10.1093/cid/ciu812

6. Wang Q, Vlasova AN, Kenney SP, Saif LJ. Emerging and re-

emerging coronaviruses in pigs. Curr Opin Virol. (2019) 34:39–49.

doi: 10.1016/j.coviro.2018.12.001

7. Ralph R, Lew J, Zeng T, Francis M, Xue B, Roux M, et al. 2019-nCoV

(Wuhan virus), a novel Coronavirus: human-to-human transmission, travel-

related cases, and vaccine readiness. J Infect Dev Ctries. (2020) 14:3–17.

doi: 10.3855/jidc.12425

8. Woo PC, Lau SK, Lam CS, Lai KK, Huang Y, Lee P, et al. Comparative analysis

of complete genome sequences of three avian coronaviruses reveals a novel

group 3c coronavirus. J Virol. (2009) 83:908–17. doi: 10.1128/JVI.01977-08

9. Woo PC, Lau SK, Lam CS, Lau CC, Tsang AK, Lau JH, et al.

Discovery of seven novel Mammalian and avian coronaviruses in the

genus deltacoronavirus supports bat coronaviruses as the gene source of

alphacoronavirus and betacoronavirus and avian coronaviruses as the gene

source of gammacoronavirus and deltacoronavirus. J Virol. (2012) 86:3995–

4008. doi: 10.1128/JVI.06540-11

Frontiers in Veterinary Science | www.frontiersin.org 6 February 2021 | Volume 7 | Article 6267857677

https://doi.org/10.1128/JVI.01358-06
https://doi.org/10.1056/NEJMoa030781
https://doi.org/10.1126/science.1085952
https://doi.org/10.1093/cid/ciu812
https://doi.org/10.1016/j.coviro.2018.12.001
https://doi.org/10.3855/jidc.12425
https://doi.org/10.1128/JVI.01977-08
https://doi.org/10.1128/JVI.06540-11
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Vlasova et al. Deltacoronavirus Evolution and Transmission

10. Lau SKP, Wong EYM, Tsang CC, Ahmed SS, Au-Yeung RKH, Yuen KY, et al.

Discovery and sequence analysis of four deltacoronaviruses from birds in the

middle east reveal interspecies jumping with recombination as a potential

mechanism for avian-to-avian and avian-to-mammalian transmission. J Virol.

(2018) 92:e00265-18. doi: 10.1128/JVI.00265-18

11. Gough RE, Drury SE, Culver F, Britton P, Cavanagh D. Isolation of a

coronavirus from a green-cheeked Amazon parrot (Amazon viridigenalis

Cassin). Avian Pathol. (2006) 35:122–6. doi: 10.1080/03079450600597733

12. Dong BQ, Liu W, Fan XH, Vijaykrishna D, Tang XC, Gao F, et al.

Detection of a novel and highly divergent coronavirus from asian leopard

cats and Chinese ferret badgers in Southern China. J Virol. (2007) 81:6920–6.

doi: 10.1128/JVI.00299-07

13. Chu DK, Leung CY, Gilbert M, Joyner PH, Ng EM, Tse TM, et al.

Avian coronavirus in wild aquatic birds. J Virol. (2011) 85:12815–20.

doi: 10.1128/JVI.05838-11

14. Torres CA, Hora AS, Tonietti PO, Taniwaki SA, Cecchinato M, Villarreal LY,

et al. Gammacoronavirus and Deltacoronavirus in Quail. Avian Dis. (2016)

60:656–61. doi: 10.1637/11412-032316-Reg.1

15. Wang L, Byrum B, Zhang Y. Porcine coronavirus HKU15 detected in 9 US

states, 2014. Emerg Infect Dis. (2014) 20:1594–5. doi: 10.3201/eid2009.140756

16. Marthaler D, Raymond L, Jiang Y, Collins J, Rossow K, Rovira A. Rapid

detection, complete genome sequencing, and phylogenetic analysis

of porcine deltacoronavirus. Emerg Infect Dis. (2014) 20:1347–50.

doi: 10.3201/eid2008.140526

17. Lee JH, Chung HC, Nguyen VG, Moon HJ, Kim HK, Park SJ, et al.

Detection and phylogenetic analysis of porcine Deltacoronavirus in

Korean Swine Farms, 2015. Transbound Emerg Dis. (2016) 63:248–52.

doi: 10.1111/tbed.12490

18. Song D, Zhou X, Peng Q, Chen Y, Zhang F, Huang T, et al. Newly

emerged porcine deltacoronavirus associated with diarrhoea in swine in

china: identification, prevalence and full-length genome sequence analysis.

Transbound Emerg Dis. (2015) 62:575–80. doi: 10.1111/tbed.12399

19. Madapong A, Saeng-Chuto K, Lorsirigool A, Temeeyasen G, Srijangwad A,

Tripipat T, et al. Complete genome sequence of Porcine Deltacoronavirus

isolated in Thailand in 2015. Genome Announc. (2016) 4:e00408-16.

doi: 10.1128/genomeA.00408-16

20. Le VP, Song S, An BH, Park GN, Pham NT, Le DQ, et al. A novel

strain of porcine deltacoronavirus in Vietnam. Arch Virol. (2018) 163:203–7.

doi: 10.1007/s00705-017-3594-8

21. Domanska-Blicharz K, Kuczkowski M, Sajewicz-Krukowska J. Whole genome

characterisation of quail deltacoronavirus detected in Poland. Virus Genes.

(2019) 55:243–7. doi: 10.1007/s11262-019-01639-1

22. Lorsirigool A, Saeng-Chuto K, Temeeyasen G, Madapong A, Tripipat T,

Wegner M, et al. The first detection and full-length genome sequence of

porcine deltacoronavirus isolated in Lao PDR.Arch Virol. (2016) 161:2909–11.

doi: 10.1007/s00705-016-2983-8

23. Chamings A, Nelson TM, Vibin J, Wille M, Klaassen M, Alexandersen

S. Detection and characterisation of coronaviruses in migratory

and non-migratory Australian wild birds. Sci Rep. (2018) 8:5980.

doi: 10.1038/s41598-018-24407-x

24. Perez-Rivera C, Ramirez-Mendoza H, Mendoza-Elvira S, Segura-Velazquez

R, Sanchez-Betancourt JI. First report and phylogenetic analysis of porcine

deltacoronavirus in Mexico. Transbound Emerg Dis. (2019) 66:1436–41.

doi: 10.1111/tbed.13193

25. Chen Q, Wang L, Yang C, Zheng Y, Gauger PC, Anderson T, et al. The

emergence of novel sparrow deltacoronaviruses in the United States more

closely related to porcine deltacoronaviruses than sparrow deltacoronavirus

HKU17. Emerg Microbes Infect. (2018) 7:105. doi: 10.1038/s41426-018-0108-z

26. Wille M, Holmes EC. Wild birds as reservoirs for diverse and abundant

gamma- and deltacoronaviruses. FEMS Microbiol Rev. (2020) 44:631–44.

doi: 10.1093/femsre/fuaa026

27. Paim FC, Bowman AS, Miller L, Feehan BJ, Marthaler D, Saif LJ, et al.

Epidemiology of Deltacoronaviruses (delta-CoV) and Gammacoronaviruses

(gamma-CoV) in Wild Birds in the United States. Viruses. (2019) 11:897.

doi: 10.3390/v11100897

28. Ma Y, Zhang Y, Liang X, Lou F, Oglesbee M, Krakowka S, et al. Origin,

evolution, and virulence of porcine deltacoronaviruses in the United States.

mBio. (2015) 6:e00064. doi: 10.1128/mBio.00064-15

29. Sinha A, Gauger P, Zhang J, Yoon KJ, Harmon K. PCR-based retrospective

evaluation of diagnostic samples for emergence of porcine deltacoronavirus in

US swine. Vet Microbiol. (2015) 179:296–8. doi: 10.1016/j.vetmic.2015.06.005

30. Jung K, Hu H, Saif LJ. Porcine deltacoronavirus infection: etiology, cell

culture for virus isolation and propagation, molecular epidemiology and

pathogenesis. Virus Res. (2016) 226:50–9. doi: 10.1016/j.virusres.2016.04.009

31. Homwong N, Jarvis MC, Lam HC, Diaz A, Rovira A, Nelson M,

et al. Characterization and evolution of porcine deltacoronavirus

in the United States. Prev Vet Med. (2016) 123:168–74.

doi: 10.1016/j.prevetmed.2015.11.001

32. Thachil A, Gerber PF, Xiao CT, Huang YW, Opriessnig T.

Development and application of an ELISA for the detection of porcine

deltacoronavirus IgG antibodies. PLoS ONE. (2015) 10:e0124363.

doi: 10.1371/journal.pone.0124363

33. Zhang J. Porcine deltacoronavirus: overview of infection dynamics, diagnostic

methods, prevalence and genetic evolution. Virus Res. (2016) 226:71–84.

doi: 10.1016/j.virusres.2016.05.028

34. He WT, Ji X, He W, Dellicour S, Wang S, Li G, et al. Genomic epidemiology,

evolution, and transmission dynamics of porcine deltacoronavirus. Mol Biol

Evol. (2020) 37:2641–54. doi: 10.1093/molbev/msaa117

35. Dong N, Fang L, Zeng S, Sun Q, Chen H, Xiao S. Porcine

Deltacoronavirus in Mainland China. Emerg Infect Dis. (2015) 21:2254–5.

doi: 10.3201/eid2112.150283

36. Bouckaert R, Vaughan TG, Barido-Sottani J, Duchene S, Fourment M,

Gavryushkina A, et al. BEAST 2.5: an advanced software platform for

Bayesian evolutionary analysis. PLoS Comput Biol. (2019) 15:e1006650.

doi: 10.1101/474296

37. Suzuki T, Shibahara T, Imai N, Yamamoto T, Ohashi S. Genetic

characterization and pathogenicity of Japanese porcine deltacoronavirus.

Infect Genet Evol. (2018) 61:176–82. doi: 10.1016/j.meegid.2018.03.030

38. Liu C, Zhang X, Zhang Z, Chen R, Zhang Z, Xue Q. Complete genome

characterization of novel Chinese Porcine Deltacoronavirus strain SD.

Genome Announc. (2017) 5:e00930-17. doi: 10.1128/genomeA.00930-17

39. Lin CM, Saif LJ, Marthaler D, Wang Q. Evolution, antigenicity and

pathogenicity of global porcine epidemic diarrhea virus strains. Virus Res.

(2016) 226:20–39. doi: 10.1016/j.virusres.2016.05.023

40. Cavanagh D. Coronaviruses in poultry and other birds. Avian Pathol. (2005)

34:439–48. doi: 10.1080/03079450500367682

41. Guy JS. Turkey coronavirus is more closely related to avian infectious

bronchitis virus than to mammalian coronaviruses: a review. Avian Pathol.

(2000) 29:207–12. doi: 10.1080/03079450050045459

42. Cavanagh D. Coronavirus avian infectious bronchitis virus. Vet Res. (2007)

38:281–97. doi: 10.1051/vetres:2006055

43. Jackwood MW. Review of infectious bronchitis virus around the world. Avian

Dis. (2012) 56:634–41. doi: 10.1637/10227-043012-Review.1

44. Jordan BJ, Hilt DA, Poulson R, Stallknecht DE, Jackwood MW.

Identification of avian coronavirus in wild aquatic birds of the central

and eastern USA. J Wildl Dis. (2015) 51:218–21. doi: 10.7589/2014-0

3-070

45. Milek J, Blicharz-Domanska K. Coronaviruses in avian species - review with

focus on epidemiology and diagnosis in wild birds. J Vet Res. (2018) 62:249–

55. doi: 10.2478/jvetres-2018-0035

46. Banerjee A, Kulcsar K, Misra V, Frieman M, Mossman K. Bats and

Coronaviruses. Viruses. (2019) 11:41. doi: 10.3390/v11010041

47. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular

Evolutionary Genetics Analysis across computing platforms. Mol Biol Evol.

(2018) 35:1547–9. doi: 10.1093/molbev/msy096

48. Jung K, Hu H, Saif LJ. Calves are susceptible to infection with the

newly emerged porcine deltacoronavirus, but not with the swine enteric

alphacoronavirus, porcine epidemic diarrhea virus. Arch Virol. (2017)

162:2357–62. doi: 10.1007/s00705-017-3351-z

49. Liang Q, Zhang H, Li B, Ding Q, Wang Y, Gao W, et al. Susceptibility

of chickens to Porcine Deltacoronavirus infection. Viruses. (2019) 11:573.

doi: 10.3390/v11060573

50. Boley PA, Alhamo MA, Lossie G, Yadav KK, Vasquez-Lee M,

Saif LJ, et al. Porcine Deltacoronavirus infection and transmission

in poultry, United States. Emerg Infect Dis. (2020) 26:255–65.

doi: 10.3201/eid2602.190346

Frontiers in Veterinary Science | www.frontiersin.org 7 February 2021 | Volume 7 | Article 6267857778

https://doi.org/10.1128/JVI.00265-18
https://doi.org/10.1080/03079450600597733
https://doi.org/10.1128/JVI.00299-07
https://doi.org/10.1128/JVI.05838-11
https://doi.org/10.1637/11412-032316-Reg.1
https://doi.org/10.3201/eid2009.140756
https://doi.org/10.3201/eid2008.140526
https://doi.org/10.1111/tbed.12490
https://doi.org/10.1111/tbed.12399
https://doi.org/10.1128/genomeA.00408-16
https://doi.org/10.1007/s00705-017-3594-8
https://doi.org/10.1007/s11262-019-01639-1
https://doi.org/10.1007/s00705-016-2983-8
https://doi.org/10.1038/s41598-018-24407-x
https://doi.org/10.1111/tbed.13193
https://doi.org/10.1038/s41426-018-0108-z
https://doi.org/10.1093/femsre/fuaa026
https://doi.org/10.3390/v11100897
https://doi.org/10.1128/mBio.00064-15
https://doi.org/10.1016/j.vetmic.2015.06.005
https://doi.org/10.1016/j.virusres.2016.04.009
https://doi.org/10.1016/j.prevetmed.2015.11.001
https://doi.org/10.1371/journal.pone.0124363
https://doi.org/10.1016/j.virusres.2016.05.028
https://doi.org/10.1093/molbev/msaa117
https://doi.org/10.3201/eid2112.150283
https://doi.org/10.1101/474296
https://doi.org/10.1016/j.meegid.2018.03.030
https://doi.org/10.1128/genomeA.00930-17
https://doi.org/10.1016/j.virusres.2016.05.023
https://doi.org/10.1080/03079450500367682
https://doi.org/10.1080/03079450050045459
https://doi.org/10.1051/vetres:2006055
https://doi.org/10.1637/10227-043012-Review.1
https://doi.org/10.7589/2014-03-070
https://doi.org/10.2478/jvetres-2018-0035
https://doi.org/10.3390/v11010041
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s00705-017-3351-z
https://doi.org/10.3390/v11060573
https://doi.org/10.3201/eid2602.190346
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Vlasova et al. Deltacoronavirus Evolution and Transmission

51. Li W, Hulswit RJG, Kenney SP, Widjaja I, Jung K, Alhamo MA, et al.

Broad receptor engagement of an emerging global coronavirus may potentiate

its diverse cross-species transmissibility. Proc Natl Acad Sci USA. (2018)

115:E5135–43. doi: 10.1073/pnas.1802879115

52. Wang B, Liu Y, Ji CM, Yang YL, Liang QZ, Zhao P, et al. Porcine

deltacoronavirus engages the transmissible gastroenteritis virus

functional receptor Porcine Aminopeptidase N for infectious

cellular entry. J Virol. (2018) 92:e00318-18. doi: 10.1128/JVI.00

318-18

53. Zhu X, Liu S, Wang X, Luo Z, Shi Y, Wang D, et al. Contribution

of porcine aminopeptidase N to porcine deltacoronavirus infection.

Emerg Microbes Infect. (2018) 7:65. doi: 10.1038/s41426-018-0

068-3

54. Stoian A, Rowland RRR, Petrovan V, Sheahan M, Samuel MS, Whitworth

KM, et al. The use of cells from ANPEP knockout pigs to evaluate the role

of aminopeptidase N (APN) as a receptor for porcine deltacoronavirus

(PDCoV). Virology. (2020) 541:136–40. doi: 10.1016/j.virol.2019.

12.007

55. Laporte J, Bobulesco P, Rossi F. A cell line particularly susceptible to bovine

enteric Coronavirus replication: HRT 18 cells. C R Seances Acad Sci D.

(1980) 290:623–6.

56. Zhang XM, Herbst W, Kousoulas KG, Storz J. Biological and genetic

characterization of a hemagglutinating coronavirus isolated from a diarrhoeic

child. J Med Virol. (1994) 44:152–61. doi: 10.1002/jmv.1890440207

Conflict of Interest: The 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.

Copyright © 2021 Vlasova, Kenney, Jung, Wang and Saif. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Veterinary Science | www.frontiersin.org 8 February 2021 | Volume 7 | Article 6267857879

https://doi.org/10.1073/pnas.1802879115
https://doi.org/10.1128/JVI.00318-18
https://doi.org/10.1038/s41426-018-0068-3
https://doi.org/10.1016/j.virol.2019.12.007
https://doi.org/10.1002/jmv.1890440207
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


ORIGINAL RESEARCH
published: 19 March 2021

doi: 10.3389/fvets.2021.619759

Frontiers in Veterinary Science | www.frontiersin.org 1 March 2021 | Volume 8 | Article 619759

Edited by:

Lester J. Perez,

University of Illinois at

Urbana–Champaign, United States

Reviewed by:

Erika Sousa Guimarães,

Federal Institute of Minas Gerais, Brazil

Fengyang Wang,

Hainan University, China

*Correspondence:

Han Sang Yoo

yoohs@snu.ac.kr

†Present address:

Soojin Shim,

Department of Mechanical and

Biofunctional Systems, Institute of

Industrial Science, University of Tokyo,

Tokyo, Japan

Specialty section:

This article was submitted to

Veterinary Infectious Diseases,

a section of the journal

Frontiers in Veterinary Science

Received: 21 October 2020

Accepted: 08 February 2021

Published: 19 March 2021

Citation:

Park WB, Kim S, Shim S and Yoo HS

(2021) Identification of Dendritic Cell

Maturation, TLR, and TREM1

Signaling Pathways in the Brucella

canis Infected Canine Macrophage

Cells, DH82, Through Transcriptomic

Analysis. Front. Vet. Sci. 8:619759.

doi: 10.3389/fvets.2021.619759

Identification of Dendritic Cell
Maturation, TLR, and TREM1
Signaling Pathways in the Brucella
canis Infected Canine Macrophage
Cells, DH82, Through Transcriptomic
Analysis
Woo Bin Park 1,2, Suji Kim 1,2, Soojin Shim 1† and Han Sang Yoo 1,2,3,4*

1Department of Infectious Diseases, College of Veterinary Medicine, Seoul National University, Seoul, South Korea, 2 BK21

Four Future Veterinary Medicine Leading Education and Research Center, Seoul National University, Seoul, South Korea,
3 Research Institute for Veterinary Science, Seoul National University, Seoul, South Korea, 4 BioMax/N-Bio Institute, Seoul

National University, Seoul, South Korea

Research has been undertaken to understand the host immune response to Brucella

canis infection because of the importance of the disease in the public health field and

the clinical field. However, the previous mechanisms governing this infection have not

been elucidated. Therefore, in vitro models, which mimic the in vivo infection route using

a canine epithelial cell line, D17, and a canine macrophage, DH82, were established

to determine these mechanisms by performing an analysis of the transcriptomes in

the cells. In this study, a coculture model was constructed by using the D17 cell line

and DH82 cell line in a transwell plate. Also, a single cell line culture system using

DH82 was performed. After the stimulation of the cells in the two different systems

infected with B. canis, the gene expression in the macrophages of the two different

systems was analyzed by using RNA-sequencing (RNA-seq), and a transcriptomic

analysis was performed by using the Ingenuity Pathway Analysis (IPA). Gene expression

patterns were analyzed in the DH82 cell line at 2, 12, and 24 h after the stimulation

with B. canis. Changes in the upregulated or downregulated genes showing 2-fold or

higher were identified at each time point by comparing with the non-stimulated group.

Differentially expressed genes (DEGs) between the two culture models were identified

by using the IPA program. Generally, the number of genes expressed in the single cell

line culture was higher than the number of genes expressed in the coculture model

for all-time points. The expression levels of those genes were higher in the single

cell line culture (p < 0.05). This analysis indicated that the immune response-related

pathways, especially, the dendritic cell maturation, Triggering receptor expression on

myeloid cells 1 (TREM1) signaling, and Toll-like receptor (TLR) signaling pathway, were

significantly induced in both the culture systems with higher p-values and z-scores. An

increase in the expression level of genes related to the pathways was observed over

time. All pathways are commonly associated with a manifestation of pro-inflammatory

cytokines and early immune responses. However, the Peroxisome proliferator-activation
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receptor (PPAR) signaling and Liver X Receptor/Retinoid X Receptor (LXR/RXR) signaling

associated with lipid metabolism were reduced. These results indicate that early immune

responses might be highly activated in B. canis infection. Therefore, these results might

suggest clues to reveal the early immune response of the canine to B. canis infection,

particularly TLR signaling.

Keywords: Brucella canis, RNA-Seq, transcriptomic analysis, TLR signaling, early immune response

INTRODUCTION

Brucellosis is a reemerging worldwide zoonotic disease caused
by the genus Brucella. Brucella spp. such as Brucella melitensis
and Brucellar suis, are the facultative intracellular pathogens
that are commonly able to overcome the host innate immunity
during the early infection. Brucella spp. affecting not only the
immune response but also the killing action of macrophages
migrate within phagocytic vacuoles and replicate in cell vesicles,
causing chronic infection (1). Among these species, Brucella canis
is known as a cause of canine brucellosis and, similar to the
other Brucella spp., is also a cause of the zoonotic disease that
can occur in humans. The host of B. canis is mainly dogs, and
granulomatous lesions are identified in various organs during
the infection and are characterized by reproductive disorders
such as abortion in females and epididymitis and prostatitis in
male dogs (2). When an infection occurs in a human, mild and
non-specific symptoms usually occur and then antibiotic therapy
is usually applied. Infection with B. canis can occur through
the conjunctival or oronasal route or along the venereal route,
and can also occur through contaminated milk, urine, aborted
fetuses, vaginal secretion, and semen (3–5). Human infection
with B. canis is known to occur very rarely, but the frequency
has been increasing in recent years. The prevalence has been
increasing due to the increase in unsanitary kennel facilities,
companion dogs, and stray dogs. B. canis is currently reported
in many parts of the world, and is considered endemic in the
USA, Latin America, and Mexico (6–11). Infections of B. canis
have also been reported in Asian countries, such as China and
Japan, in Africa, and in European countries, such as Germany,
the United Kingdom, and Italy (12–18). The prevalence of B.
canis infection in 2,394 dogs, including the companion and the
stray dogs in Korea was examined. The prevalence was found to
be significantly higher in dogs older than 6 years and in female
dogs (19).

Immunological studies of B. canis infection have also been
conducted. Usually, research has focused on the expression of
cytokines following the infection of various cell lines with B.
canis (20–23). Previous studies have shown that the immune
responses of humans to brucellosis are similar to those of
animals to brucellosis (21). In addition, the immune response
of human and canine dendritic cells to B. canis infection has
been compared based on the expression of cytokines (22). Many
attempts have been made to understand the immunopathological
mechanism of B. canis infection because of the importance of
the disease in recent public and clinical realms (2, 21). To date,
however, the mechanisms governing B. canis infection have not
been elucidated.

Therefore, in this study, an in vitro coculture model was
established by using the D17, a canine epithelial cell line,
and the DH82, a canine macrophage cell line. The coculture
model is designed to observe the host response to the pathogen
by interaction between epithelial cells and immune cells in
comparison to the single cell line culture model. The coculture
model was applied to investigate the host immune response to
B. canis infection through a transcriptomic analysis of the DH82
cells using total RNA-sequencing (RNA-seq).

MATERIALS AND METHODS

Cell Culture and Stimulation
Brucella canis QE13, from the College of Veterinary Medicine
of Gyeongsang National University, was cultured on Brucella
broth (BD, NJ, USA) at 37◦C under aerobic conditions. For the
stimulation of the D17 cell line and DH82 cell line, the bacteria
were cultured up to the exponential growth phase, reaching 3.06E
+ 09 CFU.

In the coculture model, ∼5.0 × 105 cells/well of the D17
cell line (ATCC CCL-183) were seeded onto the apical side
of a Transwell insert (Transwell permeable support; Corning,
MA, USA) and incubated for 3 h in DMEM (Gibco, NY, USA)
containing 15% fetal bovine serum (FBS; Gibco, NY, USA) at
37◦C in a humidified chamber containing 5% CO2. After the D17
cell line was stabilized, 5.0 × 105 cells/well of the DH82 cell line
(ATCC CRL-10389) were seeded onto the Transwell plate well
with DMEM containing 15% FBS. After the DH82 cells were
stabilized, the D17 cell line where the apical side of Transwell
insert was stimulated by using Dulbecco’s Phosphate-Buffered
Saline (DPBS; negative control) and B. canis at an multiplicity of
infection (MOI) of 10:1.

In the single cell line culture model, 5.0 × 105 cells/well of
the DH82 cell line were seeded onto one well of a 12-well plate
(Corning, MA, USA) with DMEM containing 15% FBS. After the
DH82 cell line was stabilized, it was stimulated by using DPBS
(negative control) and B. canis at an MOI of 10:1.

Each experiment was conducted three times.
The D17 cell line and DH82 cell line were purchased through

ATCC (https://atcc.org/).

Invasion Assay
The infection of B. canis to the DH82 cell line was performed
at MOI of 1:10. After the infection, it was incubated for 12 h
at 37◦C in a humidified chamber containing 5% CO2. Each
well was thoroughly washed with PBS after the incubation.
For the quantification of intracellular bacteria, the infected
monolayer was cultured at a place with 100µg/ml of gentamicin
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(Sigma, St. Louis, USA) for 2 h to kill extracellular bacteria. After
the antibiotics treatment, the cells were washed out with PBS to
remove residual antibiotics and lysed with 0.2% Triton-X100 at 2,
12, and 24 h after the removal. Lysates were plated on agar after a
serial dilution and measured colony-forming units (CFUs) after
48 h at 37◦C in a humidified chamber containing 5% CO2. These
experiments were triplicated.

RNA Extraction
After 2, 12, and 24 h of the incubation, total RNA was
extracted from the DH82 cell line using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the instructions of
the manufacturer. RNA purity and integrity were evaluated by
determining the OD 260/280 ratio and an analysis using the
Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). The
total RNA concentration was measured by using the Quant-IT
Ribogreen (Invitrogen, CA, USA). To determine the integrity
of the total RNA, the TapeStation RNA Screen Tape system
(Agilent Technologies, CA, USA) was used. Only high-quality
RNA preparation, with RNA integrity numbers (RINs)> 7.0, was
used for the RNA library construction.

Transcriptomic Analysis
The libraries were prepared for 100-bp paired-end sequencing
using a TruSeq Stranded mRNA Sample Preparation Kit
(Illumina, CA, USA). Specifically, mRNA molecules were
purified and fragmented from 1 µg of total RNA using oligo
(dT) magnetic beads. The fragmented mRNAs were synthesized
as a single-stranded complementary DNA (cDNA) using a
Random Hexamer Primer (Kapa Biosystems, MA, USA). By
applying cDNA as a template for the second strand synthesis,
a double-stranded cDNA was prepared. After sequential end
repair, A-tailing, and adapter ligation, the cDNA libraries were
amplified by using a PCR. The quality of these cDNA libraries
was evaluated using the Agilent 2100 Bioanalyzer (Agilent, CA,
USA). These values were quantified using the KAPA library
quantification kit (Kapa Biosystems, MA, USA) according to the
library quantification protocol of the manufacturer. Following
the cluster amplification of denatured templates, sequencing
was progressed as paired end (2 × 150 bp) by using an
Illumina platform sequencer (Illumina, CA, USA). Each gene was
compared with the results of 0 h to proceed with the analysis.

Filtering
Low-quality reads were filtered according to the following
criteria: reads containing more than 10% of the skipped base
reads (marked as “N”s’), reads containing more than 40% of the
bases whose quality score was < 20, and reads whose average
quality scores are per read was < 20. The whole filtering process
was performed using the in-house scripts.

Sequencing Alignment
The filtered reads were mapped to the reference genome species
using the aligner TopHat (24).

Gene Expression Estimation
The gene expression level was measured by Cufflinks v2.1.1 (25)
using the human gene annotation database. To improve the

accuracy of the measurement, the multi-read-correction option
and the frag-bias-correct option were applied. All other options
were set to default values.

Differentially Expressed Gene Analysis
Differentially expressed gene (DEG) analysis was performed by
using Cuffdiff (26). To enhance the analysis accuracy, the multi-
read-correction option and the frag-bias-correct option were
applied. All other options were set to default values. DEGs were
identified based on a q-value threshold < 0.05 for correcting the
errors caused by multiple testing (27).

Gene Ontology Analysis
The gene ontology (GO) database classifies the genes according
to the three categories, such as biological process (BP), cellular
component (CC), and molecular function (MF), and provides
information on the functions of genes. To characterize the
identified genes from the DEG analysis, a GO-based trend test
was carried out using the Fisher’s exact test (28).

Biological System Analysis
The data were analyzed using IPA (Qiagen, Hilden,
Germany, https://www.qiagenbioinformatics.com/products/
ingenuityphathway-analysis). DEGs with adjusted values of p
< 0.05 were obtained by using the IPA program. Each gene
was mapped to its corresponding gene gain using the Ingenuity
Knowledge Base. Biological function analysis was performed
using IPA to compare DEG associated with the disease and
function, the molecular and cellular function, and physiological
system function in DH82 cells treated with B. canis at each time
point. The canonical pathway for the B. canis-treated DH82 cells
was also identified through the canonical pathway of the IPA
library (29).

Comparison Analysis
The data were analyzed by using IPA (Qiagen Inc., Hilden,
Germany, https://www.qiagenbioinformatics.com/products/
ingenuityphathway-analysis). Using the data, a comparative
analysis was conducted according to each time and each culture
model. However, the difference in DEGs with respect to time was
confirmed, and the difference in DEGs according to the model
type was confirmed.

Expression Analysis of Selected Genes by
Using Quantitative Real-Time PCR
The expression of levels of five genes, IL6, CCL5, CXCL10,
CXCL8, and IL1B, in RNA-seq at 2, 12, and 24 time points
were compared with those from the quantitative real-time
PCR (qRT-PCR) of the two different experiments. The qRT-
PCR was performed by using 1 µl of cDNA, a Rotor-Gene
SYBR Green PCR Kit (Qiagen Inc., Hilden, Germany), and a
Rotor-Gene Q real-time PCR cycler (Qiagen, Hilden, Germany)
(Table 1). The cycling condition is as follows: 95◦C for 3min,
followed by 45 cycles of 95◦C for 15 s, 30 s at 60◦C, and 30 s at
72◦C with a fluorescence detected during the extension phase.
The expression level was determined by the 2−11Ct method
using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
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TABLE 1 | Canine forward and reverse primers for validation by quantitative real-time PCR.

Target Forward primer Reverse primer Accession number

IL-6 5′-CTGGCAGGAGATTCCAAGGAT-3′ 5′-TCTGCCAGTGCCTCTTTGC-3′ NM_001003301

CCL5 5′-CAGAAGAAATGGGTGCGGGAGTA-3′ 5′-CAAGAAGCAGTAGGAAAGTTTGCATG-3′ NM_001003010

CXCL10 5′-TCCTGCAAGTCCATCGTGTC-3′ 5′-ATTGCTTTCACTAAACTCTTGATGGTC-3′ NM_001010949

CXCL8 5′-GACAGTGGCCCACAATGTGAAAACTC-3′ 5′-GTTGTTTCACGGATCTTGTTTCTCAGC-3′ NM_001003200

IL1β 5′-GGAAATGTGAAGTGCTGCTGCCAA-3′ 5′-GCAGGGCTTCTTCAGCTTCTCCAA-3′ NM_001037971

a reference gene. The relative expression levels were compared to
the results of the control cells to determine expression log2 (fold
change) for each gene.

Statistical Analysis
Statistical significance of internalization was analyzed by
using the Student’s t-test or repeated measures ANOVA
using Graphpad Prism version 7.00 (Graphpad Software, San
Diego, CA, USA, https://www.graphpad.com). All genes were
considered to be differentially regulated when the value was p <

0.05. In the case where the difference was found to be significant,
the fold change value was expressed as the control condition and
it is mentioned as follows: fold change = the mean ratio of gene
expression in the bacteria-treated cells/the mean ratio of gene
expression in the DPBS-treated cells.

RESULTS

Invasion Assay
The invasibility of the B. canis was evaluated in vitro using
the DH82 cell line. It has been confirmed that intracellular
bacteria increase over time (Supplementary Figure 1). These
results suggest that the changes of gene expression in the DH82
cell line were caused by B. canis, not by other external causes.
Also, the results indicate that intracellular B. canis might induce
immune responses in the host cells through the intracellular
survival of the bacterium.

Differentially Expressed Genes
Each gene was analyzed for a change in the expression through
the fold change value compared to 0 h. By stimulating cells
with B. canis, DEGs with changes higher than 2-fold in the
coculture model were 191, 634, and 2,112 at 2, 12, and 24 h,
respectively, while DEGs in the single cell line culture model
were identified as 515, 1,314, and 2,658 at different time points,
respectively. The number of genes with altered expression in
the single cell line culture model was higher than the coculture
model. The results were compared with the two models in each
time period and compared with respect to each model time
period. About 87 and 267 DEGs were commonly identified at all-
time points in the coculture and single cell line culture model,
respectively. In comparison of the two models at the same time
point, 137, 301, and 1,664 DEGs were commonly identified
in 2, 12, and 24 h, respectively (Figure 1). From 2 or more
samples, 30 genes were selected from the highest alternation in
gene expression at each time period and each culture model.

In five or more samples, 17 DEGs (ACOD1, CCL3L3, CCL4,
CCL5, CXCL5, CXCL8, CXCL10, FST, GPR84, IL1A, IL1B, IL6,
IL23A, OLR1, PTGS2, RASSF6, and SAA1) were upregulated,
three DEGs (CACNA2D1, FHIT, and TSHZ2) were upregulated
only in the coculture models, and six DEGs (FCRL2, INHBA,
MMP3, MMP10, MMP13, SERPINB2, and SMPDL3A) were
upregulated only in the single cell line culture models. Two DEGs
(TNFAIP2 and STEAP4) were upregulated at the 2-h results in
both the culture models, and three DEGs (SRGN, OSM, and
F3) were upregulated at the 24-h results in both the culture
models (Table 2). In four ormore samples, nine DEGs (ADGRF1,
CD180, FGFR2, FMN2, HUNK, MRVI1, SERTAD4, SLC27A6,
and TRPM2) were found to be downregulated. The expression
of five DEGs (ANKRD66, MLLT11, SORBS2, TMEM273, and
WDR31) was downregulated only in the coculture models, and
the twoDEGs (CAVIN1 and TRIM72) were downregulated in the
single cell line culture models. Only one DEG (SIRPB1) showed
a downregulated expression only in the 2-h results of both the
culture models, and the three DEGs (FZD1, PADI4, and SYPL2)
showed a downregulated expression only in the 24-h results of
both the culture models (Table 3).

Raw files and normalized data sets are available from the Gene
Expression Omnibus (GEO) https://www.ncbi.nlm.nih.gov/geo
under the accession number GSE134331 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE134331).

Canonical Pathway Analysis
Of all DEGs that mapped to the Ingenuity Knowledge Base and
passed the data set filter (p-value), 191, 634, 2,112, 515, 1,314,
and 2,658 DEGs of the DH82 cells treated with B. canis at 2,
12, and 24 h and each culture model, respectively, were analyzed.
All DEGs were used in a core analysis, which was carried out
by using Ingenuity R© Pathways Analysis (IPA, Ingenuity Systems,
https://www.ingenuity.com). Canonical pathways were identified
for the DEGs of the DH82 cells treated with B. canis at each
time point and each culture model. The canonical pathway was
analyzed for each time period and each culture model, and was
compared with the same time period of different culture models
using a comparative analysis according to the passage of time
for each model. In most cases, immunity-related pathways were
predominantly identified (Table 4).

Signaling related to dendritic cell maturation, which is
involved in the host innate immunity, was generally high in
all models (Figure 2, Supplementary Figures 2, 3). Overall, the
signaling of dendritic cell maturation was found to be higher
with z-score values of 3.742, 2.714, and 4.564 in the 2-, 12-,
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FIGURE 1 | Differentially expressed genes (DEGs) result. (A) DEG result over each time of each model, (B) DEG distribution over time in a coculture model, (C) DEG

distribution over time in a single-culture model, (D) DEG comparison of each model at 2 h, (E) DEG comparison of each model at 12 h, and (F) DEG comparison of

each model at 24 h.

and 24-h results in the coculture models. In the single cell
line models, the z-score values were determined as high as
4.359, 4.041, and 4.333 at 2-, 12-, and 24-h results. In the
coculture model, the z-score value shows a tendency to increase
the expression with respect to the time, but in the single cell
line culture model, the z-score value is maintained at a high
value regardless of the time. The increase in expression with
respect to the time in this canonical pathway, especially in the
Fc gamma receptor- (FcγR-) associated pathways, was evident
in the coculture model. The expression of DEGs associated
with CD40, MYD88, Toll-like receptor (TLR), IL-1, TNF-α,
and TNF-β associated with this pathway was found to be
increased. In addition, TLR signaling, which is closely related
to dendritic cell maturation and plays an important role in
antigen presentation, has also been shown to increase expression
at all-time points.

In both the models, the expression of TLR signaling
was observed to increase with time, and the expression was
more pronounced in the single cell culture model (Figure 3,
Supplementary Figures 4, 5). In the coculture model, the z-
scores of 2, 12, and 24 h were measured as 1.663, 2.121, and
2.668 and gradually increased with time period. In the single
cell line model, the z-scores of the 2-, 12-, and 24-h results
were 2.333, 2.887, and 2.887, respectively, which were higher
than those of the coculture model. A distinct change in the gene
expression was observed in the TRAP6-related pathway, and the
coculture model confirmed that the expression of the related
genes was gradually increasing. On the other hand, in the single
cell line culture model, it was found that the expression of the

TRAF6-related pathway decreased in 24 h. However, the trend of
increasing expression with time period was found to be similar.
This pathway shows that the stimuli of the pathogen induce
the expression of pro-inflammatory cytokines in the host. DEGs
associated with TLR, MYD88, TRAF6, IL-1, TNF-α, and NF-κB
pathwyas were identified. TREM1 signaling, which is related to
the TLR and closely related to the host immune response to the
pathogen, has also been shown to increase the expression.

TREM1 signaling, similar to the other pathways, was
found to increase gradually over time in both the models,
especially in the 24-h results of the coculture model (Figure 4,
Supplementary Figures 6, 7). In the coculturemodel, the z-score
values were 3.207, 3.606, and 5.112 at 2, 12, and 24 h, and
increased with time. In addition, the z-score value was largely
measured at the 24-h result. In the single-culture model, z-score
values were measured as 3.771, 3.578, and 4.315 at 2, 12, and
24 h, respectively. Both the models have been identified in this
pathway, particularly on the pathways of TREM1 signaling with
an association to TLR, increasing over time. This result, similar
to that observed with the coculture model, showed a tendency
to increase over time, but was found to be a more gentle trend.
The TREM1-associated pathway has also been activated to induce
the expression of pro-inflammatory cytokines, similar to the TLR
signaling pathway. An increased expression of DEGs, such as
TREM1, TLR, IL-8, TNF-α, and DAP12 associated with this
pathway was found.

In the comparison analysis, the 2-h results of both the
culture models identified the pathways that are closely related
to the cell immune responses, such as dendritic cell maturation,
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TABLE 2 | Differentially expressed genes (DEGs) identified for each model and

each time.

Gene symbol Fold changes in

coculture model

Fold changes in

single-culture model

2 h 12 h 24 h 2 h 12 h 24 h

FHIT 89.264 83.286 86.223 – – –

ACOD1 64.445 18.126 53.446 156.498 71.012 –

CXCL10 55.330 26.723 – 168.897 95.010 –

CCL4 45.887 13.642 410.148 149.086 184.823 302.334

OLR1 33.128 28.840 270.597 49.522 36.504 57.282

FFAR2 29.243 9.646 88.035 99.044 – –

CCL5 22.943 18.636 63.119 63.558 81.572 85.627

SAA1 22.471 28.051 198.088 95.010 436.549 826.001

CCL3L3 20.393 22.316 719.076 60.969 286.026 588.134

IL1A 19.427 13.454 704.277 84.449 337.794 608.874

SAA1 17.388 21.407 116.970 74.028 328.557 481.036

NEURL3 16.679 13.086 54.569 27.284 – –

IL1B 16.679 13.929 1002.926 77.708 1351.176 1144.102

SAA1 16.223 24.251 116.970 86.223 354.588 398.932

IL6 14.026 12.126 202.251 54.569 421.679 471.136

CXCL8 12.295 – 89.884 34.060 138.141 181.019

GPR84 12.042 10.556 88.035 19.562 52.346 –

FST 10.056 – – 25.634 43.111 –

CXCL5 8.456 10.483 97.681 16.450 174.853 138.141

TNFAIP2 7.516 – – 19.293 – –

STEAP4 7.062 – – 23.425 – –

RASSF6 6.409 – – 18.126 45.887 –

PTGS2 6.320 – 272.479 21.857 95.670 396.177

IL1RN 5.242 – 58.081 17.030 – –

EGLN3 – 25.813 110.661 −3.182 – 108.383

TSHZ2 – 7.621 56.493 – – –

IL23A – – 1009.902 29.041 76.639 1418.352

SRGN – – 91.139 – – 56.103

OSM – – 88.035 – – 237.207

F3 – – 48.840 – – 75.061

LIF – – 48.503 – 38.586 –

INHBA – – – – 134.364 240.518

MMP3 – – – – 54.569 247.280

MMP13 – – – – 44.324 83.865

MMP10 – – – – 38.854 168.897

FCRL2 – – – – 36.252 64.000

SMPDL3A – – – – 33.359 53.446

SERPINB2 – – – – 31.341 59.714

The main DEGs in which upregulation occurred in each experiment.

HMGB1 signaling, TREM1 signaling, IL-1 signaling, acute-phase
response, the role of pattern recognition receptors (PRRs) in
the recognition of bacteria and viruses, B-cell receptor signaling,
and the IL-8 signaling pathway. Gene expression related to a
communication between the innate and the adaptive immune
cell was confirmed. At the 2- and 12-h time points of the early
infection stage, the expression of acute-phase response signaling
was high. The 12-h and the 24-h culture model also showed

TABLE 3 | DEGs identified for each model and each time.

Gene symbol Fold changes in

coculture model

Fold changes in

single-culture model

2 h 12 h 24 h 2 h 12 h 24 h

SIRPB1 −4.823 −10.126

HTR1D −2.657 −5.464 −19.293 −27.096

MLLT11 −2.297 −3.506

SORBS2 −2.219 −5.856

TMEM273 −2.189 –

GRIA4 −2.144 −3.605

ADGRD1 −4.724 −6.727

ANKRD66 −4.347 −7.062

MRVI1 −4.141 −9.849 −12.381

WDR31 −4.000 −11.158

FMN2 −3.580 −9.254 −17.388

LGR6 −3.531 −3.294 −8.340

FGFR2 −3.506 −18.507 −12.126

DHRS3 −3.387 −3.227 −9.448

SLC27A6 −3.053 −9.254 −12.817

SERTAD4 −33.359 −7.516 −49.867

ADGRF1 −26.909 −7.516 −170.072

FZD1 −15.562 −15.032

CD180 −13.929 −19.973 −38.055

SMAD6 −12.906 −6.916

SYPL2 −11.876 −13.929

HUNK −11.392 −6.964 −16.679

TRPM2 −10.411 −8.515 −24.761

PADI4 −10.267 −12.729

RAB36 −7.210 −7.413

NIPAL1 −7.013 −10.339

CAVIN1 −3.160 −6.964

TRIM72 −7.210 −40.224

The main DEGs in which downregulation occurred in each experiment.

similar results to the 2-h culture model, but in the case of TNFR2
signaling, a differential regulation of the cytokine production in
macrophage and T-helper cells by IL-17A and an acute-phase
response, the 24-h model showed no high expression. In each
model, the expression of canonical pathways with respect to
time was commonly observed. In a single-culture model, the
expression of genes associated with an acute-phase response
was identified at all-time points. In the coculture model, the
expression of genes was confirmed up to 12 h, but no expression
was observed in the 24-h result. Most of the results showed the
expression of the osteoarthritis pathway and neuroinflammation
signaling pathway among the pathways that are not related to the
cell immune response (Figure 5).

Changes in various DEGs related to dendritic cell maturation
were identified. In FcγR, a difference in the expression was
clearly observed according to the model. In the coculture
model, the expression of FcγR was inhibited at the 2-h time
point, but the expression was increased at 12- and 24-h time
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TABLE 4 | Major canonical pathways related to immune response.

Pathway Coculture model Single cell culture model

2 h 12 h 24 h 2 h 12 h 24 h

p-value z-score p-value z-score p-value z-score p-value z-score p-value z-score p-value z-score

Communication between adaptive

immune cells and innate immune cells

1.10E-15 NaN 4.74E-11 NaN 1.17E-09 NaN 1.98E-11 NaN 3.52E-08 NaN 7.77E-07 NaN

Acute phase responses 5.49E-08 2.714 2.15E-04 3.317 5.77E-06 2.828 2.76E-10 2.683 1.87E-09 2.556 3.69E-04 2.828

Dendritic cell maturation 2.64E-12 3.742 1.61E-03 2.714 1.07E-06 4.564 5.82E-09 4.359 1.59E-07 4.041 1.86E-05 4.333

Toll-like receptor signaling 1.02E-09 1.633 1.56E-06 2.121 3.38E-09 2.668 2.30E-09 2.333 7.04E-08 2.887 1.79E-04 2.887

TREM1 signaling 1.18E-15 3.207 9.47E-08 3.606 3.83E-13 5.112 3.35E-14 3.771 3.42E-09 3.578 8.24E-08 4.315

Role of pattern of recognition receptors of

bacteria and viruses

4.03E-10 2.828 2.48E-11 2.887 1.65E-12 3.838 9.08E-09 2.530 3.81E-12 2.500 8.01E-11 3.000

NF-κB signaling 4.44E-10 2.138 1.37E-05 2.500 4.08E-12 2.480 7.09E-09 1.147 3.83E-12 2.000 2.69E-07 3.429

IL-6 signaling 9.64E-10 3.464 2.68E-04 3.317 1.55E-08 4.352 1.72E-12 4.025 1.62E-12 3.772 1.04E-05 4.596

Role of cytokines in mediating

communication between immune cells

1.41E-08 NaN 1.47E-05 NaN 8.89E-03 NaN 2.99E-06 NaN 2.05E-04 NaN 1.86E-02 NaN

HMGB1 signaling 9.79E-11 3.464 6.58E-07 3.606 6.45E-09 3.528 2.08E-11 3.638 8.80E-14 3.286 3.20E-06 3.528

List of canonical pathways organized according to z-score and p-value. Pathway with z-score value NaN means the pathway that has not been identified in the data contained within

the IPA program but has been significantly expressed through p-value in the results of this study.

FIGURE 2 | Ingenuity pathway analysis of the dendritic cell maturation signaling pathway in the DH82 cell line treated with Brucella canis. (A) Dendritic cell maturation

pathway in a 24 h on coculture model (B) Fc gamma receptor- (FcγR-) associated pathway on dendritic cell maturation pathway, (B) is enlarged from a rectangle of

(A). Genes with upregulation are shown in red, and genes with downregulation are shown in green. Orange indicates predicted activated genes, blue indicates

predicted inhibited genes, and an uncolored node indicates that the genes were not differentially expressed in this pathway. The IPAs were produced using QIAGEN’s

IPA (https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis). The increase in expression over time in this canonical pathway, especially in the

FcγR-associated pathways, was evident in the coculture model.
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FIGURE 3 | Ingenuity pathway analysis of the Toll-like receptor (TLR) signaling pathway in the DH82 cell line treated with B. canis. (A) TLR signaling pathway in 24 h

on coculture model, (B) TRAF6-associated pathway on TLR signaling pathway, (B) is enlarged from a rectangle of (A) genes with upregulation are shown in red, and

genes with downregulation are shown in green. Orange indicates the predicted activated genes, blue indicates the predicted inhibited genes, and an uncolored node

indicates that the genes were not differentially expressed in this pathway. The IPAs were produced using QIAGEN’s IPA (https://www.qiagenbioinformatics.com/

products/ingenuity-pathway-analysis). A distinct change in gene expression was observed in the TRAP6-related pathway, and the coculture model confirmed that the

expression of the related genes was increasing gradually.

points. This finding is observed because the expression of two
DEGs, except for FCGR1A, among FCGR1A, FCGR2B, and
FCGR3A, which are related to FcγR and exhibit expression, is
reduced (fold change value, FCGR1A: 1.240, FCGR2B:−2.099,
and FCGR3A:−1.257). In contrast, in the single cell line culture
model, the expression of FcγR increased at the 2-h result, but it
was difficult to determine the expression pattern at 12- and 24-
h results. This difficulty was due to the increase in FCGR1A at
2 h, but an increase in FCGR1A but a decrease in FCGR2B at
12 h (fold change value at 2 h, FCGR1A: 1.828, fold change values
at 12 h, FCGR1A: 3.411, FCGR2B: −2.888). The 24-h results of
the single cell line culture model were similar to the 12-h results,
but the expression of FCGR1A increased but the expression of
FCGR2B decreased (fold change value at 24 h, FCGR1A: 4.993,
FCGR2B:−4.627).

Among the TREM1 signaling pathways, differences in
pathways related to phagocytosis and apoptosis in the host
were found. The 2-h results in the coculture model did not
confirm the expression of TREM1- and TLR-related genes in
relation to DEGs. However, at 12 h, the expression increased
as the expression of TLR-related DEGs was confirmed. At 24 h,
the expression of the pathway increased significantly, as the
expression of not only TLR-related DEGs but also TREM1
increased. In the single cell culture model, the expression of
TLR-related DEGs in the pathway associated with phagocytosis
and apoptosis decreased by 2 h. However, as TLR-related DEGs
increased at 12 and 24 h, the expression of related pathways also
increased significantly.

In the case of TLR signaling, the differences were observed
depending on the model. In the coculture model, the expression
was reduced in the center of the TRAP6 gene for the 2- and 12-
h results. However, the 24-h results showed an overall increase
in the expression. When looking at the pattern over time, it
was confirmed that the expression of TLR-associated DEGs
gradually increased. The expression of TLR-related DEGs was
not confirmed in the 2-h results, but the expression of TLR-
related DEGs was confirmed in the subsequent results. The fold
change values of TLR 1, 2, 3, 4, 6, 7, and 8 DEGs at 12 h were
1.602, 1.329, 3.531, 1.257, 1.474, 8.877, and 2.585, respectively.
The expression of TLR 1, 2, 4, 5, 6, 7, and 8 DEGs was confirmed
at 24 h, and the fold change values were 5.278, 2.990, 1.580,
2.751, 3.864, 42.224, and 5.426. All expression levels of TLR-
related DEGs, which are commonly expressed, increased over
time. In the single cell line culture model, TLR signaling was
found to have an overall increase. When fold change values
were confirmed at the genetic level, it was confirmed that the
2-h result was downregulated in some TLR-related DEGs (fold
change values, TLR 1: −1.753, TLR 2: −1.301, TLR 4: 1.301,
TLR 6: −2.395, and TLR 8: 1.347). The fold change values
of DEGs increased over the 12-h period. The fold change
value of TLR 2, TLR 7, and TLR 8 was 2.250, 22.785, and
3.272, respectively. The expression of more diverse TLR-related
DEGs was observed to increase at 24 h. The expression of the
TLR 1, 2, 4, 6, 7, and 8 DEGs was increased, and the fold
change value of each was 4.141, 2.732, 1.223, 2.329, 29.651, and
4.563, respectively.
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FIGURE 4 | Ingenuity pathway analysis of the TREM1 signaling pathway in the DH82 cell line treated with B. canis. (A) TREM1 signaling pathway in 24 h on coculture

model, (B) TREM1 and TLR-associated pathway on TREM1 signaling pathway, (B) is enlarged from rectangle of (A) genes with upregulation are shown in red, and

genes with downregulation are shown in green. Orange indicates the predicted activated genes, blue indicates the predicted inhibited genes, and an uncolored node

indicates that the genes were not differentially expressed in this pathway. The IPAs were produced using QIAGEN’s IPA (https://www.qiagenbioinformatics.com/

products/ingenuity-pathway-analysis). Both the models have been identified in this pathway, particularly on the pathways of TREM1 signaling with association to TLR,

increasing over time.

In addition, the expression of the “role of macrophages,
fibroblast, and endothelial cells in rheumatoid arthritis,” “role
of osteoblasts, osteoclasts, and chondrocytes in rheumatoid
arthritis,” and the “neuroinflammation signaling pathway”
associated with arthritis and neurological symptoms
caused by the known Brucella species has been also
observed (24, 30–33).

Validation of RNA-Sequencing Results by
Using Quantitative Real-Time PCR
The RNA-seq results were verified following a qRT-PCR with
samples from the two different experiments. The results of the
five selected genes from the two analytic methods were highly
correlated (Figure 6).

DISCUSSION

In this study, gene expressions were analyzed in the DH82
cell line treated with B. canis in the coculture model and the
single cell line culture model. Most of the various signaling
pathways identified as a result of DEGs were related to the host
immune response. These pathways were commonly identified in
the two models, and the degree of differences in the amount

of expression in the related genes was identified. In particular,
the expression of genes such as CCL4, CCL5, CCL3L3, IL1A,
IL1B, and SAA1 has been found to increase significantly in
both the models in common. Genes such as CCL4, CCL5,
and CCL3L3 are all closely related to the activation of NF-κB,
which is involved in the expression of cytokines related to the
immune response. They are secreted by macrophages and play
an important role in pro-inflammatory cytokines (34, 35). SAA1
is a gene associated with serum amyloid A (SAA), an acute-phase
protein, and is known to play a role in inflammatory reaction
(36). This increase in the gene expression can be predicted to
induce an early immune response from the host. Among the
results, the expression of signaling pathways related to “adaptive
immunity” was clearly observed. In particular, the signaling
pathways related to IL-6, TLR, NF-κB, and TNFR2 signaling,
which are related to dendritic cell maturation, were alsomarkedly
changed. The changes in DEGs related to immune response
mechanisms associated with “cellular immune response” were
also identified. In addition to HMGB1 signaling, these changes
were also associated with the IL-6, NF-κB, IL-1α, IL-1β, and TNF-
α signaling pathways. In addition, the expression of the innate
immunity pathways that recognize and present antigens, such as
pathogens, includes dendritic cell maturation, PRR signaling, and
TLR signaling.
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FIGURE 5 | Comparative analysis of canonical pathway by each model and time period by z-score value. (A) In a 2-h top 30 canonical pathway comparison analysis

of each model, (B) in a 12-h top 30 canonical pathway comparison analysis of each model, (C) in a 24-h top 30 canonical pathway comparison analysis of each

model, (D) comparative analysis of the canonical pathway over time in a coculture model, (E) comparative analysis of the canonical pathway over time in a

single-culture model.

FIGURE 6 | Validation of gene expression by RNA-sequencing (RNA-seq) and quantitative real-time PCR. The relative expression was compared to that observed in

the controls to determine the fold change in the expression for each gene. This indicates the two independent experiments.
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In the aforementioned pathways, the expression of pathways,
such as “communication between the innate and the adaptive
immune cell,” has been confirmed based on the same pathway,
which suggests that the host immune mechanism is closely
related to the innate immunity and the activity of the adaptive
immunity following pathogen invasion. It can be observed that
signaling related to acute-phase response is clearly expressed at
2 and 12 h in both the models by a comparison analysis. This
finding suggests that B. canis usually develops chronically, but
when the infection actually occurs, the host immune response
is clear. The role of PRRs in the recognition of bacteria
was also confirmed through the activity of TLR signaling in
the cell membrane and NF-κB signaling, which induces pro-
inflammatory cytokines.

In addition, this effect is known to be closely related to TREM1
signaling. TREM1 signaling is associated with pro-inflammatory
cytokine activation. TREM1 activation triggers signals such as
JAK2 and STAT3 and affects signals, such as NF-κB. TREM1
signaling is closely related to TLR signaling, and the synergy
of the two produces neutrophil degranulation, phagocytosis,
and the respiratory burst but also produces pro-inflammatory
cytokines (37–39).

Dendritic cells are among the most efficient antigen-
presenting cells (APCs) of the immune response system.
Immature dendritic cells are responsible for capturing and
processing antigens and for presenting major histocompatibility
complex (MHC)-specific antigens in secondary lymphoid organs.
After antigen capture, dendritic cells mature, antigen capture
capacity is downregulated, and costimulatory molecules and
MHC class I and II molecules are upregulated to enhance the
antigen presentation. Matured dendritic cells have the ability
to produce the cytokines that can enhance the innate and
the adaptive immune response and have the ability to cross
exogenous antigens to cytotoxic lymphocytes (40). Inmost APCs,
peptides derived from exogenous antigens introduced from the
extracellular environment are preferentially present in CD4+ T
cells in MHC class II molecules. However, the antigens that are
internalized in dendritic cells are also present in CD8+ T cells
through a cross-presentation (41). The interaction between the
peptide-loaded MHC class I molecules and the T-cell receptor
alone is not sufficient to initiate the T-cell response. Therefore,
an induction of CD8+ T-cell responses in vivo by antigens
internalized by dendritic cells is achieved. Additional signaling
of costimulatory molecules and cytokines is also essential for
the development of effective T-cell responses. The pathogen
is detected through a pattern of recognition receptors such as
TLRs, present on dendritic cells, and activated TLRs trigger the
mitogen-activated protein kinase (MAPK) pathway to induce
the activation of transcription factors such as NF-κB (42, 43).
This effect increases the expression of costimulatory molecules,
including CD40 and CD80, and promotes the release of various
inflammatory cytokines and chemokines (44). The FcγR of
dendritic cell maturation pathway is closely related to the
phagocytosis of microbes and is associated with a combination
of the IgG molecule.

In many situations, dendritic cells are simultaneously
stimulated by antigens and danger signals. This stimulation

occurs, the release of the TLR ligand occurs and the innate sensor
is associated with the endosomes and phagocytosis. In fact, the
expression of various TLR DEGs was increased in the dendritic
cell maturation signaling pathway identified in this study, and
the expression of CD40 and MAPK pathways was increased.
Changes in various DEGs related to dendritic cell maturation
were identified. The expression of DEGs for related cytokines,
such as IL-1, IL-6, IL-10, and IL-12, was found to be increasing
in all the results, which induced dendritic cell maturation. FcγR
is commonly known to be associated with the activation of
dendritic cells, and this study has identified the expression of
MHC I, II, and CD40 with the actual expression of FcγR (45).
This result may be evident that dendritic cell maturation plays
an important role in early B. canis infection and induces the host
immune response. However, previous reports on Brucella abortus
or B. melitensis suggested the suppression of host dendritic cell
maturation signaling by the stimulation of Brucella spp. (46, 47).
Those disagree with our results showing the activation of the
dendritic cell maturation signaling. The disagreement might be
due to a difference in structural components of the bacterium,
which is used in each experiment. Opposite direction of the
expression of the signaling could be related to the different
chemical inducers of cell components because they used a smooth
form of Brucella spp. (46, 47). However, the reality of the
difference should be revealed in future studies.

TREM1, a triggering receptor expressed on myeloid cell 1, is
an activation receptor expressed on myeloid cells included in the
Ig superfamily (48). TREM1 plays an important regulatory role
in the innate immune response, and early research has focused
primarily on the role of TREM1 in lipopolysaccharide-induced
sepsis (49). This gene is known to be induced at high levels
in neutrophils, monocytes, and macrophages, which intensify
the secretion of pro-inflammatory cytokines and chemokines
in response to bacterial infections, further amplifying the
TLR initiation response to microorganisms (49, 50). The
effects of TREM1 signal transduction on microbial control are
controversial. Infections with Leishmania major or influenza
virus did not affect removal but were known to have been effective
in Klebsiella pneumonia and Pseudomonas aeruginosa clearance
(51, 52). Especially in the case of infection with P. aeruginosa,
TREM1 contributed to this through mechanisms involved in the
migration of neutrophils for the removal of pathogens (53). In
addition, animal experiments confirmed that the mortality of
Gram-positive or Gram-negative bacteria-infected TREM-1/3-
deficient mice was significantly increased compared to wild-
type mice (53, 54). In the TREM1 signaling pathway, DAP12
plays an important role. DAP12 is responsible for inducing
intracellular signaling within the TREM1 signaling pathway,
leading to the production of chemokines and cytokines through
the phosphorylation of DAP12 (55). In this study, the expression
of TLR as well as DAP12 was confirmed with the expression of
TREM1, and the associated genes were also identified, resulting in
the activation of TREM1 signaling pathway. This finding shows
that TREM1 signaling plays an important role in the innate
immune response. However, to date, the study of TREM1 has
not thoroughly elucidated whether this protein participates in
and regulates innate immune responses against other pathogenic
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microbial groups. In this study, the expression of TREM1
signaling exhibited high z-scores in all the models, and it was
confirmed that the expression showed an overall increase with
respect to time. The results of this study confirmed that the
dendritic cell maturation and TLR signaling pathways were
activated and TREM1 signaling was also activated. This finding
may be the reason why there is a close association between the
activation of TLR and TREM1 signaling. The expression of the
IL-6 and IL-8 signaling pathways occurred, which may be closely
related to the activation of TREM1 signaling.

The TLR family is a part of the widely studied PRR class.
TLRs have been identified in 10 humans and 12 murines,
which play a role in recognizing intracellular and extracellular
pathogen-associated molecular patterns (PAMPs). TLRs 1, 2, 4,
5, 6, and 11 are expressed in cell membranes, and TLRs 3,
7, 8, and 9 are present in endosomes in cells (43, 56). These
receptors are found in a broad range of cell types, such as
dendritic cells, macrophages, NK cells, B cells, and T cells. TLR2
usually recognizes a wide range of microbial molecules, such
as peptidoglycans, lipoproteins, and yeast polysaccharides (57).
TLR4 recognizes LPS and several viral envelope proteins, and
TLR5 plays a role in recognizing flagella, the pathogenic factor
of motility bacteria (58, 59). TLR3, -7, -8, and -9 recognize
nucleic acids produced in viruses and bacteria, and all TLRs
achieve the recognition of endogenous ligands according to
inflammatory and autoimmune diseases (43). The role of TLRs
in Brucella infection has been studied in mouse models using
B. abortus, B. melitensis, Brucella ovis, and Brucella microti,
and is known to play a key role in immune function (60–63).
TLR signaling is closely related to dendritic cell maturation and
TREM1 signaling pathways.

The pathways characterized by a manifestation in major
canonical pathways are mostly associated with pro-inflammatory
cytokines, which are known to be associated with the early
immune response of a host. These results show that the infection
of B. canis induces the early immune response from a host and is
linked to phagocytosis.

As dendritic cell maturation is performed, the TLR signaling
expression is increased to play an antigen-presenting role. In this
study, the expression of TLR signaling gradually increased as
dendritic cell maturation increased in both models. In particular,
TLR7 was found to change the fold change value up to 40 times,
unlike other TLR-related DEGs. Recent studies on TLR3 and
TLR7 have shown that they are involved in the detection of
Brucella RNA by the host. The production of cytokines, such as
IL-6, IL-12, and TNF-α, induced by B. abortus RNA is known
to be TLR-dependent and occurs through the signaling of MAPK
andNK-κB signaling (64). Furthermore, a previous study showed
the increase in TLR2 and TNF-α as the host immune responses to
the infection of B. abortus through the host immune response to
pathogen infection (65). When infected with the other Brucella
spp. infections, TLR2, 4, 5, and 9 were mainly expressed, and
these were the main concerns (60, 61). TLR7 expression was
significantly increased in our study with B. canis. Usually, TRAF6
is identified primarily in the signaling pathway via CD40, but
it has been confirmed that the TLR stimulates the activation
of the TRAF6 pathway, and in this study, the activation of

the TRAF6 pathway also confirms the activation of IKK and
NF-κB (66). The increase in the expression of TLR7 led to an
increase in the expression of TRAF6, which in turn induced
the expression of NF-κB. This translates the expression of pro-
inflammatory cytokines. Our results suggested the importance
of the role of TLR7 in the early stage of infection of B. canis.
However, the role of TLR7 in the infection of Brucella spp. seem
to be not completely recognized, yet even though the results
of this study suggest that TLR7 plays an important role in the
infection of B. canis.

As is well-known, B. canis infection is likely to be closely
associated with TLR as the other Brucella species. In addition,
the expression of pathways, such as dendritic cell maturation,
acute-phase response signaling, and TREM1 signaling, associated
with early immunity suggests that B. canis has been active in
the host since early infection. Through these pathways, the
expression of pro-inflammatory cytokines, such as TNF-α, IL-1,
and IL-6 signaling, was confirmed. In this study, high expression
patterns of the pathways that interact with innate immunity,
such as dendritic cell maturation, TREM1, and TLR signaling,
were identified. Dendritic cell maturation and TLR signaling
provide an immune response to pathogen invasion into the
host, as well as continuous antigen recognition, while dendritic
cell maturation and TREM signaling complement each other
to induce a more effective immune response. These effects are
well-known to recognize pathogens in the host and play a very
important role in the initial immune response.

Based on the RNA-seq analysis, the host immune response
to the infection of B. canis was analyzed at the transcriptomic
level. No significant differences were identified in the pathways
expressed between the two models, but the differences were
identified in the degree of genes expressed in the pathways. These
results suggest that, although Brucella infections generally occur
chronically, they respond to active host immune activity in the
early stage of infection. This effect may be an important indicator
of B. canis infection. Dendritic cell maturation and TREM1
signaling are all closely related to the TLR signaling, all of which
are closely related to the host early immune response. In addition,
dendritic cell maturation confirmed that the communication
between the innate and the adaptive immunity to the infection
is not only the innate immunity of the host immune response
but also the promotion of the adaptive immunity and the
achievement of the immune response.

By using the coculture model, a model similar to the in vivo
environment through the interaction between the epithelial cells
and the macrophage was established. Gene expressions at the
transcriptomic level were similarly identified in the two models,
but a difference was found in the amount of expression. Despite
the same proportion of pathogens, this difference in expression
level has been identified, possibly where a preemptive defense
function may have been activated as the pathogen undergo an
epithelial cell. It is thought to be the host defense system that
minimizes the infection damage through the primary protection
against the pathogen infection in epithelial cells. However,
further research on the role of epithelial cells in the infection
should be considered to reveal the underlining mechanism of
these models.
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The results of this study have been analyzed at the genetic
level of the host immune response, free from the investigation of
the host simple immune response, isolation, and epidemiology.
High expression of pathways, such as dendritic cell maturation,
TREM1 signaling, and TLR signaling, provided more specific
evidence of the host early immune response to B. canis infection,
and the changes in the gene expression contained in these
pathways may be useful references for the early diagnosis of
B. canis.
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Rural poultry constitutes 56% of the total poultry population in Pakistan; however,

epidemiological information about avian influenza viruses (AIVs) in backyard poultry flocks

is lacking. A cross-sectional survey of villages of Lahore district was conducted from July

2009 to August 2009 using two-stage cluster sampling and probability proportional to

size (PPS) sampling to estimate seroprevalence and its associated risk factors. A random

selection of 35 clusters from 308 villages of Lahore were considered, and from each

cluster, six chickens aged >2 months were selected. A total of 210 serum samples were

collected and examined by the hemagglutination inhibition (HI) test for specific antibodies

against AIV subtypes H5, H7, and H9. Overall weighted seroprevalence for AIVs was

65.2% (95% CI: 55.6–74.8%), and for subtype H5, H7 & H9 was 6.9% (95% CI: 10.8–

23.0%), 0% (95% CI: 0–1.7%), and 62.0% (95% CI: 52.2–71.8%) respectively. However,

none of the samples were positive for H7. The average flock size was 17.3 birds, and

the main purpose of keeping poultry was for eggs/meat (70.6%, 95% CI: 59.7–81.4).

A majority of them were reared in a semi-caged system (83%, 95% CI: 74.5–91.3).

Backyard birds were received from different sources, that is, purchased from the market

or received as a gift from friends or any NGO, and were 5.7 times more likely to become

avian influenza (AI) seropositive than those that were not exposed to these sources (CI

95%: 2.0–716.0). Backyard birds which were received from different sources, that is,

purchased from the market or received from friends or any NGO, were 5.7 times more

likely to become AI seropositive compared to those that were not (CI 95%: 2.5–18.7).

To reduce the risk of AIV in Pakistan, continuous surveillance of backyard poultry would

be needed.
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INTRODUCTION

With the introduction of intensive poultry production, new
breeds, improved biosecurity, and preventive health measures,
poultry production has undergone drastic changes globally.
In developing countries, however, the adoption of intensive
production has been more restricted due to the cost of
infrastructure to maintain biosecurity for birds, the cost of
rearing quality hybrid chicks, and the cost of providing balanced
feed and quality veterinary care (1). In these countries, most
poultry is categorized as “family poultry,” small-scale poultry
kept by households using family labor and locally available feed
resources when available. Poultry may run freely within the
household/compound and scavenge much of their food while
getting supplementary food from the householder. Flock size
rarely exceeds 100 birds of unimproved or improved breeds.
Labor is unsalaried and drawn from the family household
(2). In developing countries, poultry keeping makes a major
contribution toward the provision of both income and livelihood
for many rural households (3). Backyard poultry is rarely the
sole means of livelihood for the family; it is a complementary
farming activity that contributes to the overall wellbeing of the
household. Poultry keeping is a major income-generating activity
and provides a valuable source of protein in the diet. Poultry also
play an important sociocultural role in many societies. Women
have an important role in the development of family poultry
production (4), and almost all rural and peri-urban families keep
a small flock of 5–20 adult chickens, mostly managed by women
and children. Profits are normally low, and products are used
for home consumption, given as gifts, or offered for religious
purposes (1, 3, 5).

The majority of backyard poultry owners may be ignorant

of basic biosecurity measures and the potential risk posed
by zoonotic diseases to humans. Sick birds may be handled,
sold, slaughtered, and consumed without consideration that the
infection in cooked chicken could be potentially harmful to
humans (3). Avian influenza virus (AIV) appears to affect all
sectors of the poultry population in most Asian countries, but
its presence in free-range commercial ducks, village poultry,
live bird markets, and fighting cockerels seems to be especially
significant in the spread of the virus (6, 7).

In Pakistan, every rural family and every fifth family in urban
areas are associated with poultry production activities in some
manner (8). The average flock size for backyard poultry is 22
birds. Investment in the poultry sector in Pakistan is estimated
at 1 billion US$, but the industry faces various management
problems such as infectious diseases (AIV). Rural poultry
contributes 56% of the total egg production and 25% of the
poultry meat. There is a strong preference for eggs andmeat from
rural poultry, and their market prices are high compared with
the commercially produced eggs and meat (9). Although rural
poultry constitutes up to 56% of the total egg production and 25%
of the poultry meat and there are reports of various outbreaks
of AIV subtypes H5, H7, and H9 in commercial poultry from
the different parts of the country, the detailed epidemiology of
the diseases in backyard poultry is largely unknown (10, 11).
The main objective of the current study was to provide accurate

estimates of the seroprevalence of AIVs, specifically subtypes H5,
H7, and H9, which have been reported in commercial poultry,
to identify high risk areas or villages for future surveillance and
progressive control of AIV in Pakistan and to characterize the
backyard production system in Pakistan.

MATERIALS AND METHODS

Study Design
A cross-sectional survey of backyard poultry in 35 clusters (30
villages) in different union councils (UCs) of Lahore district was
conducted from July 2009 to August 2009. The total number of
villages/rural settlements is 308 in 150 UCs of Lahore district
(12). The target population included all chickens kept as backyard
poultry in the villages/rural settlements of the Lahore district of
Pakistan. The study population included healthy chickens of >2
months of age that were reared in backyards of village households
of Lahore district for egg or meat production, and the outcome of
interest was whether any chicken was diagnosed as either positive
or negative for AIV (H5, H7, and H9) by the hemagglutination
inhibition (HI) assay. A complete list of enumerating units (the
total number of birds in households) in different villages of
Lahore was unfortunately not available. Only a list of villages with
an estimated total population of backyard birds was available.
This information was gathered by the Department of Livestock
and Dairy Development, Punjab, for a livestock census survey of
Lahore district, in 2000 (12). The census data were used as the
basic data frame to draw samples for the current study, and two-
stage cluster sampling with probability proportional to size (PPS)
with replacement (WR) was selected since no sampling frame of
enumerating units was available (13). Villages were included as
clusters or a primary sampling unit (PSU) at the first stage, and
chickens of >2 months of age were taken as elementary units at
the second stage of the two-stage cluster sampling method.

Sample Size
The sample size was calculated using the C-Survey software,
version 2.0 (14). To determine the sample size, the estimated
proportion with an attribute was conservatively kept as 50% (13).
The precision of the prevalence estimate was set at ±10% at the
95% level of confidence, and the value of design effect (DE) was
2 based on the estimates reported by Bennett et al. (13) and Otte
and Gumm (15). Thus, the total number of clusters required for
this survey was 35. The elementary units required per cluster
were fixed, i.e., six birds per cluster were selected systematically
without replacement. The total sample size for the proposed
study, therefore, was 210 backyard birds from 35 clusters (30
villages). Four villages (Chung, Dhullam Kurd, Dhullam Jullian,
and Kungh Sharif) of Lahore district were sampled more than
once, and each selection from each village was considered as the
PSU, as the sampling method was WR (Supplementary Table 1).
All birds in a village were treated as a single flock since they were
kept under similar conditions. Blood samples were collected from
the captured birds that were systematically selected. The central
point of the village (e.g., mosque) was selected as a starting point,
and survey sampling was started on a random side by using the
“Spin the Pen” method (16). While moving through the village,
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every fifth healthy bird observed was selected, and permission
was requested from the owner to collect blood from the brachial
vein (17) until the desired number of samples was obtained.

Laboratory Analysis
Blood, collected from the brachial vein of the selected birds,
was immediately transferred to serum separator tubes, and
serum samples were allowed to clot by slightly inclining the
tubes at room temperature (22–25◦C) before refrigeration.
The separated sera were transferred to labeled screw-capped
cryotubes and stored at −20◦C. Serum samples were thawed
once and examined within 1 month post-collection by the HI
test for specific antibodies to AIV subtypes H9, H5, and H7
according to the OIE Diagnostic Manual (18). The circulation
of these subtypes of AIV has been reported from Pakistan
previously; therefore, the samples were only screened for these
subtypes (10, 11). The HI test was performed using four
hemagglutinin units of virus antigen (4HAU) and 1% chicken
erythrocytes diluted in phosphate buffer saline (PBS). Serial 2-
fold serum dilutions in PBS were mixed with 25 µl of the
virus (4HAU), and then, 25 µl of washed chicken red blood
cells were added and mixed well. After that, the plates were
incubated for 30min at room temperature (20–25◦C). The HI
titer was calculated as the reciprocal of the highest dilution
of serum that inhibited the hemagglutination of the chicken
erythrocytes. Samples with titers ≥1:16 were considered as
positive. Reference antigens [A/turkey/wisconsin/68 (H5N9);
A/Chicken/Italy/1067/99 (H7N1); H9N2 (Middle East origin),
Merial Italia S.p.A., Noventa, Italy] and antibodies (VLDIA042
HAR-INFH5, VLDIA043HAR-INFH7, VLDIA150HAR-INFH9,
GD, Animal health service, Deventer, The Netherlands) for
H5, H7, and H9 were used to test the serum samples. All
hypodermics and biological waste were disposed of properly. The
work was done at the Grand Parent Poultry Laboratory, Lahore,
Pakistan and the University of Veterinary and Animal Sciences,
Lahore, Pakistan.

Data Collection
A questionnaire was designed based on an extensive review
of the previous literature and biological plausibility of the
risks (19–27) and was pretested in five villages with 10
respondents in the same area in which the sampling was
to be undertaken. The questionnaire included 34 closed and
semi-closed questions. Information on flock size and type,
the purpose of keeping backyard birds, qualifications and
profession of the owner, other animals maintained with the
backyard birds, and management practice (questionnaire in
Supplementary Material) was collected from the owner of each
selected bird in a face-to-face interview after receiving their
consent. All owners permitted to collect blood samples from their
birds and answered all questions in the questionnaire. Permission
to conduct the survey was obtained from the Livestock and Dairy
Development Department of Punjab, Pakistan.

Statistical Analysis
Locations of the villages and households owning the selected
birds were recorded with a hand-held global positioning system

(GPS; Garmin, Olathe, KS, USA). The data collected during the
survey from questionnaires were stored in EpiData Entry version
3.1 (28) and were validated by rechecking the computerized data
and by matching it to the hard copy. The stored data were
exported in dBase and the Excel format for further processing
and analysis in ArcGIS 10 (Geographical Information System,
ESRI System, Redlands, CA, USA), and a statistical analysis was
undertaken in the R-statistical computing environment version
2.14.0 (29).

The weighted proportion estimates with 95%CIs of the overall
seroprevalence were computed by the svy function using the
survey package in R (30). Point estimates of the weighted means,
percentages for each characteristic of interest, and 95% CIs
were also calculated (30). Within each village, prevalence point
estimates were computed by the epi.conf function in the epiR
package using an exact method for CI calculation.

About 34 potential risk factors were analyzed for association
with an outcome by measuring the odds ratio (OR) (31). The
survey-weighted logistic regression model was used to fit into
the univariable and multivariable models, and seroprevalence
ORs with 95% CI for each explanatory variable were calculated
using the survey package in the R software (30). All independent
variables associated with the seroprevalence of AIV were initially
screened with the chi-square test in univariable analysis, and all
variables with p< 0.25 were included in the multivariable logistic
regression model by using a forward stepwise variable selection
strategy (31, 32). For building the final model, variables with p ≤
0.05 based on the Wald statistic (or the log-likelihood ratio test
for categorical variables with 3 or more levels) were retained in
the model. Collinearity among the selected variables was tested
using the Spearman’s rank correlation (33). If there was a strong
positive correlation (ρ > 0.5) between the variables, the more
clinically important and biologically plausible variable from pairs
of correlated variables was chosen for the multivariable model.

Spatial Data and Analysis
A paper map of the rural settlements of Pakistan (scale
1:5,000,000) was digitally scanned from the Atlas of Survey of
Pakistan published in 2002 by the Survey of Pakistan Office,
Rawalpindi (34), and a map showing town boundaries and UC
boundaries of Lahore district was downloaded from the website
of the City District (http://www.lahore.gov.pk/city-government/
lahore-map.aspx). These maps were georeferenced using ArcGIS
10. Point (dot or location) maps and graduated pie maps of the
spatial distribution of villages and premises of backyard poultry
birds in different UCs of Lahore district were generated (35, 36).

RESULTS

A total of 144 sera were positive for AIVs (H5, H9, or both)
using the HI test from 210 samples and, among these, 134
serum samples were positive for subtype H9, 38 were positive for
subtype H5A, and 27 samples had antibodies to both subtypes
(Figure 1). The distribution of HI titer against subtypes H9 and
H5 are presented in Table 1. There were no positive samples for
the H7 subtype.
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FIGURE 1 | Spatial distribution and village (cluster) level seroprevalence of H9 and H5 in backyard poultry in Lahore district.

The spatial distribution of positive samples indicated that all
30 villages were seropositive for H9 antibodies while 21 villages
were seropositive for H5. Coinfection with H9 and H5 occurred
in 18 villages (Figure 1). The overall seroprevalence of AIVs,
subtypes H5, H7, and H9, was 65.2% (95% CI: 55.6–74.8%);
16.9% (95% CI: 10.8–23.0%), 0% (95% CI: 0–1.7%), and 62.0%
(95% CI: 52.2–71.8%), respectively, calculated by a two-stage
cluster analysis with PPS (Table 2). The highest seroprevalence
of H5 was in Manowal, Maraka, Hanjarwal, and Tibba Kaccha
(50.0%, 95% CI: 11.8–83.2) and the lowest was 0% (95% CI: 0–
26.5) in Kungh Sharif, and 0% (95% CI: 0–45.9) in Aminpura,
Wara Gujjran, Karlwar, Sham ki Bhattian, Mangaotar, Janjate,
Lidher, and Nathokey. The highest seroprevalence for H9 was
observed in the Maraka village (100%, 95% CI: 54.1–100), while
the lowest seroprevalence for H9 was in Kamahan (16.7%, 95%
CI: 0.42–64.1).

The average flock size was 17.3 birds (range 1–922 birds), and
the main purpose of keeping poultry was for eggs/meat (70.6%,
95% CI: 59.7–81.4). The average number of chickens reared as
layers was 3.4 (range 0–50). The most common breed of poultry
in the backyard was indigenous Desi (94.0%, 95% CI: 89.2–
99.0), followed by a mixture of different breeds (6%, 95% CI:

1.0–10.8). The majority of the birds (83%) were reared in a semi-
caged system (95% CI: 74.5–91.3), while 17% of them were kept
completely outdoors (95% CI: 8.7–25.5). Most farmers fed their
flock with leftover food from home (74.8%, 95% CI: 58.4–91.2),
while 25.2% of backyard poultry were fed on leftover food and
also scavenged outside the house (95% CI: 8.8–41.6).

The most common source of water intake for birds was both
tap water at home and street channel drainage water (60.6%,
95% CI: 41.4–79.8). Some farmers (20.0%, 95% CI: 8.2–31.9)
provided only tap water to poultry, while 19.4% of backyard birds
used street channels as the main source of water intake (95%
CI: 3.3–35.4).

Out of 34 potential risk factors, six variables (the profession
of farmers, buying adult birds, the source of birds, selling birds
or eggs, disposal of dead birds by the farmer, disinfection of
backyard) were excluded from analysis due to insufficient (zero
cell value) values in a 2× 2 table. A total of nine variables showed
an association (p < 0.25) with the seroprevalence of AIVs in
backyard poultry in univariable logistic analysis using the chi-
square test. However, two variables (the presence of wild birds
in the vicinity and pet animals visiting neighboring commercial
farms) were excluded due to collinearity (ρ > 0.5), and seven
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TABLE 1 | Distribution of antibody titers against avian influenza virus (AIV)

subtypes H5 and H9 in the hemagglutination inhibition (HI) test.

HI dilution No (%) [95% CI]

Subtype H5 Subtype H9

≤1:8 172 (81.90) 76 (36.19)

1:16 26 (12.38) 10 (4.76)

1:32 8 (3.80) 23 (10.95)

1:64 3 (1.42) 28 (13.33)

1:128 1 (0.47) 23 (10.95)

1:256 0 (0) 15 (7.14)

1:512 0 (0) 21 (10)

1:1,024 0 (0) 9 (4.28)

1:2,048 0 (0) 5 (2.38)

≥1:16 38 [16.9% (10.8–23.0)] 134 [62.0% (52.2–71.8)]

TABLE 2 | Overall seroprevalence of H5 and H9 estimated from 210 backyard

birds in villages of Lahore district (in %).

AIV subtype Seroprevalence (n = 210) Design effect (DE)

Point estimate 95% CI

AIVs 65.20 55.6–74.8 2.22

H5 16.9 10.8–23.0 1.27

H9 62.0 52.2–71.8 2.08

variables, which were biologically more plausible, were retained
in the analysis (Table 3). The final weighted logistic regression
model identified two variables out of the initial seven as potential
risk factors for AIV in these backyard birds (Table 4). The source
of birds (hatched at home vs. other sources) was identified as a
risk factor (OR: 5.7; CI 95%: 2.0–16.0, p= 0.019). Backyard birds
kept in close vicinity of live poultry retail shops were 6.9 times
more likely to be AIV seropositive compared to those that were
not (CI 95%: 2.5–18.7, p= 0.003).

DISCUSSION

Backyard poultry infected with AIV can pose a risk for
the introduction of AI into commercial poultry (19). In the
current study, we estimated the seroprevalence of AIVs in
backyard poultry flocks of Lahore district. The overall weighted
seroprevalence of AIVs was 65.2% (95% CI: 55.6–74.8%).
The present study estimate is higher than an estimate from
Bangladesh (23% of flocks and 20% of chickens). This difference
in the estimate may be due to a sampling strategy or low
circulation of AIVs in Bangladesh (20).

All villages sampled were seropositive for H9, and the
overall weighted seroprevalence of H9 was 62% (95% CI:
52.2–71.8%). Various studies from neighboring countries have
reported slightly higher estimates of seroprevalence (73 and
81.6% in Iran) in backyard poultry, which suggests endemicity
of H9N2 viruses in the region (37, 38). In the current study, the
seroprevalence of H5 was 16.9% (95% CI: 10.8–23.0%), which is

close to the seroprevalence estimates reported from Bangladesh
(9.82%) and Vietnam (17.5%) (26, 39). Backyard birds had not
been vaccinated against AI, and the antibody titers represented
previous exposure to naturally circulating virus and confirmed
that low pathogenic AIVs, H9 andH5, are circulating in backyard
poultry in villages of Lahore, Pakistan. The variation in the
estimates of seroprevalence of H9, H5, and H7 in our survey
could be attributed to the pathogenicity of these subtypes. H5
and H7 have high mortality (40) and chicken infected with
these subtypes usually die; hence, the number of seropositive
birds was low. On the contrary, H9 is a low pathogenic
subtype with endemic status in Pakistan (41), enabling repeated
reinfections of the same birds and increasing seroprevalence
(42). Furthermore, due to extensive biosecurity measures and the
presence of inactivated vaccines in commercial poultry (11, 43),
subtypes H5 and H7 have not been reported in commercial
poultry in Pakistan since their last outbreak in 2008 (44), which
might be attributed to their low or negligible seroprevalence in
our survey.

Our results showed that the coinfection of H5 and H9 was
present in 18 villages. A total of 27 samples from the backyard
birds had antibodies to both the subtypes. The co-circulation of
H9N2 and HPAI H5N1 viruses, along with their ability to mutate
through antigenic shift and drift, may produce novel viruses with
pandemic potential (45). Inter-subtype reassortment between the
co-circulating H9N2 virus and the highly pathogenic H5N1 virus
has been detected in China (46), Pakistan (47), Bangladesh (48),
and Cambodia (49).

Most surveys were conducted to estimate the seroprevalence
of AI in Pakistan and have not been incorporated due to lack of
adequate study design to avoid bias. In the present study, PPS
sampling was used to ensure that unbiased prevalence estimates
were obtained. Recently, Henning et al. (26) also reported
that bird-level prevalence using a multi-stage sampling design
accounts for clustering and sampling fractions.

Characteristics of the backyard poultry production system
vary with the socioeconomic and cultural heritages of the
developing countries, but most are essentially similar. The major
purpose of rearing birds was to get eggs and meat for personal
use (70.6%). It has been observed globally that in more than
90% of the cases, backyard birds are kept for egg production
for household consumption (25, 27). However, in Bangladesh,
farmers reported the purpose of keeping birds as a cash source
and as a protein source (50). Contrary to this data, the data from
other countries with high income showed that the farmer ranked
hobby/fun as the highest reason for keeping backyard birds (22).

In Pakistan, the most common breed is indigenous Desi.
Farooq et al. (51) reported that the indigenous Desi birds
dominated the flocks (10.2 birds) followed by Fayoumi (6.76) in
Pakistan. This study also showed that the common breed in the
backyard was indigenous Desi (94%). Farmers prefer to keep the
indigenous Desi breed due to its greater capacity to survive and
adapt to scavenging management systems (51). The average size
of flock reported in the current study (17.3 birds/flock) is very
close to estimates of the livestock census. Various studies from
Pakistan have reported a varying size of flock ranging from 22 to
26 birds (51, 52), while other studies from Thailand, Bangladesh,
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TABLE 3 | Results of univariable analysis with potential risk factors associated with the seroprevalence of AIVs in backyard poultry of villages of Lahore district.

Potential risk factors Response level AIVs result Odds ratio (OR) 95% confidence interval for OR P-value

Negative Positive

Source of birds Hatched at home 18 16 1.16 0.86–1.56 0.02

Other/gift etc. 48 128

Access to veterinary hospital No 58 139 0.36 0.17–0.77 0.013

Yes 8 5

Decreased production in birds (eggs & weight) No 39 61 2.31 1.17–4.57 0.022

Yes 27 83

Sharing feed with wild birds No 9 6 3.96 1.25–12.62 0.027

Yes 57 138

Poultry farm workers visiting village No 34 96 0.49 0.24–0.99 0.057

Yes 32 48

Farm vehicle visiting farm No 28 88 0.44 0.22–0.86 0.024

Yes 38 56

Proximity of backyard to live bird retail shops No 60 112 3.53 1.10–11.32 0.043

Yes 6 32

TABLE 4 | Results of final model with potential risk factors associated with the

seroprevalence of AIVs in backyard poultry of villages of Lahore district.

Potential risk

factors

Response level Odds ratio (OR) 95% confidence

interval for OR

Source of birds Hatched at home 5.7 2.0–16.0

Others/gift etc.

Proximity of backyard

to live bird retail shops

No 6.9 2.5–18.7

Yes

and Chile reported a flock size ranging from 10 to 37 birds
(25, 50, 53).

In this study, the majority of farmers reared their backyard
birds in a semi-caged system (83%, 95% CI: 74.5–91.3). Other
studies also observed that the majority of farmers prefer to rear
birds in semi-caged facilities (25, 27, 51). Outdoor backyard
flocks may be more at risk for the introduction of AI strains of
either high or low pathogenicity (54). Nooruddin et al. (39) also
reported that chickens reared under a semi-scavenging system
in Bangladesh were allowed to scavenge with ducks in the yard
and in the crop fields near to water reservoirs where domestic
ducks, wild ducks, and migratory birds were also present. This
may contribute to the natural infection of the native chickens.
Terregino et al. (55) indicated the backyard poultry farming
system as being high risk for AI introduction, primarily due
to many free-range holdings. The availability of food attracts
wild birds and results in intermingling and in the deposition
of droppings.

The results of a logistic regression analysis confirmed that the
main risk factors for the infection of backyard flocks with AI were
the “source of bird,” i.e., hatched at home vs. other sources and
birds that were kept in a backyard vs. close to a live poultry retail
shop. Usually, farmers keep birds that are hatched at home; very
few purchase birds from local markets or receive them as a gift

from friends, and sometimes private NGOs provide free birds to
women in villages. Birds purchased from local live bird markets
have been previously identified as a risk to backyard poultry for
infection with AIVs (56).

Our study showed that backyard poultry birds are usually
raised in a unit with a semi-caged system, i.e., they roam around
the village area and have access to live bird retail stalls in their
vicinity, which may increase the risk of infection in backyard
poultry. Contact of backyard birds with live bird markets and
wild birds has been identified as a potential risk factor of AIV
in backyard poultry (19, 27, 57). Live bird retail stalls pose a
continuous threat due to themixing of birds from various sources
and poor sanitary conditions in stalls (58). Awareness of the
owners to reduce the free-range rearing of poultry can limit the
spread of AIV among backyard poultry. Current findings can be
generalized to similar poultry rearing systems in other low- and
middle-income countries.

The main limitation is that our study was a cross-sectional
survey which only estimates a parameter at a certain point in
time. The second limitation was that a more precise sample
design (simple random sample) could not be defined due to
the lack of a sampling frame. Another limitation of this survey
was that only the serological status of the birds was tested; this
can only detect antibodies against any previous exposure of the
bird to the virus and does not detect live virus. A more detailed
longitudinal study for the detection of live virus would better
monitor the subtype of live virus circulating in the backyard
birds. Neuraminidase subtyping of samples was not done due to
financial constraints.

In conclusion, the result of the current study confirmed
the presence of antibodies to H9 and H5 in villages, which
demonstrate the exposure of chickens to circulating AIV viruses.
Based on these results, regular surveillance in villages or peri-
urban areas is recommended. To reduce the risk of the spread
of AIV in Pakistan, continuous surveillance of backyard poultry
would be needed because these birds are at a higher risk of
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contracting infection due to the free-range system. The presence
of AIV in these birds also poses a threat to human health because
these birds are in frequent contact with farmers/handlers and
interspecies transmission can occur (59). Backyard birds are a
vital protein resource for the rural population of Pakistan; it
might not be possible to prevent the rearing of these birds. The
knowledge and status of AIV in these birds can be used to help
devise control strategies for the containment of the spread of AIV
in the poultry production system.
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Leptospirosis is a re-emerging zoonotic infectious disease caused by pathogenic

bacteria of the genus Leptospira. Regional differences in the disease manifestation

and the role of ecological factors, specifically in regions with a subarctic and arctic

climate, remain poorly understood. We here explored environmental and socio-economic

features associated with leptospirosis cases in livestock animals in the Russian Arctic

during 2000–2019. Spatial analysis suggested that the locations of the majority of 808

cases were in “boreal” or “polar” climate regions, with “cropland,” “forest,” “shrubland,”

or “settlements” land-cover type, with a predominance of “Polar Moist Cropland on

Plain” ecosystem. The cases demonstrated seasonality, with peaks in March, June, and

August, corresponding to the livestock pasturing practices. We applied the Forest-based

Classification and Regression algorithm to explore the relationships between the

cumulative leptospirosis incidence per unit area by municipal districts (G-rate) and a

number of socio-economic, landscape, and climatic factors. The model demonstrated

satisfactory performance in explaining the observed disease distribution (R2
= 0.82,

p < 0.01), with human population density, livestock units density, the proportion

of crop area, and budgetary investments into agriculture per unit area being the

most influential socio-economic variables. Climatic factors demonstrated a significantly

weaker influence, with nearly similar contributions of mean yearly precipitation and air

temperature and number of days with above-zero temperatures. Using a projected

climate by 2100 according to the RCP8.5 scenario, we predict a climate-related rise of

expected disease incidence acrossmost of the study area, with an up to 4.4-fold increase

in the G-rate. These results demonstrated the predominant influence of the population

and agricultural production factors on the observed increase in leptospirosis cases in

livestock animals in the Russian Arctic. These findings may contribute to improvement in

the regional system of anti-leptospirosis measures and may be used for further studies

of livestock leptospirosis epidemiology at a finer scale.

Keywords: Arctic, climate change, forest-based classification and regression algorithm, G-rate, leptospirosis,

livestock, Russia, ArcGIS
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INTRODUCTION

Animal leptospirosis is a re-emerging focal infectious disease
(zoonosis) that is common in humans and animals globally
(1–5). Over the past decades, inadequate attention has been
directed toward the study of the disease and its impact on public
health (6), particularly in countries with a temperate climate
(7, 8). However, in recent years many reports and reviews of
health organizations worldwide have highlighted leptospirosis as
a growing problem as evidenced by the markedly increasing rates
of mortality and incidence in both humans and animals in all
continents (9, 10).

Apart from acute and chronic forms (11), genital leptospirosis
is considered a specific syndrome unrelated to a systemic
leptospirosis disease (12, 13) and caused by weakened leptospires
that colonize urogenital organs. The transmission of pathogenic
leptospires from animals to humans, and among animals
within a population is influenced by numerous factors,
including environmental (landscape and climatic) (14, 15) and
anthropogenic (socio-economic) factors (14, 16, 17). According
to some studies (18–20), climatic factors rank first among the
common causes of endemicity and persistence of leptospirosis
in tropical and subtropical countries (5, 21, 22). Globally, the
prevalence of the disease varies from region to region depending
on the geographic location. Regions and countries with high
endemicity are characterized by hot humid weather, and tropical
and subtropical climates, which contribute to the survival of
pathogenic Leptospira in the external environment (23–25). In
addition to the tropical climatic zones where environmental
conditions are most favorable for survival of pathogenic
Leptospira, the disease is also quite widespread among livestock
in the temperate latitudes of the Eurasian continent (7, 8, 10).
In the temperate zone, climatic changes (i.e., warming) could be
one of the factors increasing the ability of Leptospira to survive
in the environment (10, 25–27). Other factors contributing to
the spread of infection among both humans and animals in
these temperate zones are socio-economic phenomena, such as
urbanization (17, 28), agricultural intensification (17, 29), as
well as changes in the economic status of people, including
poverty, homelessness, and even the presence of individual
communities in poorly or sparsely populated urban areas (30),
which may result in poor hygiene and rodent-borne infections
(31–33).

Humans and animals carrying leptospires are direct sources
of infection. The factors mediating transmission among livestock
and humans, as well as the natural reservoirs of pathogenic
Leptospira, are wild animals, including rodents, and the
environment itself (34–36).

Scientific literature suggests that the etiological structure
of the livestock with leptospirosis in Russia had not changed
significantly over the last 40 years with the following prevailing
serovars (37):

• In cattle: Hebdomadis - 34.13%, Sejroe - 27.25%, Tarassovi -
10.96%, Pomona - 6.65%, and Grippotyphosa - 6.03%;

• In pigs: Pomona - 41.60%, Icterohaemorrhagiae - 31.58%,
and Tarassovi−14.44%;

• In small ruminants: Icterohaemorrhagiae - 35.62%,
Pomona−17.75%, Grippotyphosa−14.84%, Sejroe - 7.48%,
Hebdomadis - 6.68%, and Tarassovi- 6.31%;

• In equine: Icterohaemorrhagiae - 27.07%, Grippotyphosa
- 22.67%, Pomona- 10.65%, Tarassovi - 10.12%,
and Canicola−9.69%;

• In dogs: Canicola - 51.07% and Icterohaemorrhagiae - 26.86%.

This study aimed to gain a better understanding of the
epidemiology of leptospirosis, particularly in the Arctic where
there is a less dense livestock population and severe climate.
Leptospirosis emergence under these conditions has been
understudied. In this study, we analyzed the relationships
between the cumulative leptospirosis incidence in livestock
animals per unit area of the Russian Arctic and a number
of potentially influential socio-economic and climatic factors.
We also assessed the Forest-based Classification and Regression
tool for predicting possible areas with an increased risk of
an epidemic.

MATERIALS AND METHODS

Study Area
We studied themanifestation of leptospirosis in livestock animals
in the regions located in the Arctic zone of the Russian
Federation. The Russian Federation is administratively divided
into 85 regions that are subdivided into secondary administrative
units, which are the municipal and urban districts (hereinafter
termed “districts”). The zone under consideration includes nine
regions whose territories are crossed by the Arctic Circle:
Arkhangelsk Oblast, Murmansk Oblast, Republic of Karelia,
Republic of Komi, Yamalo-Nenets Autonomous Okrug, Nenets
Autonomous Okrug, Krasnoyarsk Krai, Republic of Sakha
(Yakutia), and Chukotka Autonomous Okrug. These regions
are subdivided into 199 districts with areas varying from 4 to
798,000 km2, while the population density varies from 0 to
2,896 people per km2 (https://rosstat.gov.ru/free_doc/new_site/
region_stat/arc_zona.html). Due to the high heterogeneity of
population density, we excluded those areas with a population
density exceeding the mean plus three standard deviations
(i.e., representing outliers in population density) from further
analysis. Such areas are represented by small but densely
populated urban territories with a scarcity of agricultural
livestock. Additionally, all the other districts with no livestock
population were excluded. Thus, the total number of territorial
units suitable for the analysis was 166. The majority of the study
area lies north of 60◦N; however, some of the Krasnoyarsk Krai
districts extend southward, up to 52◦N (Figure 1).

Leptospirosis Data
Data on the livestock leptospirosis cases for the 2000 to 2019
period were obtained from the regional veterinary services.
Herein, a case is defined as a registered, laboratory-confirmed
detection of leptospirosis in a geo-referenced population of
animals (a herd or a farm). Cases were detected both by herd
owners and during routine government monitoring. Under the
state standard GOST 25386-91 (http://docs.cntd.ru/document/
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FIGURE 1 | Study area and cumulative leptospirosis G-rate in livestock (cases per 1,000 km2 ) for the period from 2000 to 2019.

gost-25386-91), laboratory confirmation was performed using
the microscopic agglutination test (MAT) method with a set of
7 reference cultures: Pomona, Tarassovi, Canicola, Hebdomadis,
Sejroe,Grippotyphosa, and Icterohaemorrhagiaewith preliminary
testing on a reference culture previously identified as typical for
the specific region. The reaction was evaluated with a positive
cut-off using a serum dilution of 1:50 for unvaccinated animals
and 1:100 for vaccinated animals with dark-field microscopy.
For previously vaccinated animals, testing was conducted at
least 3 months following the vaccination. In the case of a
positive MAT result with no clinical signs, confirmatory testing
using real-time polymerase chain reaction was conducted (38).
After excluding data with inaccurate information or a lack of
geographic coordinates, the database counted 808 cases among
livestock animals. Most of them were cattle (398, 49%) and
horses (314, 39%). Figure 2 shows the distribution of cases by
years. Leptospirosis location data were converted into a shape-file
format for further modeling and processing.

Environmental and Socio-Economic
Determinants
Several socio-economic, landscape, and climatic factors acting
as geospatial explanatory variables were considered as potential

determinants associated with the incidence of leptospirosis in the
livestock according to an extensive literature search. The factors
were as follows:

a. Socio-economic factors:

1) LSU_dens—Livestock Unit Density index (units per
1 km2), calculated according to the European Union
methodology [https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Glossary:Livestock_unit_
(LSU)]

2) Pop_dens—population density, people per km2

3) Rural_prop—the proportion of the rural population
4) Crop_prop—the proportion of crop area in the total area

of the region, as a factor presumably associated with
the number of synanthropic rodents that are carriers of
pathogenic Leptospira

5) The volume of budgetary investments into the
development of agriculture as a proxy for the level
of financing of agriculture; relative indicators were
considered: per unit area of the district (Inv_area) and per
capita (Inv_pop).

b. Landscape factors:
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FIGURE 2 | Yearly distribution of livestock leptospirosis cases for the period from 2000 to 2019.

1) Alt—altitude, m
2) Soil_pH—soil pH
3) Water_prop—the proportion of water bodies in the total

area of the region
4) Swamp_prop—the proportion of swamps in the total area

of the region.

c. Climatic factors:

1) Tasgod—mean yearly air temperature, ◦C
2) Tasamplit—mean yearly amplitude of daily air

temperature, ◦C
3) Ndaytg0—mean yearly number of days with the air

temperature above 0◦C, days
4) Prgod—yearly precipitation, mm
5) Pr_tg0—yearly precipitation for the period with the air

temperature above 0◦C, mm
6) Pr_tl0—yearly precipitation for the period with the air

temperature below 0◦C, mm.

The Federal State Statistics Service Rosstat (https://eng.gks.ru/)
was used as a data source for socio-economic indicators. The
altitude was calculated based on the GTOPO30 digital elevation
model with a spatial resolution of 30” (https://earthexplorer.usgs.
gov/). The soil pH data at zero depth were taken from the ISRIC
World Soil Information digital database with a spatial resolution
of 250m (39). The water bodies and swamp areas were calculated

using a land-cover dataset based on the Proba-V satellite system
data with an initial spatial resolution of 100× 100m for the 2000
to 2018 period (40).

The climatic indicators were calculated based on the data of
long-term observations at meteorological stations in the Russian
Federation (41, 42) for the 1981 to 2015 (“current climate”)
period. Point data were interpolated and rasterized using the
Kriging tool with a spatial resolution of 1 km2 in ArcGIS
software environment. To assess the possible change in the
epidemiological situation for leptospirosis due to the expected
climate change for the 2081 to 2100 period, a predictive set of
the same parameters was also calculated based on 14 climate
models included in the international CMIP5 project (43). The
climate change scenario RCP8.5 was used, which represents the
“most severe” projecting, with climate forcing due to both natural
processes and anthropogenic impacts (44).

Additionally, we assessed the relationship of the leptospirosis
cases to a particular ecosystem using the World Terrestrial
Ecosystems map, which represents a dataset with a spatial
resolution of 250 × 250m consisting of 431 classes based
on the unique combinations of temperature, precipitation,
landforms, and vegetation/land-cover layers (45). A circular
buffer with a radius of 2.5 km was created around the location
of each leptospirosis case to account for potential inaccuracy of
geolocation based on the veterinary services information that
provided the data. The prevailing categories of the ecosystems
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within the buffer zone were calculated using zonal statistics
(ArcGIS, Esri).

Assessment of the Relationship Between
Leptospirosis Incidence and Geospatial
Factors
The cumulative number of leptospirosis cases for the entire
observation period per unit area by the districts (G-rate) was
chosen as ameasure for the intensity of the leptospirosis epidemic
within the study area (46–49). The Forest-based Classification
and Regression method was applied to identify the relationships
between the log-transformed G-rate and a set of potential
explanatory factors (50, 51). This method is a supervisedmachine
learning approach that uses a set of decision trees built using the
observed values and variables in order to create a classification
(in case of categorical variables) or a regression (for numeral
variables). The method is based on the construction of a large
number of decision trees, each resulting from a sample obtained
from the initial training sample using bootstrapping (52). The
final model was selected based on a majority vote. The regression
estimation was performed by averaging the regression scores of
all the individual trees. The advantage of this method is the
ability to work with both continuous and categorical variables
(in our study, only continuous variables were used), as well as
elimination of overfitting of the model. In the present study, we
used 1,000 decision trees for model training, with four randomly
sampled variables per decision tree, and 1,000 decision trees for
validation, with 25% of the input data randomly selected for
validation. The initial training and validation of the model were
performed for areas with non-zero cases of leptospirosis and
with non-zero livestock units number (N = 71). The quality
of the regression model was assessed using the coefficient of
determination (R2), which shows the proportion of data variation
explained by the model. The R2 was reported for: (1) training
data, (2) validation data, and (3) the overall model prediction for
the training districts. The model returns explanatory variables’
importance metrics providing the “importance” and “percent”
values. The former is based on the sum of all Gini coefficients,
which could be assumed as the number of times a variable is
responsible for a split, and the impact of that split divided by
the number of decision trees, while the latter represents as the
percentage of a given variable’s Gini coefficients of the total sum
of Gini coefficients (53, 54).

The absence of spatial clustering of regression residuals was
verified using Global Moran’s I index. The values of this index,
which are near zero at a high p-value, confirm the null hypothesis
of a random spatial distribution of the residuals. Furthermore,
the model was used to predict the values in the rest of the
study area, both using the parameters of the current climate and
the projected climate. To provide accuracy of predictions, only
those districts of the study area with the values of the primary
explanatory factors within the range defined by the training
districts (N = 151) were used. To visualize the expected change
in the G-rate under a future climate, a map was created, which
showed the ratio of its predicted to its current value for the
training and predictive regression model.

Assessment of the Seasonality of
Leptospirosis Emergence
To determine the seasonality of leptospirosis emergence, the
seasonality index S was used and was calculated as the number
of cases for a given month averaged over several years divided
by the average annual number of cases for the corresponding
year (55, 56). Additionally, seasonality was visualized using a
radar chart.

Statistical Analysis
The statistical analysis of data was carried out using MS Office
Excel (Microsoft, Redmond, WA, USA) with the @Risk v 4.5
simulation analysis package (Palisade Inc., Ithaca, NY, USA). The
Forest-based Classification and Regression analysis as well as
other spatial data processing and visualization were performed
using the geographic information systems ArcGIS Pro 2.6.1 and
ArcMap 10.8.1 (Esri, Redlands, CA, USA).

RESULTS

Epidemiological Analysis
Between 2000 and 2019, 808 cases of leptospirosis in livestock
were recorded in the subarctic and Arctic regions of Russia. Based
on the distribution of the detected cases by year (Figure 2), there
appears to be three periods during which an increase in incidence
was observed: 2000 to 2005, 2006 to 2013, and 2014 to 2019.

The calculation of the seasonality index revealed the
prevalence of the relative number of cases in March as S = 1.53
(95% CI: 0–4.00), in June as S = 2.27 (0–5.76), and in August as
S= 1.73 (0–9.6).

Spatial Analysis and Regression Modeling
An analysis of location of the leptospirosis cases, considering
a 2.5-km buffer zone reflecting the possible uncertainty in
geolocation, showed that all cases occurred in the polar or boreal
climatic regions, with a predominance of croplands, forests,
shrublands, and settlements as land-cover types.Most of the cases
occurred in the “Polar Moist Cropland on Plains” ecological zone
(Figure 3). Thus, even the most southern of the analyzed cases
may still be considered as having an Arctic climate.

Training of a model based on the Forest-based Classification
and Regression algorithm using known data on the leptospirosis
incidence (G-rate) showed a high model fit to the training
data (R2 = 0.94 ± 0.03; p-value ≤ 0.001) and an acceptable
fit to the validation data (R2

= 0.53 ± 0.10; p-value ≤

0.001). The relative importance of the variables based on the
simulation results is shown in Table 1. The results clearly
demonstrated that socio-economic factors (population density,
the proportion of cropland, the density of agricultural livestock,
and financial investments in agriculture per unit area) were of
the greatest importance for explaining the observed distribution
of leptospirosis cases, while the role of climatic and landscape
factors was less significant. The test of regression residuals
for spatial autocorrelation showed no tendency for residual
clustering (Moran’s I = −0.003; z-score = −0.227; p-value =

0.820). Comparison of the predicted and observed log G-rate
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FIGURE 3 | Distribution of the leptospirosis cases in relation to ecosystems.

TABLE 1 | Relative importance of variables based on random forest-based

classification and regression analysis results.

Variable Importance %

Population density 24.3 21

The proportion of crop area in the total area of the region 15.71 14

Livestock Unit Density index 14.55 13

Budgetary investments into the development of agriculture

per unit area

12.99 11

Yearly precipitation for the period with the air temperature

above 0◦C

5.04 4

Mean yearly air temperature 4.97 4

Yearly precipitation 4.52 4

Mean yearly number of days with the air temperature above

0◦C

4.45 4

Proportion of the rural population 4.13 4

Altitude 4.08 4

Mean yearly amplitude of daily air temperature 4.04 4

Proportion of swamps in the total area of the region 4.01 4

Soil PH 3.89 3

Proportion of water bodies in the total area of the region 3.87 3

Yearly precipitation for the period with the air temperature

below 0◦C

2.7 2

demonstrates a satisfactory model fit to the training data with R2

= 0.82, p-value < 0.05 (Figure 4).
Extrapolation of the model obtained from the entire study

area under the “current” climatic conditions yielded a map of
the expected case density (Figure 5). Modeling using climatic

indicators for the projected climate for the period up to 2100
demonstrated an expected increase in the risk of leptospirosis in
most of the study area (Figure 6). The greatest increase in the
leptospirosis risk was observed in the northern part of European
Russia and Western Siberia. In some of these areas, the climate-
dependent risk of leptospirosis was predicted to increase by more
than 4-fold.

DISCUSSION

In this study, we investigated the epidemiology of leptospirosis
in livestock in the Arctic zone. We demonstrated the utility
of the Forest-based Classification and Regression method as
a tool for obtaining valuable information on the significance
of factors contributing to the occurrence of leptospirosis, as
well as their possible changes under various climate scenarios
in the Arctic and subarctic regions of Russia. Despite the
formal discrepancy between the southern part of the model
region and the concept of the “Arctic zone,” our analysis
demonstrates that all the considered cases of leptospirosis
occurred in the polar and boreal climatic zones. Considering
the selected scale of the study, socio-economic factors including
population density of this region and the intensity of agricultural
activity were associated with leptospirosis in this territory. In
terms of landscape and climatic factors, the precipitation and
temperature regime, including the mean yearly number of days
with temperatures above 0◦C, were identified as predominant
climatic determinants, although they provided significantly
lower contributions as compared to the above socio-economic
variables. We also show the possible risk of future changes in
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FIGURE 4 | Observed vs. Predicted animal leptospirosis log G-rate as per the model fit to the training districts.

FIGURE 5 | Distribution of the predicted density of leptospirosis cases (G-rate) under the current climate conditions.

the leptospirosis epidemic situation under the most unfavorable
climate change scenario.

Our results support previous reports that agricultural
intensification may increase the outbreaks of zoonotic diseases,
such as leptospirosis (57–62). However, while the high density of
commercial dairy farms similarly increased the risk of infection

in both urban and rural areas, investment (insufficient fund
infusions) in agriculture has an equally significant impact on the
formation of risk zones.

Leptospirosis is characterized by seasonality to some extent,
although individual cases of the disease do occur throughout
the year. By some accounts (10, 25), in temperate climates, the
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FIGURE 6 | Expected change in the density of leptospirosis cases under projected climate conditions in comparison with the current climate, based on modeled

changes in climatic factors.

summer seasonality of leptospirosis is expressed as disease in
cattle, which is explained by animals being on pastures more
often in this season leading to a wider contact with leptospirosis
carriers and alimentary transmission of the pathogen through
fodder and water from open reservoirs (26, 27, 63). Based on
the epidemiological analysis of monthly data throughout the
year, we observed a pronounced seasonality of the disease in
the spring–summer period. This pattern is regularly repeated
over the years due to changes in climatic conditions, faunistic,
and economic-organizational factors, which leads to activation
of the mechanism of pathogenic transmission from their source
to susceptible animals. The seasonality analysis suggests that
the incidence of leptospirosis in livestock has two peaks—it
starts in January and gradually increases to March (15.13%)
and then declines until May. The peak incidence in March
may be associated with the active migration of synanthropic
rodents from natural wintering areas, where food supplies are
depleted, to human habitats and livestock keeping areas, which
entails an increase in contact with livestock animals. The second
peak in incidence is observed in June (18.32%), which may be
associated with climatic factors favorable to the accumulation of

the causative agent in the external environment and the active
interaction of the susceptible livestock with leptospirosis carriers.

Based on our results, climatic factors showed a significantly
lower correlation with the areas showing an increased
concentration of leptospirosis cases. This could be explained,
firstly, by the selected scale of the study implying that the
socio-economic variables have a predominant influence on
the scale of the whole region, determining the intensity of the
epidemic manifestation of the disease. Nevertheless, the most
significant indicator among climatic factors was the mean yearly
number of days with air temperatures above 0◦, which was
in good agreement with the previous studies’ results (63–66).
The next most important climatic factors were also indicators
related to air temperature: the mean yearly amplitude of daytime
temperature and the mean yearly air temperature. A significant
relationship was also revealed with the proportion of swamps in
the total area of the region, which is consistent with previously
recognized environmental factors conducive to leptospirosis
(57, 63, 67).

A total number of 808 leptospirosis cases over the whole study
period of 20 years yields relatively small average yearly numbers
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per study district (<1) that makes it difficult to implement space-
time regression models. Hence, in our study we considered the
aggregated number of cases per unit area throughout the whole
study period, which provides response variable values more
suitable for modeling.

The Forest-based Classification and Regression method is
a popular machine learning method used in classification and
forecasting. This tool allows analysts to easily incorporate tabular
attributes, features, and explanatory rasters when building
predictive models, and expands predictive modeling capabilities
to be accessible to all geographic information system (GIS) users.
Our research demonstrated the effectiveness of the spatial Forest-
based Classification and Regression algorithm for analyzing
results under various climate change scenarios. The integration
of the Forest-based Classification and Regression tool as a
spatial algorithm for exploring these factors makes it easier to
consider different scenarios than using traditional regression
methods due to reduced demands on the input data distribution
and format.

Nevertheless, the study had some limitations in terms of the
method used. First, there were a limited number of spatial units
available for analysis. As a data-driven method, the Forest-based
Classification and Regression tool performs better with large
datasets [at least several hundred input analysis units according
to the method guidance provided by the software producer (68),
while in our study, we used 71 districts for model training
and 151 districts for prediction]. However, some studies have
reported successful implementation of this approach on relatively
small datasets (69, 70). Increased number of trees (1,000 in
our study) allows reducing out-of-bag errors, which represent
portions of data not participating in trees’ construction. Second,
there is uncertainty regarding the binding of specific values to a
territorial unit, as the variation in climatic parameters presented
in raster form within the districts can be significant. The socio-
economic factors, expressed as density indicators over the entire
territory of the region, may also inadequately reflect the true
significance of the factor in the places of actual registration
of leptospirosis.

It should also be noted that our forecast is based only on the
expected changes in climate in the future, which according to
our model has a significantly smaller effect on the concentration
of leptospirosis cases than the socio-economic determinants.
Thus, a change in the structure of animal farming, expansion
of cultivated areas, financial support for agriculture, and the
occupation of new territories could collectively have a much

stronger impact on the leptospirosis incidence outweighing the
influence of climatic factors.

CONCLUSIONS

Our study provided empirical evidence that the factors involved
in transmission of leptospirosis in the Arctic and subarctic
regions of Russia are complex and include environmental and
socio-demographic indicators. The assessment of the significance
of the main factors (socio-economic and climatic) when using
the Forest-based Classification and Regression method indicated
that the main contribution to the increased incidence of
leptospirosis is from socio-economic conditions related to the
population agricultural activity. Indicators of precipitation and
temperature regime were the predominant contributors among
the climatic factors.

The information obtained in this study on the risk factors
for livestock leptospirosis outbreaks supports the One Health
approach to animal disease prevention and control, which takes
into account anthropogenic factors, animal density distribution
factors, and the environment. Future research should be
specifically designed to assess the impact of interventions under
different scenarios.
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Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) has caused great harm to global public health, resulting

in a large number of infections among the population. However, the epidemiology

of coronavirus has not been fully understood, especially the mechanism of aerosol

transmission. Many respiratory viruses can spread via contact and droplet transmission,

but increasing epidemiological data have shown that viral aerosol is an essential

transmission route of coronavirus and influenza virus due to its ability to spread rapidly

and high infectiousness. Aerosols have the characteristics of small particle size, long-time

suspension and long-distance transmission, and easy access to the deep respiratory

tract, leading to a high infection risk and posing a great threat to public health. In this

review, the characteristics of viral aerosol generation, transmission, and infection as well

as the current advances in the aerosol transmission of zoonotic coronavirus and influenza

virus are summarized. The aim of the review is to strengthen the understanding of viral

aerosol transmission and provide a scientific basis for the prevention and control of

these diseases.

Keywords: coronavirus, influenza virus, aerosol transmission, epidemiology, public health

INTRODUCTION

As human production and activities continue to infringe on the territory of wildlife by illegally
capturing and consuming wild animals, the contact between humans and wild animals becomes
more frequent, and the opportunities for unknown pathogenic microorganisms entering the
human living environment have greatly increased. Coupled with changes in livestock and poultry
feeding modes and adverse changes in climate and ecological environment in recent years, the
prevalence and variation of pathogenic microorganisms, especially viruses, are accelerating, and
the ability to spread across species is increasing, largely boosting the risk of zoonotic diseases
in humans.

Coronavirus, as a main zoonotic virus, has caused three pandemics worldwide since the
beginning of the twenty-first century. In 2003, severe acute respiratory syndrome (SARS) raged in
China and 29 other countries and regions (1). In 2014, Middle East respiratory syndrome (MERS)
spread through Middle East (2). The ongoing coronavirus disease 2019 (COVID-19) pandemic
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first reported in
Wuhan, China in 2019 (3–5), but as of now, the original source of SARS-CoV-2 is unclear and
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studies are continuing. COVID-19 is still rapidly spread around
the world, and this disease is a rare major public health event
in human history. As of December 29, 2020, there are over 79
million global confirmed cases and over 1.7 million deaths in 200
countries according to WHO COVID-19 situation report (6).

Many zoonotic diseases of animal origin, such as H5 and
H7 subtype avian influenza, SARS, MERS, and other respiratory
infectious diseases, can spread by airborne transmission, leading
to rapid outbreaks within a short period of time (7–9). In March
2020, the National Health Commission of China successively
released the sixth and seventh editions of the Protocol on
Diagnosis and Treatment for COVID-19, in which it has stated
the probability of aerosol transmission of SARS-CoV-2 under the
conditions of long-term exposure to high-concentration aerosols
in a relatively closed setting (10). The United States Centers
for Disease Control and Prevention (CDC) also acknowledged
that airborne transmission of SARS-CoV-2 could occur within
enclosed space that had inadequate ventilation (11). These
results reflect the continuous deepening of the understanding of
COVID-19 transmission.

In this review, based on the research progress of aerosol
transmission of zoonotic coronavirus and influenza virus, we
summarized the characteristics of viral aerosol generation,
transmission, and infection, as well as the experimental and
clinical data of the human-to-human and animal-to-animal
aerosol transmission. The aim of the review is to strengthen
the understanding of viral aerosol transmission and provide
a scientific basis for the development of rational protective
measures for the prevention and control of COVID-19,
including wearing masks, safety goggles, and face shields for
healthcare workers (HCWs); strict isolation; and environmental
disinfection measures.

VIRUS AEROSOL

Definition and Characteristics of Virus
Aerosol
Microbial aerosol refers to the stable colloidal system of
microorganisms floating in air in the state of a single cell
suspension or fused with dry solid or liquid particles. If the
microorganism is a virus, it is called a virus aerosol (12,
13). The aerodynamic diameter of virus aerosol particle is
generally considered to be <5µm; virus aerosol transmission
is fundamentally different from droplet transmission in terms
of their colloidal and aerodynamic mechanisms. Droplets are
often emitted when patients cough, sneeze, and talk, with larger
particles >5µm. However, large droplets can produce smaller
aerosol particles through water evaporation; the latter can travel
deeply into the respiratory tract (alveoli) and have a strong ability
of penetration, increasing the pathogenicity of the enclosed
pathogen (14). Although viruses suspended in aerosol do not
have the conditions for growth, virus aerosol can act as an
important spread carrier to increase the infection risk of diseases.

Virus aerosols have the following four characteristics: (1)
Instability: virus aerosol is unstable from the beginning of its
formation. Virus survival is affected by many factors, including

viral structure, suspension medium, and environmental factors.
Generally, viral activity decreases with time. (2) Irregular motion:
viral particles undergo Brownian motion in the air, that is, they
can move up and down, left and right, and back and forth in the
three-dimensional space, leading to a longer suspension time and
transmission distance. (3) Regenerability of deposited aerosols:
once aerosol particles settled on the surface of environmental
objects encounter airflow, vibration, or other mechanical forces,
they can be raised again to produce a regenerated aerosol. (4)
Extensive infection: viral aerosols can also invade the body
through the conjunctiva, damaged skin, and digestive tract in
addition to the respiratory tract (15). Therefore, in the treatment
of patients with COVID-19, in addition to masks, additional
protective measures including safety goggles and face shields are
also necessary for HCWs to avoid contact with SARS-CoV-2. It
is reported that the infectious dose of SARS-CoV-2 is believed to
be low (1 × 102−1 × 103 particles) (16); we speculate this may
partly be due to the structural and physiological characteristics
of the respiratory tract, the amount of pathogens required to
cause respiratory infections is significantly lower than that of the
digestive tract, especially the emerging pathogen SARS-CoV-2,
and humans and animals are more susceptible to it in the absence
of immune resistance. The susceptibility of the respiratory tract
and the frequency of human or animal exposure to virus aerosols
determine the widespread infection.

Generation of Virus Aerosol
Virus aerosols in hospitals mainly come from the exhaled gas,
respiratory secretions, and feces of patients. Studies have shown
that a person can produce about 3,000 droplets per cough and as
many as 40,000 droplets per sneeze (17). As shown in Figure 1, in
an enclosed ward, aerosol plumes produced by patient (a) when
coughing or sneezing contain many droplets and particles with
different sizes (<5 or >5µm). Nurse (b) who is close to the
patient is exposed to the droplets and inhales them into the upper
respiratory tract. The suspension time of a droplet is short, and its
transmission distance is generally within 2m, which is considered
as a short-range transmission route, and at this moment, doctor
(c) at a longer distance is not affected (Figure 1A). When the
droplets are discharged into air, the larger droplets begin to
settle on the surface of environmental objects (floor, walls, bed
sheet, etc.) due to gravity, and meanwhile, the droplets begin to
evaporate to form droplet nuclei with a diameter <5µm, which
is aerosol. Over time, the droplets will form more aerosols, and
virus can be independently suspended or attached to the aerosol
particles. Aerosols with small sizes and weights are diffused and
suspended in the indoor air for a long time. These particles are
too small to settle because of gravity; the smaller the aerosols, the
further the distance they can travel (18).

In the example illustrated in Figure 1, the doctor has gone
through the process from no exposure to virus aerosol to
inhales a large amount of viral particles, which can enter
the lower respiratory tract or alveoli, increasing the risk of
inhalation infection (Figures 1B,C). With further extension
of time, virus aerosol particles will gradually deposit on
ward floor, walls, bed sheet, clothing, and equipment, and
the concentration of aerosols in the air will be reduced
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FIGURE 1 | Schematic of aerosol emission, dispersion, and regeneration over time. The larger circles represent droplet, and the smaller circles represent aerosol

particles. (A) At time = 0, microbiology aerosol and droplet are generated by patient (a); nurse (b) standing near him is exposed to and inhales a large amount of

particles, but the doctor (c) has no exposure. (B) At time = 1, the aerosol is dispersing, and droplets are setting within 2m; nurse inhales particles, and the doctor has

no exposure. (C) At time = 2, the aerosol dispersed throughout the ward, and droplets have been deposited on the floor. Nurse and doctor inhale particles. (D) At

time = 3, the aerosol particles have deposited on the bed, floor, equipment, etc. (E) At time = 4, airflow or aerosol-generating procedure (AGP) re-aerosolizes the tiny

particles that have been deposited.

(Figure 1D). However, the airflow caused by people activity
can cause the re-suspension of the aerosols that have been
deposited, which increases the infection risk (Figure 1E).
Besides, the implementation of aerosol-generating procedure
(AGP) operations in hospitals, such as tracheal intubation,
increased the concentration of the virus aerosols and risk of
SARS and MERS infection (19–21). Therefore, virus aerosols

can be deposited, suspended, re-deposited, re-suspended, and
continue to spread until the virus particles become inactive.
As mentioned above, when people enter special circumstances
containing virus aerosols without protection, especially confined
spaces such as hospital intensive care units (ICU) and elevators,
they are susceptible to COVID-19. This explains why one can get
COVID-19 without direct contact with an infected patient. The
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simple mode of infection is from pathogen to environment and
then to humans.

Microbial aerosols of animal origin mainly come from
respiratory secretions and feces of diseased or infected livestock
and poultry and their contaminated feed, drinking water, and
litter undergoing weathering, corrosion, and abrasion (15).

Survival of Virus Aerosol
The air environment does not provide the ideal conditions for
the survival of pathogens. Viruses in aerosols are affected by
various factors, and once inactivated, they generally lose their
infectivity. The decay of virus in an aerosol usually includes two
stages. In the first stage, about half of the virus is inactivated
in the first few seconds after aerosol formation; in the second
stage, the mortality slows down and is affected by the viral
characteristics and environmental factors such as temperature,
relative humidity (RH), ultraviolet rays, and electromagnetic
radiation (17). To date, the survival time of the virus under
different conditions has not been extensively investigated. One
study shows that SARS coronavirus (SARS-CoV) can maintain
its infectivity for 14 days at 4◦C in hospital’s sewer systems, but
only for 2 days when the temperature rises to 20◦C (22). SARS-
CoV can survive for 2 weeks in a dry environment, but can only
survive for 5 days at 22–25◦C and 40–50% RH. Thereafter, the
viral infectivity gradually decreases. At 38◦C and 80–90% RH, the
vitality of SARS-CoV gradually decreases after 24 h (23). MERS
coronavirus (MERS-CoV) can survive in aerosols at 20◦C and
40% RH for 10min and on the surface of non-adsorbed objects
for 8–48 h (24). SARS-CoV-2 remained viable in aerosols for 3 h
with a reduction in infectious titer from 103.5 to 102.7 median
tissue culture infective dose (TCID50)/l air at 21–23

◦C and 65%
RH; it was stable on plastic and stainless steel and survived for
2–3 days at 21–23◦C and 40% RH (25). In addition, the deposited
virus aerosol is susceptible to secondary aerosolization caused by
human or environmental factors.

These results above indicate that the virus aerosol can exist for
a long time in a polluted environment. It should be noted that
although most viruses are easily diluted after long-time and long-
distance transmission, and some have even died, it is undeniable
that aerosols can be transmitted as long-term vectors and cause
infections of the viruses.

AEROSOL TRANSMISSION OF
CORONAVIRUS AND INFLUENZA VIRUS

Coronavirus
SARS-CoV-2

In the early stage of the COVID-19 outbreak, Huang et al.
(26) clearly pointed out that this disease may be transmitted
efficiently through human-to-human transmission, and it is
strongly recommended to take measures to prevent airborne
infections, such as the use of N95 masks. It is generally
accepted that SARS-CoV-2 can spread via respiratory droplets
during close contact and less commonly through contact with
contaminated surfaces, but increasing evidences show that
aerosols are strongly suspected to play a significant role in
the rapid spread of COVID-19. A typical superspreading event

reported in China involved 10 people from three families in the
same air-conditioned restaurant. Authors found that the SARS-
CoV-2 was able to propagate far enough to infect other members
of the three families. The outbreak of COVID-19 cannot be
explained by respiratory droplet transmission alone and aerosol
transmission may be involved (27). Additionally, many studies
have confirmed that SARS-CoV-2 can be detected in hospital
air. Guo et al. (28) collected the air samples of ICU and general
COVID-19 ward (GW) and found that 35% (14/40) and 12.5%
(2/16) of samples tested positive for SARS-CoV-2 in ICU and
GW, respectively. Moreover, air outlet swab samples also tested
positive. Air samples in patient areas, medical staff areas, and
public areas of two Wuhan hospitals were gathered during the
COVID-19 outbreak in February and March 2020, and detection
results showed that the highest concentration of SARS-CoV-2
RNA was 113 copies/m3 in ICU in patient areas; some medical
staff areas initially had high virus concentrations in aerosols, and
aerodynamic diameters ofmost SARS-CoV-2 were<2.5µm (29).

Recently, Lednicky et al. (30) reported that viable SARS-
CoV-2 was isolated from air samples gathered 2–4.8m away
from patients, with concentrations ranging from 6 to 74 TCID50

units/l of air. Patients with COVID-19 do not always cough
and sneeze, so how is the viral aerosol produced? A recent
study suggested that COVID-19 patients upon the onset of the
disease were shown to emit about 105 viruses per min (31).
Given that a study demonstrated that SARS-CoV-2 remained
infective with undiminished virion integrity for up to 16 h in
aerosol droplets (32), aerosol transmission of SARS-CoV-2 is
undoubtedly plausible (33). High concentrations of SARS-CoV-
2 have been detected in patients’ toilet without ventilation (29),
and the virus can also be isolated from urine and feces (34).
Therefore, the aerosol is very likely from patients’ feces and
urine in the toilet; COVID-19 may also be transmitted through
fecal–oral route (35). SARS-CoV-2 is present not only in indoor
air but also in outdoor environments. Researchers tested 34
samples of outdoor/airborne PM10 fromBergamo Province, Italy,
and found that SARS-CoV-2 RNA can be present on outdoor
particulate matter (36).

Since the outbreak of COVID-19, research on the relationship
between SARS-CoV-2 and animal infection has been increasing.
Several cases of human-to-animal transmission have been
reported, such as dogs, cats, minks, etc., and they have
different susceptibility to SARS-CoV-2 (37–39). The available
animal models for SARS-CoV-2 have been extensively explored,
including mice, cats, ferrets, and primates, which are of great
significance for understanding the susceptibility of animal
species to the SARS-CoV-2, the viral transmission route, and
pathogenicity (40). Although the infectivity of aerosolized
SARS-CoV-2 has not been explored, as mentioned above,
we must pay close attention to the formation, survival, and
propagation characteristics of SARS-CoV-2 aerosols, especially
in hospital wards, confined spaces, and the surrounding
outdoor environments.

SARS-CoV

SARS caused by SARS-CoV was first detected in Guangdong,
China in 2002, and then quickly spread to Southeast Asia and
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other parts of the world. A large number of studies have found
that SARS can spread through direct contact and droplets (41).
However, clinical observation and analysis also suggest that SARS
can be transmitted through aerosols. Studies have shown that
49% of SARS cases are related to hospitals, most likely caused by
AGP for seriously ill patients (42–44). Tsai et al. (45) collected
air samples near hospital beds (about 1m) within 8 h after
tracheal intubation and extubation for 11 SARS patients, and
all samples tested positive for SARS-CoV. In a ward where a
SARS patient lives, SARS-CoV is detected in air samples and
swab samples on the surface of objects that are in frequent
contact, although no live virus has been isolated in these samples
(46, 47). Epidemiological investigations have pointed out that
the infection in the Amoy Gardens in Hong Kong better shows
that SARS is an opportunistic airborne transmission. Dense
SARS-CoV aerosol plumes have been observed in contaminated
sewers from index cases, which have spread to other buildings
in the community, leading to 321 confirmed cases of infection.
This outbreak of SARS also indicates that SARS-CoV aerosols
can remain viable long enough to be transmitted to susceptible
individual (48). Afterwards, hydraulic aerosol experiments,
combined with epidemiological models, clearly indicate that the
SARS outbreak in this community was transmitted by aerosol (9).

MERS-CoV

Since the first MERS case was confirmed in 2012 in Saudi Arabia,
there have been a total of 858 patients who died from the
infection and related complications in 27 countries (49). As a
zoonotic virus, it has been reported that humans with MERS
have been associated with direct or indirect contact with infected
dromedary camels (50, 51). Human-to-human transmission of
MERS has been documented, and it appears to be more frequent
in health care settings than in the household (52, 53). Among
the infection cases of MERS-CoV, 31% are related to hospitals
(2, 42, 54). MERS-CoV can be detected from the bed sheets and
medical and ventilation equipment contaminated by patients,
and viruses can be isolated from some samples, indicating the
presence of contact or contaminated fomites transmission (55).
Of note, MERS-CoV has been detected and isolated from air
samples in patient wards, toilets, and corridors, suggesting that
this virus also has a great risk of airborne transmission (8).

In order to further understand the aerosol transmission
of MERS-CoV, recently, several animal models of MERS-CoV
aerosol infection have been established. In the mice infection
model, hDPP4 transgenic mice were infected with MERS-
CoV by an animal nose-only exposure device, and the results
demonstrated that high viral loads were detected in lungs of
MERS-CoV aerosol-infected mice, and they exhibited obvious
diffuse interstitial pneumonia on day 7; moreover, the lung
lesions more closely resembled those observed in humans (56).
In primate model of MERS, African greenmonkeys were exposed
to aerosolized MERS-CoV with different doses (103,104, and 105

PFU), and all animals in the 105 PFU group displayed overt
respiratory disease signs, including chest congestion, rales, and
wheezing, and a dose-dependent increase of respiratory disease
signs was observed (57). As mentioned above, these experimental
data confirm that MERS-CoV can spread through aerosols.

Influenza A Virus
Influenza A virus is a well-known respiratory virus, including the
2009 swine influenza H1N1, seasonal influenza viruses, highly
pathogenic avian influenza virus (HPAI) H5N1 and H7N9, and
low pathogenic avian influenza virus (LPAI) H9N2, and many
strains can be transmitted by aerosols (7, 58–61). In special
circumstances, such as households with poor ventilation, the
aerosols can be the main transmission route of influenza virus
(62), which sufficiently indicates the key role of aerosols in
influenza virus spread.

A large number of studies have proved that influenza virus
aerosols can be detected in air samples from health care settings.
Recently, Zhao et al. (63) collected 91 air samples daily from
hospital outpatient hall, clinical laboratory, fever clinic, children’s
ward, and adult ward, during January and April 2018, and
found that air samples collected from the children’s ward, adult
ward, and fever clinic were positive for airborne influenza
viruses, including epidemic strain H1N1. Influenza virus can
be detected in the air up to 3.7m away from patients with
the majority of viral RNA contained in aerosols (64). About
50% of the influenza viral RNA detected by Blachere et al. (65)
in the emergency department of a hospital are from aerosols
(aerodynamic diameter <4µm). Quantitative analyses show that
the highest load of the influenza virus is 13,426 median tissue
culture infective dose (TCID50), and the median infective dose
(EID50) of influenza virus aerosols (1–3µm) in humans is about
0.6–3 TCID50 (66), which is significantly higher than the EID50

for humans.
Further studies have shown that influenza virus aerosols are

released when influenza patients cough, sneeze, and breathe
normally. Lindsley et al. (67) reported influenza viral RNA was
detected in coughs. Twenty-three percent of the influenza RNA
was contained in particles 1–4µm in aerodynamic diameter,
and 42% was in particles <1µm. Viable influenza virus was
detected in cough aerosols from 2 of 21 subjects with influenza.
Fabian et al. (68) reported that, among 12 influenza patients,
the virus was directly detected in the exhaled breath of four
patients through qPCR. The generation rate can reach as high
as 20 RNA copies per minute. Further analysis indicates that
exhaling 20 RNA copies per minute is equivalent to excreting
4 TCID50 viruses per hour, suggesting that one is also at
risk of infection during normal conversation with an influenza
patient. Furthermore, aerosol particles emitted by patients
contained viable influenza virus (69, 70). In the environment
of a poultry farm, Lv et al. (15) collected 18 air samples from
6 chicken farms in different areas of Shandong Province and
found that the concentration of H9 subtype influenza aerosol
is about 1.25 × 104-6.92 × 104 copies/m3 air. These results
indicate that influenza virus can naturally form aerosols, and
more importantly, aerosols act as an important carrier for
viral transmission.

In addition to the epidemiologic evidences of influenza
viruses’ aerosol transmission, mammals and poultry are used
to perform experimental infection studies of influenza virus.
Influenza infection has been documented by aerosol exposure
in the guinea pig model. In this animal model, Lowen et al.
(71) demonstrated that influenza virus was transmitted from
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infected guinea pigs to non-infected guinea pigs housed in
an adjacent cage separated by 91 cm. Subsequently, they
described a stronger experimental evidence for influenza aerosol
transmission, and they documented the instance of transmission
with the distance between cages increasing to 107 cm (72).
Additionally, transmission of HPAI H5N1 by aerosols from
geese to quails has been demonstrated in experimental infections
(73). Airborne transmission of HPAI viruses can occur among
poultry and from poultry to humans who are exposed to infected
poultry (61). HPAI H9N2 infection experiment of SPF chickens
via aerosol and nasal and digestive tract infusion routes was
conducted by Yao et al. (74), and it was found that the aerosol
route requires the lowest dose of the virus. The viruses required
for nasal and digestive tract routes are 2 and 113 times those for
aerosol, respectively, indicating that the virus aerosol infection
efficiency is very high.

Notably, not all influenza virus strains can form aerosols,
and different strains differ significantly in their capacity
for aerosol transmission (72). Further study confirmed
that amino acid mutations (D368E, S370L, E313K, and
G381D) in the neuraminidase gene of H9N2 subtype
AIV can significantly affect their aerosol transmission
and viral replication ability in the respiratory tract (60).
The H5N1 strain (Indonesia/5/2005) acquired mutations
[four amino acid substitutions in the hemagglutinin (HA)
gene and one in the polymerase complex protein basic
polymerase 2 gene] during passage in ferrets, and ultimately,
it was able to spread via aerosols among ferrets (7). The
molecular mechanism of HA amino acid mutation that
enables the H5N1 to transmit in ferrets by aerosols is the
change of the complex structures of viral protein and the
decreased affinities for receptors (75). These epidemiologic
observations and infection experiments strongly support
the view that influenza infections can occur via the
aerosol route (76).

DISCUSSION

With the outbreak of COVID-19, the aerosol transmission
of pathogens has once again become a hot topic. In this
article, we mainly reviewed the aerosol transmission of several
important zoonotic viruses, including influenza virus and
coronavirus. Through direct examination of patients’ exhaled
breath and air samples in hospital wards, influenza virus is
found in the air, which can infect the susceptible population.
More importantly, in the household environment, the main
transmission route of influenza virus among family members

is aerosols (62). SARS-CoV, SARS-CoV-2, and MERS-CoV
are severe respiratory pathogens, which are generally believed
to be transmitted through contact and droplets. Because in
practice it is very difficult to completely rule out contributions
of a given mode of transmission, the relative contribution of
each mode is usually difficult to establish by epidemiologic
studies alone (76). Airborne transmission is the main route
for efficient transmission between humans (59). However, there
is an argument that viral RNA detectable in air samples is
circumstantial and correlated with disease state rather than direct
evidence of causality; therefore, it is very necessary to establish an
animal model of viral aerosol infection for actual experimental
demonstration. All in all, although SARS-CoV-2 has not yet been
used to conduct aerosol generation and infection experiments,
experimental data, epidemiological investigation, and protective
measures against airborne infection have proven the likelihood of
aerosol transmission of SARS-CoV-2. Therefore, measures such
as protective clothing, masks, safety goggles, face shields, room
ventilation, and strict disinfection are necessary to cut off the
chain of infection.

The crucial role of aerosols in the transmission of respiratory
infectious diseases cannot be denied, although not all pathogens
solely depend on aerosol transmission. Especially under special
environmental conditions, there is no reason to underestimate
the importance of viral aerosol transmission. Studies should
be focused on clarifying the mechanism of viral aerosol
generation and survival and fully understanding the transmission
mechanism of infectious diseases, so as to formulate prevention
and control strategies for the COVID-19 pandemic and other
newly emerging pathogens.
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Diversity, ecology, and evolution of viruses are commonly determined through

phylogenetics, an accurate tool for the identification and study of lineages with different

pathological characteristics within the same species. In the case of PRRSV, evolutionary

research has divided into two main branches based on the use of a specific gene

(i.e., ORF5) or whole genome sequences as the input used to produce the phylogeny. In

this study, we performed a review on PRRSV phylogenetic literature and characterized

the spatiotemporal trends in research of single gene vs. whole genome evolutionary

approaches. Finally, using publicly available data, we produced a Bayesian phylodynamic

analysis following each research branch and compared the results to determine the pros

and cons of each particular approach. This study provides an exploration of the two main

phylogenetic research lines applied for PRRSV evolution, as well as an example of the

differences found when both methods are applied to the same database. We expect that

our results will serve as a guidance for future PRRSV phylogenetic research.

Keywords: bibliometrics, phylodynamics, pig, PRRSV, ORF5, whole genome

INTRODUCTION

Viral diseases affecting livestock are a major problem because of their rapid spread, negative impact
in animal health, potential spillover to humans, and detrimental effect on economic systems (1, 2).
In 2019, international commerce of livestock and swine products surpassed $20 billion worldwide,
from which the U.S. alone reached over $7 billion as reported by the United States Department of
Agriculture (USDA) (3). For those reasons, controlling infectious diseases affecting swine is an ever-
growing challenge, shaped by the constant race between the potential of pathogens to evolve and
spread, and the ability of researchers to elucidate mechanisms and to develop effective prophylactic
and therapeutic measures to reduce their impact on the swine population.

Viruses in general are one of the infectious agents with the highest mutation rates, which hinders
the ability of researchers to predict their evolution and spread due to their ever-changing genome
(4, 5). This is particularly common in the case of RNA viruses such as Porcine Reproductive and
Respiratory Syndrome Virus (PRRSV), currently one of the most deleterious diseases for the swine
industry worldwide, reaching up to 60% prevalence in growing-finishing herds (1, 2, 6, 7). PRRSV
is an enveloped positive sense single-stranded RNA virus in the family Arteriviridae (8) with a

122123

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2021.658512
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2021.658512&domain=pdf&date_stamp=2021-06-24
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ecrisci@ncsu.edu
https://doi.org/10.3389/fvets.2021.658512
https://www.frontiersin.org/articles/10.3389/fvets.2021.658512/full


Frias-De-Diego et al. PRRSV, Whole Genome or Single Genes?

genome of∼15 kb that encodes at least nine open reading frames
(ORFs) (9). ORF5 in particular is widely used for phylogenetic
analysis, since its structure encompasses both hypervariable and
conserved segments, allowing the classification of strains in a
reasonably accurate way (10–12). Based on its genetic diversity
and antigenic properties, PRRSV is classified into two distinct
genotypes with different species (13): Type 1 and Type 2, that
are mostly circulating in Europe and North America respectively
(11, 14). Due to its genetic nature, its recombination ability
is one of the main shapers of PRRSV evolution and diversity
(15, 16), along with its mutation rate, that was recently estimated
at 0.00672 (16).

Over the last decade, the concept and application of
interdisciplinary sciences have improved infectious disease
control measures by the combination of the genetic, geographic,
and historical data of pathogens (17–20), providing a much
deeper understanding of their evolutionary trajectory and
therefore allowing the application of targeted control strategies
and treatments based on this new information (16). However,
due to the multiple possibilities that interdisciplinary
approaches offer, there is often an open discussion to
determine the most accurate method to apply in a given
scientific scenario.

Early molecular studies of PRRSV applied RT-PCR to detect
virus, leading to the first PRRSV phylogenetic reconstruction
based on ORF-5 and ORF-7 sequences that was able to
differentiate the European and American clades (21). This
paper was followed by numerous phylogenetic studies using
ORF-5 given the compromise of sites evolving at different
rates, which generated well-resolved trees during a period
where whole genome sequencing was particularly challenging.
However, despite the increasing availability of whole genome
sequences, scientists are still divided by the support of the use of
whole genomes or single genes (22), particularly for evolutionary
analyses of organisms like PRRSV, that is an exceptionally diverse
virus (23).

Multiple factors have a key role in this decision, especially
for research analyzing field isolates and samples that need to
be sequenced, since the economic effort needed, along with
the requirement of specialized laboratories, equipment and
skilled personnel is remarkably higher to perform whole genome
sequencing than single genes (24). In the case of whole genome
defenders, they advocate the consideration of all nucleotides to
identify all changes between genomes, rather than the changes
in specific and usually conserved genes (caused for example
by horizontal gene transfer) (25, 26). On the other hand,
opinions of scientists supporting the use of single genes or
multi-gene approaches (but not whole genome application) (27,
28) argue that by considering whole genomes, there is the
possibility to detect changes in non-coding genes that could
misclassify sequences.

The goal of this study is to evaluate and compare the
different patterns and trends on PRRSV research in relation
to the application of whole genomes or single genes, and
assess the potential variations observed on the same analyses
when one of the two approaches is applied using the same
genetic database.

MATERIALS AND METHODS

Bibliometric Analyses
The bibliometric search for the available publications was
performed in Scopus, using the search criteria “TITLE-ABS-
KEY [(PRRSV AND [whole AND genome OR ORF5]) OR
(porcine AND reproductive AND respiratory AND syndrome
AND [whole AND genome OR ORF5]) OR (PRRSV AND
[phylogeny OR phylogenetics OR evolution])]” and downloaded
the obtained results in bib format. Using the R package
Bibliometrix (29), the journal, year of publication, title, abstract,
author names, and author affiliations of all resulting publications
were extracted. From this initial database, amanual screening was
performed: original or literature reviews, the study area (global
vs. country level), and the use of whole genome or ORF5 gene
were extracted.

Genetic Databases
All PRRSV whole genome sequences available were downloaded
from Genbank as a.gb file and ran the python package
“gbmunge” (https://github.com/sdwfrost/gbmunge) to retrieve
the available metadata for each sequence. From that database, 765
sequences, for which geographic and temporal information was
available, were selected for subsequent analyses. Sequences were
aligned using MEGA X (30). Using this updated database, the
sequences were aligned alongwith three PRRSVORF5 sequences,
EU556220, DQ405282, and DQ405279, to identify the region
of the whole genome in which ORF5 was located. Then, ORF5
region of the sequences was manually identified and saved in a
second database used for analyses.

Recombination Analyses
The recombination detection program (RDP) v5.3 was used to
search for recombination within our data set (31). The alignment
was screened using five methods (BootScan, Chimaera, MaxChi,
RDP, and SiScan).

Phylogeny
To find the best substitution model for each database, the
ModelFinder tool (32) built into IQ-Tree version 1.6.1 (33)
was used. The marginal likelihood value supported the use
of the general time-reversible model (GTR) with gamma-
distributed rate heterogeneity plus a proportion of invariable sites
(GTR+G+I) (34) for both databases (Supplementary Table 1).
To determine the best fitting node-age and branch-rate model,
each combination of molecular clock and branch rate was run to
compare the marginal likelihood estimated by the stepping-stone
and path-sampling methods, supporting the use of uncorrelated
relaxed molecular clock model and coalescent logistic growth as
the tree prior for both ORF-5 and whole genome databases. Both
phylogenies were then estimated by Bayesian inference through
Markov chain Monte Carlo (MCMC), implemented in BEAST
v2.6.0 (35). The model was run for 100 million generations,
sampling every 10,000th generation and removing 10% of the
chain as burn-in in both cases. The probabilities of ancestral
states were inferred from the Bayesian discrete-trait analysis and
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visualized as pie charts on each node. Visualization of the trees
was performed using FigTree v1.4.4 (Rambaut1).

Phylodynamics
The spatiotemporal spread patterns observed for both databases
were performed via Bayesian continuous phylogeographic
analysis, following the model selection described in the
phylogeny section. An uncorrelated relaxed molecular clock
model with lognormal distribution (36) and the Bayesian
SkyGrid with covariates as the coalescent tree prior (37) were
also applied. To ensure an effective sample size (ESS) value over
200, analyses were run for 200 million generations, sampling
every 10,000th generation and removing 10% of the chain as
burn-in. To determine the relative genetic diversity over time of
each database we used Bayesian SkyGrid, as this approach relies
on a non-parametric coalescent model to estimate the effective
population size over time (38).

RESULTS

Bibliometric Analyses and Genetic
Databases
The bibliometric search recognized 374 articles under our search
criteria, from which only 49 were global studies. From that total,
23 literature reviews and 351 original articles, from which 190 of
them applied whole genome analyses, and 155 used single genes,
were identified. Detailed information about the 6 remaining
articles was not available at the time of the screening (October
2020). One hundred and twenty five of the publications using
single genes chose ORF5, leaving only 30 articles with a different
genome section [i.e., ORF7 (10), Nsp2 (39)].

For both whole genome sequences (WGS) and ORF5
sequences, the countries with the highest scientific productivity
were China (WGS= 295, ORF5= 141), the United States (WGS
= 89, ORF5 = 88), and South Korea (WGS = 55, ORF5 =

50) (Figure 1A). Overall, PRRSV research (whole and partial
genome studies) evidenced higher scientific productivity
per year up to 2018, with a rapid decrease maintained
until our search was performed (October 2020) (Figure 1B,
Supplementary Figure 1). In addition, 12 countries only
evidenced articles using WGS, while 8 countries only produced
articles related to ORF5 sequences (Supplementary Table 2).

In relation to the produced genetic databases, the starting
point after running the gbmunge package was of 765 whole
genome PRRSV sequences with most of the necessary metadata
available (Supplementary Table 1). To avoid sampling bias, a
similar number of sequences was chosen from different locations
to reach a total of 100. The ORF5 database consisted of the exact
same sequences from which the ORF5 section of the genome was
manually identified and isolated.

Recombination Analyses
From the total number of sequences with metadata we obtained
(765), the Recombination Detection Program (RDP) detected

1Rambaut, A. “Figtree v1.4.4. Available online at: http://tree.bio.ed.ac.uk/software/

figtree/”.

491 recombinant sequences from the whole genome database,
and 393 from the ORF5 database (Figure 1), making a difference
of 98 between the two (data available upon request).

Phylogeny and Ancestral Reconstruction
Phylogenetic results for the whole genome database showed that
themost likely center of origin for the PRRSV sequences analyzed
was Belarus with a root state posterior probability (RSPP)= 10%.
This original lineage then diverged into two groups likely driven
by geographical distance and independent subsequent evolution,
one with a higher probability of being originated in China (RSPP
= 26%), and a second one likely originated in Hungary (RSPP
= 16%) (Figure 2A). The amount of lineages present over time
showed an overall increase in the number of different lineages
with two main periods of growth from 1600 to 1750 and from
1950 to the present day (Figure 2B).

When theORF5 sequence database was analyzed, the ancestral
reconstruction also evidenced Belarus as the most likely country
of origin (RSPP = 11%) (Figure 3). Similarly to the pattern
shown by WGS, the analysis showed that this ancestral lineage
diverged into two clearly defined groups, both of them with
a higher probability of being originated in Denmark (RSPP
= 45, and 26% respectively). In the case of the number of
lineages through time, this database showed no new lineages
appearing until after 1,800 when it presented two clear isolated
diversification events that maintained the number of lineages
until ∼1,900, which was the starting point of a rapid exponential
increase in the number of lineages up to the day of the screening
(Figure 3B). Finally, the 95% highest probability density (HPD)
values of both trees showed similar uncertainty patterns, with the
most recent nodes showing less uncertainty than the ancestral
(Supplementary Figure 2). However, based on these HPD values
the ORF-5 database showed less accuracy to reconstruct the
ancestral nodes, suggesting whole genome as the most robust
approach for this type of studies.

Phylodynamics
When the genetic diversity obtained for the analysis of whole
genome vs. ORF5 databases was compared over time, SkyGrid
plot revealed an overall higher genetic diversity exhibited by the
ORF5 sequences. In addition, there is a noticeable difference
in the pattern of diversity increase, where the ORF5 database
showed constant growth while the whole genome database
started to experience an increase in diversity from 1983, with a
sharp decrease in 2009 that was not detected by the ORF5 result
(Figure 4).

Finally, when we compared the dispersal velocity of PRRSV
based on each database, we observed that ORF5 sequences
showed higher spread velocity (2948.7 km/year) than whole
genome sequences (1956.4 km/year) (Supplementary Table 3).

DISCUSSION

Our bibliometric screening detected an overall higher number of
articles considering the use of whole genomes than single genes.
However, this happened only after 2010, when the increase in the
amount of whole genome related publications started to grow
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FIGURE 1 | Global annual scientific production involving whole genome sequences (blue) and single genes (orange) where A represents the number of publications

per country of whole genome-related research, B represents the global annual scientific production of whole genome-related research, C represents the number of

publications per country of single genes-related research, and D represents the global annual scientific production of single genes-related research.

FIGURE 2 | Phylogenetic history of PRRSV inferred using whole genome sequences. (A) Maximum clade credibility (MCC) phylogeny, colored according to the

country of origin of each sequence. The probabilities of ancestral states (inferred from the Bayesian discrete-trait analysis) are shown in pie charts on each node. (B)

Spatiotemporal patterns represented through lineages through time plot.

and surpassed the application of ORF5 that had been applied
in the previous years. The decrease in productivity observed

around 2018 could be the result of the detection of an outbreak
of African Swine Fever in China (40), which would likely trigger

Frontiers in Veterinary Science | www.frontiersin.org 4 June 2021 | Volume 8 | Article 658512125126

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


Frias-De-Diego et al. PRRSV, Whole Genome or Single Genes?

FIGURE 3 | Phylogenetic history of PRRSV inferred using ORF5 sequences. (A) Maximum clade credibility (MCC) phylogeny, colored according to the country of

origin of each sequence. The probabilities of ancestral states (inferred from the Bayesian discrete-trait analysis) are shown in pie charts on each node. (B)

Spatiotemporal patterns represented through lineages through time plot.

FIGURE 4 | Spatiotemporal patterns in the relative genetic diversity represented through the Bayesian SkyGrid plot, where dark lines represent the mean values, while

shaded light regions correspond to the 95% highest posterior density (HPD).

a deviation on research efforts toward that disease. This growth
in whole genome sequence application could have been triggered
by the increase in the availability and affordability of RNA-seq
technology once it became more accessible for general research,
surpassing the levels of the use of ORF5 sequences, that had been
posed as the standard gene applied to study PRRSV evolution

due to their high variability (11). This hypothesis would also fit
with our observation on country productivity, where countries
with access to sequencing are leading scientific production for
both whole genome studies and single genes. Not surprisingly,
these increased publication rates are linked to wealthy economies
with high pig production given the elevated cost of sequencing
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studies, although not every country presented publications in
both areas.

The bibliographic search was performed using the Scopus
database, as it is a large, multidisciplinary database that includes
MEDLINE and has been described to combine the characteristics
of both Web of Science and PubMed, allowing an improved
service for educational and academic needs, also favoring Natural
Science and Biomedical research literature (41). Furthermore,
previous research compared the amount of publications retrieved
by those three different databases, obtaining a more extensive
number of detected publications using Scopus (42).

Another expected result was the number of recombinant
sequences detected on each database. Recombinant sequences
should be considered when choosing between whole genomes
or single genes, particularly in RNA viruses such as PRRSV
(12, 43, 44). A common claim between scientists supporting
the use of single genes for evolutionary analysis relies on
the presence of numerous non-coding regions (introns) that
could interfere with those analyses and cause bias on the
results. However, we observed that the whole genome database
detected a higher number of recombinants. Although there are
no studies assessing the proportion of recombinant sequences
detected due to non-coding regions, numerous publications
have mentioned the implications and importance of considering
these non-coding sequences on recombination, evolution, and
chromosomal stability assessments (45–47).

The shape of the phylogenetic trees obtained for both
databases was similar. This suggests that for analyses focusing
on the evolutionary patterns as well as the identification and
taxonomy of this virus, both approaches could fulfill the needs
of the study. However, in the case of the ancestral reconstruction
studies, as well as in the reconstruction of phylodynamic patterns,
we observed numerous differences between the two datasets,
showing that the choice between whole genome or single
genes should be considered carefully depending on the study
performed. Particularly in the case of ancestral reconstruction
studies, where our whole genome database showed more
accuracy on the estimated ancestral nodes (measured as HPD
values) than our ORF-5 database. It is important to keep in
mind that the main goal of this project was not to perform
a phylodynamic study of PRRSV or to determine its ancestral
origin, but to identify the similarities and differences observed
when identical evolutionary analyses were performed in the
same sequences of our database using the whole genome or
only its ORF5 segment. Interestingly, with the set of sequences
used in our analyses, the evolutionary trends and shape of
the trees obtained coincide with previously published studies
in PRRSV evolutionary history (11, 16), suggesting that even
though higher number of sequences will generally produce more
robust analyses, inferences and patterns can be identified with
reduced amounts of data as a baseline for subsequent and more
elaborated studies.

We faced some limitations during the development of
this study. Firstly, the affiliation information extracted by the
Bibliometrix R package did not necessarily correspond to the
country where the initial research was developed. This is
a common limitation in bibliometric studies that has been

previously assessed via sensitivity analyses with no significant
changes on the obtained results (48). In addition, publications
using whole genome sequencing are generally complex and
include wide collaboration networks where authors from
different locations share resources and data. Therefore, one single
article may be detected by bibliometric measurements in more
than one country. Likewise, our search only included papers that
were already published and available by October 2020. Therefore,
the productivity of this year must not be considered final, because
papers submitted but not yet published before our search day are
likely to get published after our search was done or even in 2021.

Finally, this study represents a comparison of the most
commonly applied evolutionary analyses in PRRSV research
using whole genome or single gene sequences as an input. Here,
we show the similarities and differences on the results driven by
the use of the whole genome or the ORF-5 section of the same set
of genes, analyze the evolution and patterns of research on each
area over time and highlight the need to take these differences
into consideration when deciding the most appropriate approach
to apply depending on the specific aim of the research performed,
particularly in analyses that involve ancestral reconstruction.
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The Yamal Peninsula in the Russian Federation experienced a massive outbreak of

anthrax in reindeer (Rangifer tarandus) in July–August 2016, with 2,650 (6.46% of the

total susceptible population) animals infected, of which 2,350 died (case fatality rate

of 88.67%). In our study, we analyzed climatic and epidemiological factors that could

have triggered the outbreak. The cancelation of reindeer vaccination against anthrax in

2007 resulted in an increase in population susceptibility. In response to the outbreak,

total vaccination of all susceptible animals was resumed. To assess the vaccination

effectiveness, we tested 913 samples of blood serum taken from vaccinated reindeer

using an antigenic erythrocyte diagnostic kit to detect specific anti-anthrax antibodies

via an indirect hemagglutination assay (IHA) 9 months after vaccination. We found that

814 samples had sufficiently high levels of anti-anthrax antibodies to indicate a protection

level of 89% (95% confidence interval: 87–91%) of the whole reindeer population.

Abnormally high ambient temperature in the summer of 2016 contributed to the thawing

of permafrost and viable Bacillus anthracis spores could have become exposed to the

surface; the monthly average air temperatures in June, July, and August 2016 were

20–100% higher than those of the previous 30-year period, while the maximum air

temperatures were 16–75% higher. Using the projected climate data for 2081–2100

according to the “worst case” RCP8.5 scenario, we demonstrated that the yearly air

temperature may average above 0◦C across the entire Yamal Peninsula, while the yearly

number of days with a mean temperature above 0◦C may rise by 49 ± 6 days, which

would provide conditions for reactivation of soil anthrax reservoirs. Our results showed

that the outbreak of anthrax occurred under conditions of a significant increase in air

temperature in the study area, underlined the importance of vaccination for controlling

the epidemic process, and demonstrated the effectiveness of monitoring studies using

the IHA diagnostic kit for detecting erythrocyte anthrax antigens.
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INTRODUCTION

Anthrax is a bacterial disease affecting humans and other
mammals, caused by the gram-positive, spore-forming, rod-
shaped bacterium Bacillus anthracis. The main feature of this
microorganism, which largely determines its epidemiological
potential and population structure, is the ability to form
endospores that are extremely resistant to unfavorable
environmental conditions and are able to remain viable for
a long time (1–3). Anthrax spores persist in the soil for a long
time, and not only survive, but also become part of the soil
biocenosis due to a combination of natural conditions. These
include the structure of the natural soil cover, the chemical
properties of the soil and its layers, and alternating floods and
droughts, which increase leaching from the soil, drying, and
dispersion of spores. The survival time of spores is unpredictable,
which creates favorable conditions for the formation of natural
foci (3–5).

The zoonotic potential of anthrax is well-known worldwide.
Sheep, goats, cattle, buffaloes, horses, deer, donkeys, and other
animals, including wild species, are known to be highly
susceptible to anthrax, while pigs are less susceptible. Under
natural conditions, rodents can also contract the disease (5).
Currently, anthrax cases are extremely rare in most European
countries, but the disease remains endemic in Russia, where it
causes sporadic cases in animals and rare cases in the human
population. The epidemic process usually involves grazing
livestock becoming infected via the alimentary route, by ingesting
B. anthracis spores while eating soil-contaminated plants or by
drinking from water sources with a high concentration of spores
(3, 4, 6, 7). The epidemiology of anthrax is characterized by
summer–autumn seasonality, caused by grazing of animals on
pastures that usually have sparse and dry grass. In the winter–
spring (stall) period, infection is associated with the use of
infected feed.

The prerequisites for the functioning of the anthrax biosystem
are a constantly high level of soil contamination by B.
anthracis spores, free grazing, and transhumance and semi-
nomadic animal pasturing practice, which is typical for reindeer
husbandry in the Far North of Russia (3). In Russia, the presence
of large territories inhabited by populations of wild animals and
livestock creates favorable conditions for outbreaks of epidemic
diseases, and the low population density in most of the country
makes it difficult to implement anti-epidemic measures and
record the burial sites of animals that have died of anthrax
correctly. Historical anthrax burials are often undocumented,
and sometimes corpses are not buried properly. These burial
grounds, as well as entire territories of historical epidemics,
may be involved in economic activities, which may lead to new
disease outbreaks given the marked preservation of spores in a
cold climate.

Of particular interest in this regard is the tundra
zone of Russia, located between 55 and 68 degrees
North. The 1941 penultimate outbreak of anthrax in
the Yamal Peninsula reindeer population resulted in the
death of 6,700 reindeer. The last outbreak in 2016 killed
more than 2,000 reindeer and led to the hospitalization

of 90 local residents, as well as the death of one
child (8–10).

Currently, in the northern regions of Russia, there is a risk
of occurrence (revival) of soil foci of anthrax due the Yana,
Indigirka, and Kolyma rivers flooding pastures and settlements,
as well as large-scale earthworks (mining of diamonds, gold, oil,
and gas; other types of subsurface use). This requires permanent
preventive measures among livestock animals regardless of
the current status of known anthrax foci, particularly in
conditions where climate changes affect the habitat of macro-
and microorganisms.

One important component of such preventive measures is
the annual vaccination of susceptible animals, which is aimed at
generating herd immunity against the disease in the population of
livestock animals, including reindeer. The effectiveness of active
immunization is monitored by evaluating the titer of anthrax
antibodies (10–14). In 2007, the vaccination of reindeer in the
Yamal Peninsula was canceled, which may have led to an increase
in population susceptibility. In response to the 2016 outbreak,
total vaccination of all susceptible animals was resumed.

The aims of the present study were (1) to evaluate the
effectiveness of reindeer vaccination against anthrax performed
as a response to the 2016 outbreak in the Yamal Peninsula, (2) to
explore climate conditions in summer 2016 and their potential
role in that outbreak, and (3) to assess the expected climate
change on the Yamal Peninsula and its potential influence on the
risk of anthrax resurgence.

MATERIALS AND METHODS

An ethical review was not required for this study, according
to local and national legislation, because this work does not
contain any experiments on animals. Blood samples for the study
of anthrax immunity were collected by certified veterinarians
using standard procedures to avoid the suffering of animals and
followed the guidelines of the State Veterinary Service of the
Russian Federation.

Study Area
Our study assessed the anthrax epidemic situation in the Yamalo-
Nenets Autonomous Okrug (YaNAO), which is one of the
85 regions included in the Russian Federation. The YaNAO
is located in the Arctic zone of Russia, partly on the Yamal
Peninsula. Most of its territory is located beyond the Arctic
Circle (Figure 1). The area comprises 769,250 km2, and has
a population density of about 0.7 persons/km2. The region is
characterized by permafrost, a large number of rivers and lakes,
and Arctic and subarctic climates in most of the territory. The
total reindeer population in the YaNAO is estimated to be more
than 700,000 head (15).

Data Sources and Methods
Anthrax Data

The epidemiological analysis of the 2016 anthrax outbreak in
reindeer in the YaNAO was based on official data by the
Federal Service for Veterinary and Phytosanitary Surveillance
(“Rosselkhoznadzor,” https://fsvps.gov.ru/fsvps/iac/rf/operative-
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FIGURE 1 | Study area, anthrax outbreaks in 2016, and the area of anthrax immunity monitoring in reindeer.

messages.html) that were notified by Russia to OIE (https://
wahis.oie.int/#/dashboards/country-or-disease-dashboard). The
data contained information on the infected species, exact
location of the outbreaks, and the number of infected and dead
animals. This information was represented as a shapefile to
enable mapping and spatial analysis in a geographic information
system (GIS).

Climate Data

Meteorological data for the assessment of monthly mean and
maximum air temperatures in the study area (the Tazovsky
district of the YaNAO) from 1987–2016 were extracted from
the official website of the Federal Service for Hydrometeorology
and Environmental Monitoring (16) and from the Weather
Archive web portal (http://pogoda-service.ru/archive_gsod.php)
for the stationary weather station Antipayuta (synoptic index
23058; geographical coordinates 69◦6′13′′N, 76◦51′28′′E). We
compared monthly mean and maximum air temperatures in
May, June, July, and August for 2016 (the 2 months with
recorded anthrax outbreaks and the two preceding months)
with corresponding indicators for the entire 30-year period.
Assessment of the statistical significance of differences between
the temperature ranges was performed using the two-sample
t-test with unequal variances.

The expected future change in the study area climate regime
was assessed by comparing the average annual air temperature
and the average annual number of days with an air temperature
above 0◦C for the current climate and for the projected climate
for the period 2081–2100. To quantify the expected changes in
both indicators, we averaged the calculated differences over the
whole study area.

As a “current” climate, we used the indicators obtained
by averaging the daily air temperature observations at
meteorological stations in the Arctic zone of Russia from
1981–2015 (17), which were interpolated using a kriging1

(18–20) GIS technique with a spatial resolution of 1 km2.
The projected indicators for the period 2081–2100 were

calculated by an ensemble of 13 climate models included in
the international Coupled Model Intercomparison Project 5 (21)
according to the RCP8.5 experimental scenario (22). The RCP8.5
scenario accounts for a high level of greenhouse gas-related
climate forcing and assumes “no change” in humans’ current
behavior regarding anthropogenic atmosphere emissions. This
scenario provides the most statistically significant models’

1Kriging is a procedure of spatial interpolation that allows obtaining a predictive

geostatistical surface based on a sparse set of sample data (18, 19). This is a

most widely used geostatistical technique to convert point weather station climate

observations into a smooth raster surface (20).
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response to climate forcing and may be used as a “worst case,”
but still plausible, climate change scenario.

Climate data processing and visualization of results were
performed with ArcMap 10.8.1 software including the Spatial
Analyst extension (Esri, USA).

Study on Post-vaccine Immunity
Reindeer were immunized in the Tazovsky district of the
YaNAO in September and October 2016 with a dry live
vaccine against animal anthrax from the strain 55-VNIVVIM,
which was produced by the Oryol Biological Factory (Oryol,
Russia) according to the instructions (http://www.biofabrika.
com/catalog.html?cid=13). About 15,000 head were vaccinated.

Blood samples were then taken by veterinarians from 913
vaccinated reindeer in July 2017 within the framework of
standard veterinary procedures. Blood sampling was performed
from the jugular vein and samples were collected in disposable
sterile test tubes. Blood serum was obtained by settling the blood,
followed by aliquoting 1–2ml of serum into Eppendorf test tubes.
The blood serum was stabilized with boric acid.

Detection of specific anthrax antibodies in the blood serum
of animals was performed with the indirect hemagglutination
(IHA) test reaction with an anti-anthrax erythrocyte diagnostic
kit. Due to the lack of commercial test systems in Russia
(14), we produced an antigenic erythrocyte diagnostic kit in
accordance with the “Temporary instruction for the manufacture
and control of antigenic erythrocyte diagnostic kit for the indirect
hemagglutination test reaction (IHA test reaction) (1979)” (23).
The method for developing the kit was obtained from the State
Scientific Institution for Veterinary Virology and Microbiology
of the Russian Agricultural Academy, and the effectiveness of the
kit has been confirmed in similar studies (14, 24, 25).

The IHA test reaction was carried out in accordance with
the generally accepted procedure (26). The initial blood serum
was diluted in a ratio of 1:40 with saline solution (taken as the
first serum dilution), after which double dilutions were made
and assayed using the erythrocyte diagnostic kit. The preliminary
registration of the reaction was carried out after 2–3 h, and the
final one after 18 h. The reaction result was assessed visually
according to the following scheme:

+ + ++: erythrocytes cover the entire bottom of the well in
an even layer; sometimes, an “umbrella” pattern with uneven
edges is observed;
+++: red blood cells cover 3/4 of the bottom of the well, and
the “umbrella” is smaller;
++: the “umbrella” is small and is located in the very center of
the well;
+: in the center of a small “umbrella,” the erythrocyte sediment
is clearly visible (“buttons”).
–: negative reaction, erythrocytes settle on the bottom of the
well in the form of a “button” or a small ring with even,
well-defined edges.

The reaction results were considered positive when erythrocyte
antigen agglutination was detected, starting with a dilution of
1:80 and higher by 3–4 crosses.

To assess the proportion of the whole reindeer population
with specific immunity, the testing was considered as a
hypergeometric process, where n samples were taken from a
population M with a protection level p, of which s were positive
(i.e., with a protective titer detected above 1:80). Since the sample
size n was much lower than the whole population M, a binomial
approximation of the hypergeometric process was used, and
the expected protection level p was calculated using the beta
distribution: p = Beta (s + 1; n – s + 1) (27). The calculations
were performed using 10,000 Monte Carlo simulations in the
Microsoft Excel add-in @RISK v.4.5 (www.palisade.com).

RESULTS

YaNAO Anthrax Outbreak Descriptive
Analysis
The anthrax epidemic in the Russian Arctic occurred in July–
August 2016 in three territories: the area of Lake Pisoto, the
Novoportovskaya tundra, and the area of the Evayakha River.
The regions are located at a distance of up to 250 km from each
other, and they include twowater barriers: theOb Bay (width: 30–
80 km) and the mouth of the Taz River (average width of 25 km).
The boundaries of six outbreaks were determined (Figure 1),
and the susceptible reindeer population was estimated as 41,001
head. Out of the total number of animals, 2,650 (6.46%) animals
developed clinical signs, of which 2,350 died (case fatality rate
of 88.67%). The outbreak was characterized by the involvement
of the human population in the epidemic process, which was
manifested by the infection of 36 people with one estimated fatal
outcome (28).

An analysis of official reports and directives showed that
animals had not been vaccinated in the region of anthrax origin
since 2007.

Climate Data Analysis
The analysis of the mean and maximum monthly air
temperatures in the spring and summer months of 2016
demonstrated no statistically significant differences between
temperatures inMay with corresponding values from 1987–2016,
while mean temperatures for June, July, and August were found
to be 16–100% higher in 2016 (Table 1). In general, a rise in
summer air temperatures was observed in 2007–2016, reaching
peak values of 15.4, 22.1, and 15.0◦C in June, July, and August of
2016, respectively.

Modeling of the current and projected climate indicators
showed that, in the “worst case” scenario of warming by 2100, the
average annual air temperature within the study area is expected
to increase by 8.3± 0.5◦C and will be positive in most parts of the
YaNAO, while the yearly number of days with air temperatures
above 0◦C may rise by 49 ± 6 days (Figure 2). Such climate
changes may result in further thawing of permafrost over the
whole study area and could aggravate the situation with thawing
of the soil containing anthrax spores.

Vaccination Effectiveness Assessment
In 2007, the government discontinued routine vaccination of
reindeer on the Yamal Peninsula, which was considered free of
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TABLE 1 | The results of air temperature comparison in May, June, July, and August 2016 with corresponding indicators for 1987–2016 based on weather station

Antipayuta data.

Mean ± Standard deviation, ◦C Difference of mean, ◦C Difference of mean, % t-test p-value

1987–2016 2016

Monthly mean air temperature May −4.4 ± 4.7 −4.4 ± 5.1 0 0 >0.1

June 5.5 ± 5.4 11.0 ± 5.6 5.5 100% <0.001

July 13.0 ± 4.8 17.4 ± 4.7 4.4 34% <0.001

August 9.5 ± 3.3 11.5 ± 3.2 2.0 21% <0.001

Monthly maximum air temperature May −1.9 ± 4.3 −2.2 ± 4.5 −0.3 −16% >0.1

June 8.8 ± 6.6 15.4 ± 6.6 6.6 75% <0.001

July 17.0 ± 5.5 22.1 ± 5.4 5.1 30% <0.001

August 12.9 ± 3.8 15.0 ± 3.6 2.1 16% <0.001

FIGURE 2 | Results of modeling the average annual air temperature (top) and the number of days per year with an air temperature above 0◦C (bottom) on the territory

of the Yamal-Nenets Autonomous Okrug for the current climate and for the projected climate (2081–2100) according to the RCP8.5 scenario.
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FIGURE 3 | The results of blood serum sample analysis in the indirect hemagglutination assay.

anthrax. Given the time span between the last vaccination in 2007
and the outbreak in 2016, it is likely that the vast majority of
animals were not vaccinated prior to exposure to the anthrax
bacterium in 2016. Such a naïve population is fertile ground for
the spread of an infectious agent, as all or most animals would
not have had immunity to anthrax.

The strength of immunity against anthrax after resumption
of the vaccine in 2016 was determined in the IHA blood serum
results (Figure 3). Screening of 913 samples of reindeer blood
sera for anthrax antibodies by this assay showed that 1.97% of
samples (18 head) did not contain anthrax antibodies. In 8.87%
of samples (81 head), anthrax antibodies were detected at a titer
of 1:80, which is lower than the protective level. In 89.16% of the
samples (814 head), the level of specific antibodies at 9 months
after vaccination was ≥1:80, of which 9.0% of the samples (82
head) had a serum anthrax antibody titer of ≥1:640. The data
obtained indicate the creation of an immune proportion of 89%
(95% confidence interval: 87–91%) of the reindeer population in
the Tazovsky district of the YaNAO.

DISCUSSION

In this study, we evaluated the effectiveness of the reindeer
vaccination against anthrax performed as a response to the 2016
outbreak in the Yamal Peninsula, explored the contribution of
climate conditions in the summer of 2016 to that outbreak,
and assessed the expected climate change in this region and its
potential effect on the anthrax resurgence risk. We found that
the vaccination led to a protection level of 89% of the whole

reindeer population. Moreover, an abnormally high ambient
temperature in summer 2016 contributed to the thawing of
permafrost and the reactivation of soil reservoirs of B. anthracis.
Using the projected climate data for 2081–2100 according to the
“worst case” RCP8.5 scenario, we demonstrated that the expected
climate change would provide conditions for reactivation of soil
anthrax reservoirs.

Vaccination-based anthrax prevention in many developed
countries has led to a decrease in the number of registered
disease cases (29–36). However, the risk of anthrax remains high
in sub-Saharan Africa, Southeast Asia, and parts of Russia and
the former Soviet Union countries (37–40). Serological testing is
necessary to determine the effectiveness of vaccination programs
and obtain epidemiological information in anthrax-endemic
areas. In Russia, the effectiveness of the vaccination of reindeer
against anthrax has not previously been evaluated; therefore, no
data exist on the levels of antibodies in reindeer during 2007–
2017. To the best of our knowledge, this research is the first
in the field to investigate this in reindeer specifically. However,
data from studies on the effectiveness of anthrax vaccination
in livestock animals demonstrated high levels of antibodies in
cows and sheep for about 1.5 years (41). This suggests that at
the time of the 2016 outbreak, there could be no immunity
among reindeer. In this study, we demonstrated the usefulness of
anthrax vaccination by screening reindeer herds in the Tazovsky
district of the YaNAO for anthrax antibodies using an IHA.
In 89.16% of the samples, the level of specific antibodies by
9 months after vaccination was ≥1:80, of which 9.0% of the
samples had a serum anthrax antibody titer of ≥1:640. This
indicates the establishment of immunity in 89% of the reindeer
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population. No new anthrax outbreaks have been observed in
the YaNAO since 2016. Based on the concept of herd immunity,
the number of immune individuals in the population needed
to prevent the spread of infection should be at least 1 − 1/R0,
where R0 is the basic reproductive ratio of the disease (42).
Accepting the R0 value for anthrax as 1.251–1.292 according
to previous studies (43, 44), we obtained a minimum herd
immunity threshold of 20–23%. Thus, the immune proportion
achieved as a result of vaccination can be considered sufficient
to prevent the spread of anthrax in the reindeer population.
The absence or low levels of anthrax antibodies in a part of
the population may indicate omission of anthrax vaccinations
or violations of vaccination rules (vaccination of pregnant,
weakened, and emaciated animals, etc.), or it could be related to
the characteristics of some individuals.

Currently, climate change is more pronounced in the Russian
Arctic than in any other part of the country. The fastest rates of
environmental changes on the Earth are observed in this region,
including a decrease in the extent of sea ice, melting of glaciers
and ice sheets, lengthening of the growing season, melting of
permafrost, and strengthening of the hydrological cycle. The
average annual air temperature in the Russian North increased
by 1.28◦C from 1905–2000 (40). The global temperature of
the Earth’s surface warmed by 0.89◦C from 1901–2012 (45).
Permafrost is any ground that remains completely frozen below
0◦C for at least 2 consecutive years (46). Permafrost may reach
a base depth of more than 1,000m and remain frozen for
thousands of years.

In permafrost conditions, microorganisms are well-preserved
and the permafrost acts as an accumulator of microbiota. The
preservation of B. anthracis spores in permafrost conditions is
not doubted (10). Permafrost temperatures increased by 0.29
± 0.12◦C worldwide following the increase in air temperature
in the Arctic (47). Permafrost in the Russian Arctic has
thus become a reservoir for anthrax that can preserve viable
spores for a long time. The high air temperature in the
studied region could lead to the thawing of permafrost and
the opening of soil anthrax reservoirs, as well as an increase
in the number of blood-sucking insects that may carry the
anthrax pathogen (10, 48). Consequently, global warming
in the Arctic could become one of the risk factors for
the occurrence and spread of anthrax due to thawing of
the permafrost (49, 50). Under changed climatic and soil-
hydrological conditions, these spores could have appeared on the
soil surface and consequently infected animals. Our modeling
has shown that in the case of an unfavorable climate change
scenario, the average annual air temperature on the territory of
the YaNAO will exceed 0◦C, creating conditions for widespread
permafrost thawing.

The second risk factor for epidemic anthrax is the
discontinuation of vaccination. The Yamal tundra is the
largest center of reindeer husbandry in the Arctic; for
example, 254,000 head of reindeer were grazed in the Yamal
district of YaNAO in 2015 (51). Thus, the epidemic and
economic risks are very high in this region. Retrospective
analysis of climate data and modeling indicated the

effectiveness of anthrax prevention by annual vaccination
of reindeer.

To assess the extent of coverage of the animal population and
the effectiveness of vaccination, serological monitoring should
be carried out, including the use of the IHA diagnostic kit for
detecting erythrocyte anthrax antigens.

CONCLUSIONS

This study showed that the factors that caused the 2016
anthrax epidemic in the Russian Arctic may include the
increase in summer air temperatures, the climate change-induced
thawing of permafrost, and the discontinuation of vaccination
of reindeer against anthrax. This led to the creation of an
anthrax epidemic chain. Moreover, the expected climate change
according to the most unfavorable scenario may contribute to
marked warming in the YaNAO territory, creating conditions
for widespread thawing of permafrost and reactivation of
anthrax foci in soil. The level of post-vaccination immunity
in reindeer detected in our study can be considered sufficient
to prevent anthrax outbreaks, including under conditions of
thawing permafrost in the Russian Arctic. In the period 2017–
2020, no new outbreaks of anthrax were recorded in the
Yamal Peninsula, which can be ascribed to the traditional
practice of annual vaccination against anthrax. Moreover, the
IHA developed here is an effective tool that will be useful
for monitoring the effectiveness of reindeer vaccination in
the context of an increasing epidemic risk of anthrax in
the Arctic.
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The transcriptional regulator MucR is related to normal growth, stress responses and

Brucella virulence, and affects the expression of various virulence-related genes in

smooth-type Brucella strains. However, the function of MucR in the rough-type Brucella

canis remains unknown. In this study, we discovered that MucR protein was involved in

resistance to heat stress, iron-limitation, and various antibiotics in B. canis. In addition,

the expression level of various bacterial flagellum-related genes was altered in mucR

mutant strain. Deletion of this transcriptional regulator in B. canis significantly affected

Brucella virulence in RAW264.7 macrophage and mice infection model. To gain insight

into the genetic basis for distinctive phenotypic properties exhibited by mucR mutant

strain, RNA-seq was performed and the result showed that various genes involved in

translation, ribosomal structure and biogenesis, signal transduction mechanisms, energy

production, and conversion were significantly differently expressed in 1mucR strain.

Overall, these studies have not only discovered the phenotype of mucR mutant strain

but also preliminarily uncovered the molecular mechanism between the transcriptional

regulator MucR, stress response and bacterial virulence in B. canis.

Keywords: Brucella canis, MucR, virulence, RNA-Seq, stress responses

INTRODUCTION

In 1966, Brucella canis was first isolated from aborted tissues and vaginal discharge of beagles
(1). In dogs, B. canis causes reproductive failure, while it causes fever, chills, malaise, peripheral
lymphadenomegaly, and splenomegaly in humans (2). Recent studies have demonstrated that
the intracellular trafficking route of B. canis was indistinguishable from that of B. abortus and
a less robust response was observed in mice infected with B. canis compared with B. abortus in
terms of proinflammatory cytokines, interferon-gamma levels, splenic inflammation, and hepatic
granulomas (3). Another study indicated that only a dose of B. canis (up to 109 CFU) could induce
splenomegaly in infected mice at 1 and 2 weeks post-inoculation and the suitable challenge dose
(1 × 107 CFU) for investigating vaccine safety for B. canis seemed to be about 103-fold higher
than that of smooth-type Brucella strains (4). It seems that B. canis is less pathogenic than other
smooth-type Brucella species in this murine model.
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Due to the low prevalence of brucellosis caused by B.
canis, which is less pathogenic than other Brucella species,
most countries have not established clear protocols for its
prevention and the public risk of this pathogen is usually ignored.
Additionally, comparatively little is known about the pathogenic
mechanism and virulence factors of B. canis strains.

Brucella strains do not produce classical virulence factors,
such as cytolisins, exotoxin, exoenzymes, fimbria, plasmids, and
drug-resistant forms. Lipopolysaccharide (LPS), T4SS secretion
system, and BvrR/BvrS system have been considered to be
major virulence factors allowing interaction with the host cell
surface, the formation of an early, late BCV (Brucella Containing
Vacuole) and interaction with the endoplasmic reticulum (ER)
when the bacteria multiply (5). Besides, some transcription
regulators have been proved to be involved in Brucella virulence,
such as the well-studied LuxR-type regulator VjbR (6).

The virulence-related transcriptional regulator MucR, which
is a member of the Ros/MucR family, is considered to control the
expression of various genes involved in the successful interaction
of α-proteobacteria with their eukaryotic hosts (7–9). In B.
melitensis and B. abortus, the transcriptional regulator MucR is
an extensively studied virulence factor and mucR mutant strain
has been considered to be a promising vaccine candidate in mice
model against both intraperitoneal and aerosol challenge (10).
In Brucella strains, previous studies have also demonstrated that
MucR protein is involved in resistance to environmental stresses,
such as acidic stress, oxidative stress, detergent, cationic peptide,
and iron deficiency (9, 11). Additionally, previous transcriptomic
and microarray analyses have revealed that MucR could directly
and indirectly affect the expression of hundreds of genes involved
in metabolism, cell wall/envelope biogenesis, replication, and
translation (9, 12). In recent studies, various target genes, which
were directly regulated by MucR protein, were also identified,
such as babR, virB genes, bab1_0746, bab1_1035, bab1_1605,
and bab1_1893 (12, 13). Compared to the well-studied MucR
protein in smooth-type Brucella strains, no study has been carried
out so far to demonstrate the function of MucR protein in B.
canis strains.

Herein, we constructed mucR in-frame deleted mutant strain
and complemented strain in B. canis. Then, we assessed the
phenotypes ofmucRmutant strain, such as growth characteristics
and bacterial virulence in both macrophages and mice infection
models. Moreover, the sensitivity of 1mucR under various
stress conditions was determined. Finally, RNA-seq analysis was
performed to investigate the changes of the transcriptional profile
of gene expression in mucR mutant strain compared with its
parent strain RM6/66.

MATERIALS AND METHODS

Construction of mucR Deletion Mutant
Strain
Construction of the suicide plasmid was performed as
previously reported (14). Specifically, for B. canis RM6/66
mucR gene mutant, a 433-bp upstream fragment and a 500-bp
downstream fragment of mucR gene were amplified using

D-mucR-UF/UR and D-mucR-DF/DR primers, respectively
(Supplementary Table 1). The two fragments were then used
as templates for the second round of overlap polymerase
chain reaction (PCR). The purified PCR product was digested
with KpnI and HindIII restriction enzymes and cloned into
the puc19-sacB plasmid, which was verified using PCR
and sequencing.

The B. canis RM6/66 mucR gene unmarked in-frame deletion
mutant was constructed with allelic replacement using a two-
step method (14). The suicide plasmid was transformed into
the wild-type B. canis RM6/66 strain by electro transformation.
Single crossover integrates were then selected on tryptic soy agar
(TSA) supplemented with ampicillin (100µg/ml). The second
crossover selection was conducted by plating the bacteria on
TSA containing 5% sucrose. Ampicillin sensitive colonies were
selected and verified by PCR and sequencing.

Construction of mucR Complemented
Strain
The mucR fragment, including the promoter sequence (500-bp
of the intergenic region upstream of mucR start codon), was
amplified with C-mucR-F/R primers (Supplementary Table 1).
The PCR products were ligated to pMR11 plasmid, which was
then referred to as the complementation plasmid pMR-mucR.
To construct the complemented strain (CmucR), pMR-mucR was
electroporated intomucR deletionmutant and then the cells were
plated onto TSA containing ampicillin to detect the presence of
pMR-mucR in the complemented strain. The resulting strains
were verified by PCR and sequencing. For determination of
minimum inhibitory concentrations (MICs) of antibiotics, the
complemented strain (CmucR1) with chloramphenicol resistance
was constructed using pBBR1MCS-1 plasmid using the same
primers (C-mucR-F/R) as previously reported (15).

RNA Isolation
For RNA-seq assay, Brucella strains (RM6/66 and 1mucR)
were grown in three different tubes with TSB at 37◦C from
a single colony until the log phase was reached. Total RNA
was isolated using TRIzol according to the manufacturer’s
instructions. Residual DNA in the samples was removed using
DNase I. RNA concentration and purity were determined
spectrophotometrically using an ND 1000 spectrophotometer
(Thermo Scientific, Wilmington, USA).

RNA-Sequencing
The sequencing library of each RNA sample was prepared
using NEB Next Ultra Directional RNA Library Prep Kit
for Illumina as recommended by the manufacturer. Briefly,
RNA fragments were reverse-transcribed and amplified to
double-stranded cDNA and then ligated with an adaptor.
The amplified cDNA was purified using the magnetic bead-
based method and the molar concentration was determined for
each cDNA library. The HiSeq X Ten platform was used to
perform transcriptome sequencing. Sequencing and subsequent
bioinformatics analysis were completed at Novel Bioinformatics
Co., Ltd (Shanghai, China).
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FIGURE 1 | Characterization of mucR in-frame deleted mutant strain 1mucR. (A) PCR amplification confirmed deletion of the mucR gene in 1mucR. Lane M: DNA

marker DL2000 (Takara, Dalian, China). B. canis RM6/66: a 1429-bp fragment was amplified using primer pair D-mucR-UF/D-mucR-DR. 1mucR: an 846-bp fragment

was amplified using primer pair D-mucR-UF/D-mucR-DR. Primer sequences are provided in Supplementary Table 1. (B) Deletion of mucR in B. canis RM6/66 did

not affect bacterial growth. Brucella strains (initial density of 1 × 106 CFU/mL) were grown in TSB at 37◦C with continuous shaking for 96 h. The CFUs of B. canis

RM6/66 and 1mucR were measured at different time intervals. Statistical significance was determined using the unpaired Student’s t-test. ns, no significance.

Quantitative RT-PCR
qRT-PCR was performed as previously described (16).
Differentially expressed genes (DEGs) were verified by qRT-PCR
using different samples like that in RNA-seq. Samples were
amplified in a 20-µl reaction containing 10-µl 2 × SYBR R©

Premix Ex TaqTMII (TAKARA), 100 nM forward and reverse
primers and 1-µl 10-fold diluted cDNA sample. 16S rRNA,
which is constantly transcribed in bacteria, was chosen as the
housekeeping gene. For each gene, qRT-PCR was performed in
triplicate and relative transcription levels were determined using
the 2−11Ct method. Primers used for qRT-PCR are provided in
Supplementary Table 1.

Cell Infections
The multiplication of B. canis RM6/66 and its derived strains
in RAW264.7 macrophages were evaluated to determine the
ability of 1mucR mutant strain to survive intracellularly. The
assays were performed as previously described (14). Briefly, in
a permissive culture condition, B. canis strains were cultured
in a flask with 0.2µM vent cap for 12 h. RAW264.7 cells were
seeded in 24-well plates (Corning, NY, USA) and then infected
with Brucella strains at a multiplicity of infection (MOI) of 100.
After 1 h of incubation, cells were washed thrice with phosphate
buffer saline (PBS) and incubated in Dulbecco’s Modified
Eagle Medium (DMEM) containing gentamycin (50µg/ml) to
eliminate extracellular bacteria. At 1, 24, and 48 h post-infection
(hpi), cells were washed and lysed with 500 µl 0.1% (v/v)
Triton X-100 water solution, and then the bacteria count was
determined by plating on TSA. The assays were run in triplicate
and repeated at least twice.

Mouse Infections
Virulence assay was performed using BALB/c mice as previously
reported (14) with some modifications. Mice were inoculated

intraperitoneally with 0.1ml (1 × 107 CFU) of B. canis RM6/66
and its derived strains. On the 7th and 28th day post-infection
(dpi), mice were euthanized via asphyxiation (n = 4 per
group), after which the spleens were removed, weighed, and
homogenized in 1ml of PBS. The bacterial colonies were counted
by the TSA plate method and CFUs per spleen were calculated.

Stress Assays
To test the susceptibility of Brucella strains under different stress
conditions, modified stress assays were performed as previously
reported (9, 15). Brucella strains (with an initial density of
1 × 106 CFU/mL) were, respectively, cultured in an acidic
tryptic soy broth (TSB) medium (pH 4.5) for 2 h. Afterward, the
concentration of bacteria was measured by plate count and the
survival rate (%) calculated as surviving bacteria relative to the
TSB control.

To determine the sensitivity of 1mucR mutant to heat shock
stress and hypertonic environments, 5 µl gradient dilution of
bacterial cultures (1 × 109 CFU/mL) were cultured on TSA
medium at 42◦C or TSA medium containing 200mM sodium
chloride (NaCl) at 37◦C for 72 h, respectively.

To compare the growth of B. canis RM6/66, 1mucR and the
complemented strain in low iron medium, the TSB medium was
limited in iron by adding different concentrations of the iron
chelator, 2,2-dipyridyl (2.5, 5, and 10mM). The bacteria were
cultured in this medium at the same initial density (1 × 106

CFU/ml) and the CFUs were determined at 48 h for each strain.

Determination of MICs of Antibiotics
MIC values of the antibiotics from both β-lactam
(Ampicillin, Amoxycillin, and Carbenicillin) and non-β-
lactam (Ciprofloxacin, Gentamicin, and Tetracycline) were
determined as previously reported (16).
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FIGURE 2 | Role of mucR in the intracellular behavior of B. canis RM6/66 in

RAW264.7 macrophages. Intracellular survival of B. canis RM6/66, 1mucR,

and CmucR strains in RAW264.7 macrophages. The MOI was 100:1. Data

represent the means of three experiments performed in duplicate and error

bars indicate the SD. *p < 0.05.

FIGURE 3 | Evaluation of the residual virulence of B. canis RM6/66, 1mucR

and CmucR in BALB/c mice model. (A) Spleen weight of B. canis RM6/66,

1mucR, and CmucR infected mice at 1 and 4 weeks post-infection. (B)

Splenic CFUs of B. canis RM6/66, 1mucR, and CmucR infected mice at 1

and 4 weeks post-infection. *p < 0.05, **p < 0.01, ***p < 0.001.

Statistical Analysis
Differences between the means of the experimental and the
control groups were analyzed using the independent-samples t-
test using SPSS 17.0 program. The differences were considered to
be significant at p < 0.05.

FIGURE 4 | Growth behavior of B. canis RM6/66, 1mucR, and CmucR

strains under various stress conditions. (A) Brucella strains (initial density of 1

× 106 CFU/ml) were grown in TSB (pH 4.5) at 37◦C for 2 h. Viable counts were

taken 2 h after the challenge. Values represent the mean from three

independent experiments performed in duplicate. (B) 5-µl gradient dilution of

bacterial cultures were, respectively, cultured on TSA medium at 42◦C or TSA

medium containing 200mM NaCl at 37◦C for 72 h. These experiments were

independently repeated thrice. (C) Survival of B. canis RM6/66, 1mucR, and

CmucR strains in TSB medium containing various concentrations of

2,2-dipyridyl (iron chelator) was determined. The graph represents the average

data from at least three independent experiments. Statistical analysis was

performed with a t-test.

RESULTS

Construction of 1mucR Mutant Strain and
the Complementary Strain CmucR
B. canis RM6/66 mucR deletion mutant was constructed via a
double recombination event and confirmed by PCR (Figure 1A).
mucR complement strain CmucR was constructed by restoring
the mucR gene using the broad-range plasmid pMR11. The
resultant strains were verified by PCR and sequencing.
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TABLE 1 | MIC of β-lactam and non β-lactam antimicrobials for B. canis RM6/66

and mutants.

Drug MIC (µg/ml) for B. canis

RM6/66 1mucR CmucR

β-lactam antibiotics

Ampicillin 4 2 4

Amoxycillin 0.5 0.25 0.5

Carbenicillin 16 8 16

Non β-lactam antibiotics

Tetracycline 0.25 0.25 0.25

Ciprofloxacin 0.25 0.25 0.25

Gentamicin 0.5 0.5 1

TABLE 2 | MucR affected the transcription level of the flagellar genes.

Gene Locus tag Log2FC (1mucR vs. RM6/66)

ftcR DK60_2824 8.96

fliC DK60_2831 4.91

fliL DK60_3013 −0.94

flgA DK60_3033 −0.46

flgC DK60_3030 2.86

flgE DK60_2823 −1.34

fliN DK60_3007 0.9

flhA DK60_2816 3.93

flgB DK60_3029 3.65

fliP DK60_3038 1.23

fliQ DK60_2817 0.17

fliR DK60_2815 0.30

flgK DK60_2822 4.90

fliF DK60_2830 5.08

flgG DK60_3032 −0.83

Deletion of mucR Showed No Difference in
Growth
To characterize the cell growth rate of1mucR strain, the bacterial
strains were analyzed in TSB medium at 37◦C with the same
initial density of 1 × 106 CFU/ml. The result showed that the
growth rate of 1mucR was almost the same as its parent strain
RM6/66 and the complementation strain CmucR at different time
points (Figure 1B).

Loss of MucR Impairs Survival of B. canis
in Macrophages and Alters Virulence in
BALB/c Mice
To assess the virulence of 1mucR strain, the ability of 1mucR
to multiply within the cultured macrophage RAW264.7 was
tested. As shown in Figure 2, the intracellular bacterial load of
1mucR strain was almost the same as that of RM6/66 and CmucR
at 1 h post-infection, while the bacterial load of 1mucR was
significantly reduced at 24 and 48 h (both with p < 0.05) in
murine macrophage compared to RM6/66 and CmucR strains.

TABLE 3 | Transcriptional level of 12 randomly selected genes by RNA-seq and

RT-qPCR.

Locus tag Log2FC (1mucR vs. RM6/66) Function

qPCR RNA-seq

DK60_1789 −1.167 −2.025 ATP synthase F1, epsilon

subunit

DK60_1816 −1.777 −2.092 Signal recognition particle

protein

DK60_2150 −2.397 −2.923 Opacity porin family protein

DK60_3002 1.47 1.173 HTH-type quorum

sensing-dependent

transcriptional regulator vjbR

DK60_2832 7.563 7.421 Autotransporter-associated

beta strand repeat family

protein

DK60_2794 4.103 6.656 PemK-like family protein

DK60_291 4.393 6.577 Bacterial regulatory s, luxR

family protein

DK60_2276 −2.517 −2.165 Bacterioferritin

DK60_1531 2.933 7.728 Bacterial SH3 domain

protein

DK60_2952 0.612 0.889 P-type DNA transfer protein

VirB5

DK60_2949 −0.49 −0.077 Type IV secretion system

protein virB8

DK60_647 −6.287 −8.581 Transcriptional regulatory

protein ros

DK60_1976 6.183 7.005 Aquaporin Z 2

To assess the virulence of 1mucR strain, the behaviors of
1mucR and RM6/66 strains in an infected mouse model at 1
and 4 weeks were also analyzed. The spleen weight of the mice
infected by the 1mucR mutant infection group was significantly
lighter than that of the RM6/66 infection group at both 1 (p
< 0.05) and 4 (p < 0.001) weeks post-infection (Figure 3A).
In addition, the CFU of 1mucR mutant recovered from mice
spleens was almost the same as that of RM6/66 at 1-week post-
infection. However, the CFU number ofmucRmutant recovered
from the mice spleens was significantly lower at 4 weeks post-
infection (p < 0.01) (Figure 3B).

mucR Deletion Strain Was Sensitive to
Heat Stress and Iron Limitation
As shown in Figure 4A, the survival ratio of 1mucR strain was
not significantly affected in acidic TSB medium compared with
RM6/66 strain and the complemented strain CmucR (Figure 4A).
When exposed to a hypertonic environment, the survival ratio
of 1mucR was similar to that of the parental strain RM6/66
and CmucR (Figure 4B). However, when 1mucR strain was
cultured at 42◦C for 72 h, the survival ratio of the mutant
strain was significantly reduced than that of RM6/66 and
CmucR (Figure 4B).

The growth patterns of 1mucR, B. canis RM6/66, and
the complemented strain in the low iron medium were also
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FIGURE 5 | Differentially expressed genes identified by RNA-seq (n = 3 per group). (A) Heat map of the comparative transcriptome analysis of B. canis RM6/66 and

1mucR. (B) Volcano plot of relative RNA expression from 1mucR as compared to B. canis RM6/66. Genes in the upper left and right quadrants are significantly

differentially expressed.

measured. In the concentrations evaluated, the presence of 2,2-
dipyridyl restricted the growth of all three strains. As compared
with B. canis RM6/66, the growth of 1mucR was significantly
reduced at 2.5mM 2,2-dipyridyl (p < 0.05) and abolished at a
higher concentration (Figure 4C).

mucR Mutant Is More Sensitive to Various
Antibiotics
The susceptibilities of RM6/66, 1mucR, and CmucR to β-
lactam and non-β-lactam drugs were examined using standard
procedures. The sensitivity of mucR mutant to Ciprofloxacin,
Gentamicin, and Tetracycline was similar to that of the parental
strain RM6/66 or CmucR. However, this mutant showed a higher
sensitivity to all the three types of β-lactam agents tested. Such
enhancement in susceptibility, estimated by MICs, was two-fold
compared with its parent strain (Table 1).

MucR Affects the Expression of Flagellar
Genes in B. canis
Previous studies on the role of MucR in B. melitensis 16M
demonstrated that MucR protein could repress the expression of
several flagellar genes (11). Thus, the expression of 15 flagellar
genes in the mucR mutant strain was analyzed using qRT-
PCR. Our results showed that the expression level of eight
flagellar genes (ftcR, fliC, flgC, flhA, flgB, fliP, flgK, and fliF) was
significantly increased inmucRmutant compared with its parent
strain B. canis RM6/66 (Table 2).

Identification of DEGs in mucR Mutant
Strain
To uncover the underlying mechanism of virulence attenuation
of 1mucR strain, changes of the transcriptional profile of
gene expression of 1mucR or RM6/66 were analyzed using
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FIGURE 6 | Clusters of orthologous genes (COG) analysis (A) and KEGG pathway analysis (B) for differentially expressed genes. The red columns indicate that these

categories or pathways were significantly enriched (p < 0.05), while the blue columns imply that these categories or pathways were not significantly enriched.

transcriptomic analysis. The transcriptional data set was
submitted to the Gene Expression Omnibus (GEO) repository
(National Center for Biotechnology Information, NCBI) with
access number GSE155748. To confirm the RNA-seq data, 12
genes were chosen for qRT-PCR. Transcriptional data of all
selected genes gave identical tendencies by both methods RNA-
seq and qRT-PCR (Table 3).

In total, 694 genes exhibited significant difference (log2
FC > 1 or <-1 and FDR < 0.05). Among these genes,
409 genes were significantly up-regulated and 285 genes were
significantly down-regulated in 1mucR compared to its parent
strain RM6/66 (Figures 5A,B). Genes, such as DK60_1986,
DK60_2665, DK60_1987, K60_1068, DK60_1531, DK60_1985,
DK60_2016, DK60_2832, DK60_1984, and aqpZ2, were among
the top 10 up-regulated genes, while DK60_2150, DK60_1727,
DK60_895, bfr, DK60_3051, DK60_2926, ffh, DK60_1851, atpC,
and DK60_1852 were among the top 10 down-regulated genes.

According to the result of clusters of orthologous genes (COG)

analysis, DEGs were mainly involved in translation, ribosomal
structure and biogenesis, signal transduction mechanisms,

energy production and conversion, intracellular trafficking,

secretion and vesicular transport, and extracellular structures
(Figure 6A). The Kyoto encyclopedia of genes and genomes
(KEGG) pathway analysis demonstrated that the genes which

exhibited significant difference were primarily enriched in
the ribosome, oxidative phosphorylation, aminoacyl-tRNA
biosynthesis, and protein export (Figure 6B).

DISCUSSION

In the present study, we report extensive characterization of an
in-frame deletion mutant of B. canis mucR for the first time.
This gene was previously found to regulate virulence in both
cellular and murine models of infection in B. melitensis and
B. abortus (11, 13). According to the result of the virulence
assay, it was found that the mucR gene was also crucial for B.
canis virulence in both the macrophage infection model and the
murine infection model.

In previous studies, deletion of mucR gene in B. abortus 2308
and B. melitensis 16M resulted in a significant growth deficiency
and mutant strains produced smaller-size colonies when grown
on a solid medium (11, 13). However, we found that the growth
curve of RM6/66,1mucR, andCmucRwas almost the same when
cultured in a TSB medium with the same initial concentration.
Moreover, the sizes of the three B. canis colonies on blood agar
had no significant difference.

In smooth-type Brucella strain, MucR protein contributed to
the development of resistance to various stress conditions, such as
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acidic pH, iron-limitation, oxidative stress, cationic peptide, and
detergents (9, 11, 13). Thus, we also comprehensively detected
the stress response ofmucRmutant strain in different conditions
in this study. Our results indicated that the mucR mutant was
more sensitive to heat stress and iron deficiency. In addition,
reduced tolerance to these stress conditions, which might be
encountered in the host macrophage, could be possible reasons
for the attenuation of themucRmutant strain.

In B. melitensis, MucR protein was found to be a repressor of
flagellar gene expression (11). Based on the RNA-seq data, the
expression of four flagellar genes was significantly up-regulated
and the result of qRT-PCR also indicated that MucR could
repress the transcription of flagellar genes in B. canis. Besides,
it was reported that the expression of flagellar genes was tightly
regulated by the QS regulator VjbR, RpoE1, and RpoH2 in B.
melitensis (17–19). A recent study from our lab indicated that
deletion of the QS regulator VjbR also affected the transcription
level of the ftcR gene in B. canis (14). Whether, flagellar genes
of B. canis were also regulated by RpoE1 or RpoH2 should be
further explored.

To further uncover the mechanisms underlying virulence
attenuation in the mucR mutant strain, we characterized the
transcriptional profile of RM6/66 and 1mucR by transcriptome
analysis and up to 694 genes were found to be differentially
expressed over two-fold in the mutant strain. The number of up-
regulated genes was more than that of the down-regulated genes,
which was consistent with the RNA-seq data in B. melitensis
mucR strain (9). It seemed that MucR protein should be a global
negative regulator in Brucella strains.

Iron is a necessary element for brucellosis survival (20). Bfr
protein played an important role in controlling iron homeostasis,
which accounted for about 70% of the intracellular iron content
in B. abortus (21). Moreover, the heme transporter BhuA was
reported to be related to Brucella virulence both in vitro and in
vivo (22). In our study, we found that mucR mutant was more
sensitive to iron-limitation stress and the result of RNA-seq in
our study also showed that the expression of bfr, bhuA, and
DK60_1666 (encoding ferric uptake regulator family protein)
was affected. Thus, we speculated that the change in iron-
limitation tolerance could also be a result of the abnormal
expression of these iron metabolism-related genes.

During bacterial infection pathogen-host interactions expose
bacteria to various physiological and biological stresses, including
heat stress. To avoid degradation by the host cell defense
systems, intracellular pathogens could adapt to changes in
their environment by coordinated of gene expression (23). In
previous study, the protein synthesis pattern in response to
heat stresses were studied by two-dimensional polyacrylamide
gel electrophoresis, and the expression of several proteins were
increased, such as GroEL, DnaK, AapJ, and Fe and/or Mn
SOD (24). In our study, the result of RNA-seq showed that the
expression of aapJ, groEL, and DK60_400 (encoding hsp33 family
protein) was affected. It seemed that the change in heat stress
tolerance might be a result of the abnormal expression of these
genes mentioned above.

Beta-lactam antibiotics can interfere with the final stage
of cell wall synthesis by modifying activities of enzymes and

penicillin-binding proteins (25). Based on RNA-seq results, up
to 38 genes involved in cell wall/membrane/envelope biogenesis
(COG: M) were found to be differently expressed in mucR
deletion strain. Thus, it seemed that the reduced tolerance to β-
lactam antibiotics in the mucR mutant should be due to changes
in bacterial surface integrity.

CONCLUSION

The current study indicated that the transcriptional regulator
MucR was essential for bacterial resistance to heat stress, iron
limitation and antibiotics, as well as bacterial virulence in B. canis.
In addition, various genes linked to the phenotype changes of
mucR mutant were uncovered using RNA-seq assay. Our study
not only reveals the pathogenic mechanism of B. canis but also
provided insight into MucR regulon in different Brucella strains.
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African swine fever (ASF) is an emerging viral contagious disease affecting domestic pigs

(DP) and wild boar (WB). ASF causes significant economic damage to the pig industry

worldwide due to nearly 100% mortality and the absence of medical treatments. Since

2019, an intensive spread of ASF has been observed in the Russian Far East region.

This spread raises concerns for epidemiologists and ecologists given the potential threat

to the WB population, which is an essential member of the region’s wild ungulates and

provides a notable share of food resources for predatory species. This study aims to

determine the genotype of ASF virus circulating in the region, reveal the spatio-temporal

patterns of the ASF outbreaks’ emergence, and assess the potential reduction of the

regional fauna because of expected depopulation of WB. The first historical case of ASF

in the study region was caused by an African swine fever virus (ASFV) isolated from DPs

and belonging to Genotype 2, CVR1; IGR-2 (TRS +). Sequencing results showed no

significant differences among ASFV strains currently circulating in the Russian Federation,

Europe, and China. The spatiotemporal analysis with the space-time permutations model

demonstrated the presence of six statistically significant clusters of ASF outbreaks with

three clusters in DPs and one cluster in WBs. DP outbreaks prevail in the north-west

regions of the study area, while northern regions demonstrate a mixture of DP and WB

outbreaks. Colocation analysis did not reveal a statistically significant pattern of grouping

of one category of outbreaks around the others. The possible damage to the region’s

fauna was assessed by modeling the total body mass of wild ungulates before and after

the wild boars’ depopulation, considering a threshold density of WB population of 0.025

head/km2, according to the currently in force National Plan on the ASF Eradication in

Russia. The results suggest the total mass of ungulates of the entire study region will likely

decrease by 8.4% (95% CI: 4.1–13.0%), while it may decrease by 33.6% (19.3–46.1%)

in the Primorsky Krai, thereby posing an undeniable threat to the predatory species of

the region.

Keywords: African swine fever virus, cluster analysis, depopulation, Far East of Russia, genotyping, ungulates,

wild boar
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INTRODUCTION

African swine fever (ASF) is among the most dangerous diseases
of swine and is known to cause considerable damage to pig
production in many countries worldwide (1–5).

The ASF virus (ASFV) belongs to the Asfarviridae family and
affects both domestic pigs (DP) and wild boars (WB). At present,
the genetic characteristics of the ASFV are represented by 23
genotypes associated with geographical locations, characterizing
the complexity of the virus epidemiology (3, 6–9). ASF epidemics
currently occurring in Europe can be treated as two clusters
of outbreaks. One of the clusters is located in Sardinia (Italy),
where the disease was registered in 1978 and is represented by
ASFV strains belonging to genotype 1 (10). The second cluster is
widespread in North-Eastern Europe and the Russian Federation
caused by strains of the ASFV belonging to genotype 2 (4). The
latter is highly virulent, causing acute disease and resulting in
mortality rates of 94.5–100.0% in both WB and DP (11–15).

The transcontinental transmission of the ASFV in Georgia
in 2007, has resulted in the introduction of the disease into
the Russian Federation. The first outbreak of the region was
registered in WB in the Chechen Republic (November 2007),
with subsequent spread of the virus in the Russian Federation and
neighboring European countries (16). The nosoareal of the ASF
has recently expanded, reaching the Russian Far East (Figure 1)
and affecting many countries in South-East Asia (11, 17–21).
While insufficient biosecurity on pig farms is considered the
main factor in disease spread (22–26), the presence of WB in an
ecosystem plays an important role in virus transmission, which is
acknowledged by many countries (22, 27, 28).

In some countries with recorded ASF infections, WB
populations play the role of an epidemiological reservoir and
maintain the virus in the environment. The virus enters WB
populations mainly through the animals coming into contact
with DP and eating contaminated feed and swill (29, 30).

Wild boars and DP belong to the same species (Sus scrofa),
as WB are the ancestors of DP. Therefore, the transmission of
pathogens is likely bidirectional (31). Wild boars are susceptible
to many infections. Although ASF is associated with high
mortality, its prevalence in the population does not exceed
3% (32). Nevertheless, every year in the Russian Federation,
as in many countries in Europe and Asia, new cases of ASF
occur in WB. Proper disposal of infected carcasses (corpses) in
compliance with biosafety measures and proper diagnostics for
every infected animal are among the essential measures needed
to break the ASF transmission cycle (24, 33).

Humans can affect the fluctuations in the numbers of WB,
ranging from the maximum possible protection of these animals
to their complete eradication. Hunting is the most important
risk factor for decline in the WB population, which not only
determines their population dynamics, but also has a significant
impact on the sex, age, and spatial structure of their populations.
Furthermore, WB are the most important hunting trophies and
the main prey of large predators (34–37).

One of the measures that has been proposed to control ASF
spread is the depopulation of WB, i.e., reducing their numbers
to a certain threshold at which the virus’ intra-population

transmission will stop or significantly slow down owing to the
decrease of contact ratio (4, 27, 38). As WB present a significant
share of the food resource for many wild predatory species,
a decrease in their numbers could disturb the equilibrium of
the entire ecosystem and lead to a corresponding decrease in
the predator population (39–41). Among the predators of the
Russian Far East, the Siberian tiger (Panthera tigris altaica) merits
mention as a rare protected species, whose population in the
region is currently estimated at around 500 individuals (https://
wwf.ru/en/regions/amur/amurskiy-tigr/).

Thus, the aims of this study were (1) to conduct an
epidemiological and genetic analysis of the ASF situation in the
Far Eastern region of Russia, from 2019–2020, and (2) to assess
a possible size of WB depopulation and its impact on the whole
wild ungulate population of the study region.

MATERIALS AND METHODS

Study Area
In this study, we considered the ASF epidemic situation in
the following four administrative divisions located in the Far
Eastern Russian Federation: Primorsky Krai, Khabarovsk Krai,
the Jewish Autonomous Oblast, and Amur Oblast (Figure 2).
These regions are part of the Far Eastern Federal District of
the Russian Federation and were selected because the ASF virus
was first detected in this region in 2019. The total area of the
study region exceeds 1,350,400 km2 with a mean population
density of about three people/km2. The natural conditions in
these areas vary significantly due to the vast extent of the territory
from North to South. The climate of the coastal strip in the
Far East is relatively warm, humid, and monsoonal. The winters
in the Far East are cold and dry, and the summers are hot
in continental areas and cool in coastal areas. The climatic
conditions in these regions have a huge influence on their
economic development. The four aforementioned areas have
a rich hydrographic network (http://assoc.khv.gov.ru/regions/
information/geography-climate). The leading economic sectors
are fishing, forestry, and ore mining. This territory in the Far
East contains the country’s main ecological reservoir; there
are 25 natural reserves and three national parks. A unique
feature of this region is the population of Siberian tigers,
which is an endangered species listed in the Red Book of the
International Union for Conservation of Nature (http://www.
nparks.ru/fareast_zapovednik.php).

Data and Sources
To analyze the epidemic situation, the data on ASF outbreaks
notified by the Russian Federation to the OIE from 2019 to 2020
were retrieved from the FAOEMPRES-i database (http://empres-
i.fao.org/eipws3g/). The database contains information on 205
ASF outbreaks in the study region for the period from 30 Jul 2019
to 27 Dec 2020, of which 71 (35%) were in WB and 134 (65%) in
DP (Figure 2).

Samples of biological material for the phylogenetic study of
the ASF virus were obtained from domestic pigs as a result of
monitoring studies in an individual private farm in the village of
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FIGURE 1 | The ASF-affected regions of the Russian Federation, 2007–2020 (source: OIE), and the study area.

Ust-Ivanovka, Blagoveshchensk District, Amur Oblast and site of
the third reported outbreak in the study area (Figure 2).

Data on the population size of WB and other ungulates in the
study area were obtained from the Ministry of Natural Resources
and Environment of the Russian Federation statistical reports
for 2019 (https://www.mnr.gov.ru/en/). Data on wild ungulates’
body mass were retrieved from Sokolov (42) and Danilkin (43).
The current number of Siberian Tigers in the study area is
estimated as ∼500 heads, of which 90% live in Primorsky Krai
(theWorldWildlife Fund (WWF) reports https://wwf.ru/species/
amurskiy-tigr/vsye-ob-amurskom-tigre-khozyaine-taygi/). The
population density of ungulates was calculated based on the
forestry area of the region, which has been retrieved from the
Unified Interdepartmental Information and Statistical System
UIISS (https://www.fedstat.ru/indicator/38194).

Sequencing and Phylogenetic Analysis of
ASFV
ASF virus “Amur Region/08/19/19,” identified in 2019 during
monitoring studies was used in this research. Phylogenetic
studies were conducted by the Laboratory for Diagnostics
and Monitoring of the Federal Research Center for Virology
and Microbiology (https://ficvim.ru/en/). Confirmation of the
presence of viral genome fragments in nucleic acid samples was
carried out by real-time PCR (44). DNA was extracted using a
commercial DNA sorb kit (Interlabservis, Russia) in accordance
with the manufacturer’s instructions. Then, the samples that
were identified as positive by real-time PCR were subjected to
sequencing of following fragments: B646L, E183L, I73R/I329L,

B602L, EP402R, andMGF 505-9R. Of these, the B646L and E183L
fragments were chosen as genotype determining genes. The other
gene fragments were recommended by the OIE ASF reference
laboratory (Madrid, Spain) for molecular characterization of ASF
virus strains and isolates (8, 45–49).

PCR was performed using specific primers and Quick-Load R©

Taq 2XMasterMix (NEB, USA). The PCR products were purified
using a MinElute Gel Extraction Kit (Qiagen, Germany). DNA
sequencing was performed using an ABI 3130 Genetic Analyzer
(Applied Biosystems, USA). The samples were prepared using
BigDye Terminator v.3.1 cycle sequencing kit followed by a
purification step with BigDye XTerminatorTM Purification Kit
(both from Applied Biosystem, Foster City, CA, USA) according
to the manufacturer’s instructions.

BioEdit v7.0.4.1. was used to obtain a consensus sequence (50).
The sequences were aligned using ClustalX (51). The sequence
data of an ASF virus isolate were subjected to BLAST analysis
using the NCBI BLAST tool (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) and were compared with sequences of commonly used
reference strains and other strains represented in the GenBank
(https://www.ncbi.nlm.nih.gov/genbank). Phylogenetic trees
were constructed using the maximum likelihood method in
which phylogenetic distances were estimated using Kimura’s
two-parameter model (K2P) (52) in the MEGA 7 program (53).

Space–Time Data Analysis
A space–time cluster analysis using the space–time permutation
model (54) was applied to detect a potential clustering of ASF
outbreaks within the study area. This type of analysis allows
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FIGURE 2 | ASF outbreaks (OIE, 2019–2020) and revealed spatio-temporal clusters of outbreaks plotted against wild boar density in the Far East regions of Russia.

The black arrow points to the outbreak from which the biological material for ASFV phylogenetic analysis was sampled.

circular areas to be identified where the observed concentrations
of outbreaks over a certain time period are significantly higher
than would be expected based on the null hypothesis of the
random distribution of outbreaks in space and time. The
maximum radius and duration of the clusters were taken to be
50% of the whole study area and period, respectively. Clusters
where the observed distribution of outbreaks differed from the
hypothetical random distribution at levels of significance >95%
(p ≤ 0.05) were considered statistically significant. The ODE
value (observed/expected) expresses the ratio of the number of
outbreaks observed in a cluster to the expected one. Clusters were
detected for: (i) all outbreaks; (ii) DP outbreaks only, and (iii)WB
outbreaks only.

To visualize the movement of the ASF epidemic since its first
emergence within the study area, we applied mapping of the ASF
outbreaks’ median centers by month using the Median Center
GIS (Geographic Information Systems) procedure (55). For each
month of the analyzed period, this tool calculates a median point
that provides a minimized overall Euclidean distance to all other
ASF outbreaks’ locations. This median center can be sought as a
conventional measure of central tendency less sensitive to spatial
outliers than a mean center.

To explore a potential relationship between the ASF outbreaks
in DP and WB, we applied a GIS technique named Colocation
Analysis. This technique measures local patterns of spatial
association between two categories of point features using the
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colocation quotient statistics (56–58). Given two categories of
interest in the study area, namely A and B, the colocation quotient
(CQ) expresses a local proportion of category B points within a
defined neighborhood of category A points. Category B points are
then randomly permuted within the whole study area to estimate
whether their observed distribution differs from a random one
and to obtain a p-value. If the above proportion is higher than a
global proportion of category B, the CQ will be >1. Otherwise,
the CQ will be below 1. The p-value obtained determines
the statistical significance of the revealed pattern. Given that
colocation analysis is not symmetric, we explored relationships
between (i) DP and WB, and (ii) WB and DP outbreaks. To
provide a neighborhood for the CQ calculation we tested circular
bands of the radius equal to the mean neighboring distance for
the whole set of ASF outbreaks (i), and of the radius equal to
150 km (ii) based on the previous studies on ASF outbreaks
clustering (59, 60). To add an epidemiological meaning to the
analysis of relationship between ASF outbreaks, we analyzed
colocation using space-time window accounting for a time span
of 2 weeks before and after the analyzed outbreaks that reflects
our assumption on the average duration of infectious period
in acute ASF course (https://www.oie.int/app/uploads/2021/03/
african-swine-fever.pdf). This method reflects an assumption
that a certain ASF outbreak might be epidemiologically related to
a previous outbreak of the other category within the allowed time
period (i.e., an outbreak in DP might be resulted by bringing the
virus by infected WB from close neighborhood; or WB outbreak
might be caused by contaminated waste or improperly utilized
pig carcasses from a preceding DP case).

Estimation of the Size of the Expected WB
Depopulation
According to some studies, decreases in wild boar (WB)
populations have been shown to be a requisite measure to prevent
the transmission of ASFV in these populations (3, 6, 24, 37). In
the currently in force national guidelines to prevent and eradicate
ASF in the Russian Federation (61), a value of 0.25 boars/1,000 ha
(0.025 boars/km2) is recommended as a threshold host density
that should be maintained in order to interrupt the circulation
of the ASF virus in the WB population within an infected area.
Assuming that such a measure may be undertaken in the study
region, in this paper we used the above value to estimate the
expected size of the WB depopulation.

Estimation of the Possible Decrease in the
Total Mass of the Wild Ungulates
To estimate the possible reduction of the food resource for
predatory species of the region, a total mass of ungulates living
in the study area was assessed: (1) in 2019, before the ASF
virus was introduced to this region; and (2) after the decrease
of WB number due to expected WB depopulation, considering
a threshold density of 0.025 head/km2. Wild boar, musk deer, roe
deer, wild reindeer, moose, and red deer are typical ungulates
of the region (39, 40, 62). The body mass of each animal was
modeled using a uniform distribution based on maximum and
minimum estimates taken from the literature (42). Modeling

was performed using a Monte Carlo simulation with 10,000
iterations, which allowed the mean and 95% confidence interval
of the ungulates’ summary body mass to be estimated. The
decrease in the total ungulate mass was assessed: (1) for the whole
study area and (2) for only Primorsky Krai, which is home to 90%
of the entire Siberian tiger population of the study area and has
the highest number of WB.

Software
The cluster analysis was performed using SaTScan software
(59). The statistical processing of the data was performed using
MS Office Excel application package (Microsoft, Redmond,
WA, USA) with @Risk simulation modeling add-on v.6.3
(Palisade Inc., Ithaca, NY, USA). The spatial analysis and results’
visualization were carried out using ArcGIS Desktop 10.8.1 and
ArcGIS Pro 2.6.3 (Esri, Redlands, CA, USA).

For phylogenetic analysis, BioEdit v7.0.4.1 software (50) was
used to obtain a consensus sequence. Nucleotide sequences
were aligned with ClustalX (51). To build a phylogenetic
tree, the MEGA 7 package (53) was used. To perform a
phylogenetic analysis, the analyzed sequences were compared
with homological ASFV gene sequences from GenBank database
with BLASTN (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

RESULTS

Spatio-Temporal Analysis of ASF in the Far
East
The analysis of the ASF spread within the study area from
its introduction in July 2019 to December 2020, showed that
the disease has become widespread over a large territory in
Primorsky Krai, the Jewish Autonomous Oblast, Amur Oblast,
and Khabarovsk Krai, and mainly concentrated along the
Russian–Chinese border. Distribution of outbreaks shows certain
spatial heterogeneity across the study area. Outbreaks in WB
weremainly observed in Primorsky Krai and Jewish Autonomous
Oblast, both of which have the highest density of WB population,
while outbreaks in DP were more evenly distributed across
the study region, demonstrating a high concentration in Amur
Oblast with no WB outbreaks in the same area.

Space–time cluster analysis revealed six statistically significant
clusters of ASF outbreaks; three statistically significant clusters
of outbreaks in DP, and just one cluster of outbreaks in WB
(Table 1 and Figure 2). Two of all ASF outbreaks’ clusters
demonstrate full spatio-temporal coincidence with clusters in
DP (#1 and 7 in Amur oblast, #3 and 9 in Jewish Autonomous
Oblast and Khabarovsk Krai) suggesting that those clusters are
formed only by the outbreaks in DP. The clustering pattern
is more heterogeneous in Primorsky Krai where four spatio-
temporal cluster are formed by a mixture of DP and WB
outbreaks, with just single clusters in DP and WB, respectively.
The latter clusters do not coincide but demonstrate some spatial
and temporal overlap. However, moving north-west along the
Russian–Chinese border, DP, and WB outbreaks become more
spatially separated with the dominance of DP cases.

Calculation of the outbreaks’ median centers by month
demonstrates that ASF almost simultaneously emerged in
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TABLE 1 | Characteristics of spatiotemporal clusters of ASF outbreaks in domestic pigs and wild boar in the Far East of Russia, 2019–2020.

Cluster # Territorial

coverage

Cluster radius,

km

Observed

number of

outbreaks (in

population)

Observed to

expected rate

ODE

Start

date

End

date

Cluster duration,

days

P-value

1 and 7 Amur oblast 138 26* (DP) 4.1 for all

outbreaks, 2.8 for

DP cluster

16.08.2019 26.09.2019 41 <0.001

2 Primorsky Krai 86 17 (DP+WB) 5.8 28.02.2020 30.07.2020 153 <0.001

3 and 9 Jewish

Autonomous

Oblast and

Khabarovsk Krai

175 29* (DP) 3.0 for all

outbreaks, 2.5 for

DP cluster

31.07.2020 17.09.2020 48 <0.001

4 Primorsky Krai 110 10 (DP+WB) 8.5 16.10.2020 10.12.2020 55 <0.001

5 Primorsky Krai 44 10 (DP+WB) 6.8 06.12.2019 20.02.2020 76 0.002

6 Primorsky Krai 44 10 (DP+WB) 6.2 21.08.2020 15.10.2020 55 0.007

8 Primorsky Krai 88 12* (DP) 5.9 29.05.2020 30.07.2020 62 <0.001

10 Primorsky Krai 96 10 (WB) 5.0 28.02.2020 15.10.2020 230 <0.001

DP, domestic pigs; WB, wild boars. Cluster numbers correspond to Figure 2.

*Several WB outbreaks within the cluster do not belong to the cluster time period.

different regions of the study area adjoining the People’s Republic
of China: in WB of Primorsky Krai (July 2019) and in DP
of Amur Oblast (August 2019). The former region presents a
forestry area with the highest density of WB in the region, while
the latter is a suburb of Blagoveschensk city that features a
direct transport connection with China by a bridge across the
Amur River. The direction of median centres’ spread suggests
consequent epidemic movement from both initial areas north
and east with the concentration of most recent outbreaks
in Khabarovsk Krai. The direction coincides with the main
transportation routes in the region (Figure 3).

The mean neighboring distance between all ASF outbreaks
within the study area calculated with The Mean Nearest
Neighbor GIS tool was found to be 15 km. The colocation
analysis of the ASF outbreaks in DP with outbreaks in WB
(i.e., testing for an elevated concentration of WB outbreaks
in close vicinity to DP outbreaks within 2-weeks time period)
showed that:

- Within a neighborhood of 15 km radius, no DP outbreaks were
statistically significant collocated with WB outbreaks; only
3 out of 134 (2.2%) DP outbreaks demonstrated statistically
non-significant (p > 0.05) colocation with WB outbreaks,
while 70 (52.2%) DP outbreaks were found to be statistically
non-significant isolated;

- Within a neighborhood of 150 km radius, three (2.2%) DP
outbreaks were statistically significant (p < 0.05) collocated
with WB outbreaks (in Primorsky Krai), while 53 DP
outbreaks were found to be statistically significant isolated
throughout the study area (Figure 4).

The colocation analysis of WB outbreaks with DP outbreaks
(i.e., testing for an elevated concentration of DP outbreaks in
close vicinity to WB outbreaks within 2-weeks time period)
demonstrated that:

- Within a neighborhood of 15 km radius, no WB outbreaks
were found to be statistically significant collocated with DP
outbreaks, while three (4.2%) and 17 (23.9%) of WB outbreaks
were statistically non-significant collocated and isolated with
DP outbreaks, respectively;

- Within a neighborhood of 150 km radius only one (1.4%)
WB outbreak was statistically significant collocated with
DP outbreaks (in Jewish Autonomous Oblast), and six
(8.5%) WB outbreaks were statistically significant isolated
(in Primorsky Krai), while 10 (14.0%) and 43 (60.6%) WB
outbreaks were statistically non-significant collocated and
isolated, respectively (Figure 5).

Sequencing and Phylogenetic Analysis for
ASFV
TheB646L, E183L, I73R/I329L, B602L, EP402R, andMGF 505-9R
gene sequences of the Amur/19.08.19 strain were deposited in
GenBank under the accession numbers MT840357, MT840356,
MT840354, MT840352, MT840355, andMT840353, respectively.

The phylogenetic analysis of ASFV isolates of the
Amur/19.08.19 strain was based on a fragment of the B646L
gene sequence, which encodes the P72 protein. The analysis
revealed that this strain belongs to the second genotype. This
genotype was initially widely spread in Eastern Europe, when it
was first reported in Georgia, in 2007. Genotypic affiliation of
the Amur/19.08.19 strain was also confirmed by calculating the
phylogenetic tree using the nucleotide sequencing of the E183L
gene, encoding the P54 protein (Figure 6).

No changes were detected in the central variable region
(CVR) of the genome, which includes the B602L gene. Thus,
studied ASFV isolates belong to the CVR1 variant (according
to OIE ASF reference laboratory classification [Madrid, Spain]).
Moreover, these isolates belonged to the TRS+ (IGR2) variant
by classification, based on I73R/I329L sequence (Figure 7).
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FIGURE 3 | Median centers of ASF outbreaks in the Far East region of Russia by month from July 2019 to December 2020. Arrows indicate the apparent direction of

the epidemic movement.

Nucleotide substitutions in the sequences of the EP402R and
MGF 505-9R genes were also not detected.

Assessment of the Decrease in Wild
Ungulates’ Mass After WB Depopulation
The number of wild ungulates, including the WB, based on the
administrative divisions of the study area is shown in Table 2 (as
of 2019). The table also presents the estimates of total mass of
all ungulates for 2019 as well as after the expected depopulation
of WB until a threshold density of 0.025 head/km2. The results
suggest that the WB population may potentially be reduced
by 93% in Primorsky Krai, by 91% in the Jewish Autonomous
Oblast, by 46% in Amur Oblast, and by 8% in Khabarovsk Krai.

As a result of WB number decline, the total mass of all wild
ungulates may decrease by 8.4 % (95% CI: 4.1–13.0%) in the
whole study area, while the reduction may be as high as 33.6 %
(19.3–46.1%) in Primorsky Krai, which is home to the majority
of the Siberian tiger population.

DISCUSSION

The observed pattern of the ASF outbreaks’ clustering within
the study area likely reflects the multiple ways through
which the virus may have entered this region. The initial
spread started simultaneously in two distant parts of the
study region (Primorsky Krai and Amur Oblast) and resulted
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FIGURE 4 | The results of local colocation analysis of ASF outbreaks in domestic pigs (DP) and wild boar (WB). (Left) With 15 km as a neighboring distance; (Right)

with 150 km as neighboring distance.

FIGURE 5 | The results of local colocation analysis of ASF outbreaks in wild boar (WB) and domestic pigs (DP). (Left) With 15 km as a neighboring distance; (Right)

with 150 km as neighboring distance.

in a large epidemic involving both DP and WB. The
current epidemic situation demonstrates a predominance of
DP outbreaks in Amur Oblast, Jewish Autonomous Oblast
and Khabarovsk Krai. These outbreaks are mainly concentrated

along the Russian—Chinese border and main transportation
routes with just several cases of ASF in WB that do not
influence the outbreak clustering patterns in these three
regions. In contrast, Primorsky Krai shows a mixture of ASF
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FIGURE 6 | Evolutionary relationships of African swine fever virus strains based on the neighbor-joining phylogeny of the partial p72 gene sequences. The

phylogenetic analysis was performed using MEGA7. Bootstrap values (based on 1,000 replicates) for each node are given. GenBank accession numbers, country,

and year of collection are indicated for each strain. Corresponding genotypes are labeled I–XXIV. The black circle indicates the African swine fever sequence from

Russia, Amur region, 2019. The scale bar indicates nucleotide substitutions per site.

FIGURE 7 | Nucleotide sequence alignment of the partial I73R and I329L intergenic region of the representative African wine fever virus strains. GenBank accession

numbers, country, and year of collection are indicated.

outbreaks both in WB and DP, which are widely spread across
its area.

Since the first ASF introduction in the Russian Federation,
discussions have been conducted in scientific literature as well as

in the media on the leading role of either DP or WB population
in the spread of the disease (3, 37, 63). To shed some light on
this question using the example of the new epidemic in Far East
of Russia, we explored the space-time relationships between DP
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and WB outbreaks by conducting colocation analysis. This type
of analysis looks at the elevated concentration of one category
of outbreaks within a close proximity to another and may help
to reveal a predominant tendency of DP outbreaks emergence
after preceding WB cases, or vice versa. However, our results did
not indicate any clear pattern of ASF outbreaks’ colocation. The
most pronounced results are revealed when taking 150 km as an
analysis neighborhood. Most of DP outbreaks, especially in the
south-west part of the study area are treated as “isolated” that
means an absence or low concentration of WB cases nearby, thus
rebutting the hypothesis about the ASF transmission from WB
to DP. In Primorsky Krai, the outbreaks’ relationships are more
heterogeneous, though no obvious pattern is detected as well.

The intensive spread of the ASF virus in the Far Eastern
areas of the Russian Federation might have resulted, in part,
from insufficient preparedness of the veterinary services and
agricultural producers of the region in terms of protection against
the virus entry into DP populations. This region has large
numbers of poorly protected pig farms, which often practice
free range farming techniques, thus with an increased chance
for pigs to come into contact with the wild population (64, 65).
Therefore, according to the “Cerberus” information system at the
Federal Service for Veterinary and Phytosanitary Surveillance,
284 out of 289 registered pig-breeding farms in the Primorsky
Krai belong to the first or second biosafety level1 suggesting low
or no biosecurity; in the Khabarovsk Krai, this number is 32
out of 33 farms; in the Jewish Autonomous Oblast, it is 45 out
of 45 farms; and in Amur Oblast, it is 2 out of 2 farms. For
comparison, in the European part of the Russian Federation,
where measures to control the ASF spread have been in place
since 2007, the situation is diametrically opposed. In the Belgorod
Region (one of the largest agricultural producers in Russia), only
4 out of 371 farms belong to the first or second biosafety level;
in the Nizhny Novgorod Region, this number is 22 out of 118
farms; in the Saratov Region, it is 114 out of 183 farms; and
in the Volgograd Region, it is 145 out of 235 farms. Although
compartmentalization is currently applied to pig producers on a
voluntary basis, the above numbers reflect only a part of all pig
farms while still being indicative of the ratio between low- and
high-biosecurity holdings in the region.

Although some researchers suggest the threshold density of
WB that can stop the ASF spread within the population (4, 27,
66, 67), other authors advocate that achieving this level does
not guarantee the cessation of the epidemic chain (24, 37, 68).
Currently in force national legislation on the ASF prevention and
control supposes the WB density reduction in the ASF affected
areas till the threshold of 0.025 head/km2, which may result in an
intensive depopulation ofWB in the study regions. As a side effect
of such a depopulation, a decreased availability of food resources
for wild predators of the region can be expected. Particularly, it

1According to the agricultural producers’ biosafety regulations currently in

force, all pig-breeding facilities are categorized into four biosafety levels (or

compartments). The first and second compartments are considered low or no

biosafety holdings, while the third and fourth compartments are large farms with

strict biosecurity measures (https://cerberus.vetrf.ru/cerberus/compartment/pub)

(Article in Russian).
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may affect the population of a protected species, Siberian tigers,
for which WB present a significant and easily available food
source (39, 40, 69, 70). In our study, we aimed to estimate a
possible decrease in the wild ungulates’ biomass in a case of the
reduction of WB numbers. Such approach is based on several
assumptions, which are potential limitations of the study. Other
possible limitations include the following:

First, the numbers of all the animals were considered at a
regional level, with no differentiation according to the various
municipal districts (because of a lack of district-level data).
Second, the average weight of each animal was estimated
using a uniform distribution (i.e., all values from minimum to
maximum were considered to be equally possible), while the
real distributions may be quite different.
Third, not all of an animal’s mass is edible meat. In reality, no
more than 70% of its mass can be considered a food resource
(62, 69, 71).
Fourth, we did not account for the age structure of the animal
populations, which was partly compensated for by a simulated
variation in body mass.
Fifth, according to some studies a prey’s population may
survive a 1-year withdrawal of 15% to 25% of individual
animals with no a long-term impact to its numbers (68). This
may indicate that a potential impact of depopulation will be
most pronounced in the regions with above 25% estimated
depopulation proportion (Table 2).

To carry out a more detailed assessment of the possible impact
of a presumable WB depopulation on the equilibrium of the
ecosystem, it would be necessary to first have detailed data
on the numbers of all animal species at a finer scale (at
least the municipal district level), and second, to apply more
complex dynamic population models that allow accounting for
interactions between the predators and all potential preys.

CONCLUSIONS

Our results demonstrate the emergence of the ASF virus to
the Far Eastern areas of the Russian Federation has led to
the rapid spread of the disease over a large territory and
support a hypothesis of multiple routes of viral introduction
into the region. The ASF virus circulating in the study region
demonstrates a close homology with corresponding viruses that

have been isolated in Europe, Russia, and China. Due to the

very dense WB population in this region, the ASF virus can
be expected to persist in this population, which may entail the
artificial regulation of this WB population to prevent the spread
of the disease. The possible reduction of the WB population
in Primorsky Krai may lead to a 33.6% (19.3–46.1%) decrease
in the total mass of all ungulates, which may pose a threat to
the population of predatory species of the region including the
protected population of Siberian tigers.
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African swine fever virus (ASFV) has been identified as the agent of African swine fever,

resulting in a mortality rate of nearly 100% in domestic pigs worldwide. Protein p22

encoded by gene KP177R has been reported to be localized at the inner envelope

of the virus, while the function of p22 remains unclear. In this study, p22 interacting

proteins of the host were identified by a high-throughput method and analyzed by Gene

ontology terms and Kyoto Encyclopedia of Gene and Genomes (KEGG) pathways;

numerous cellular proteins in 293-T that interacted with p22 protein were identified.

These interacting proteins were related to the biological processes of binding, cell

structure, signal transduction, cell adhesion, etc. At the same time, the interacted

proteins participated in several KEGG pathways like ribosome, spliceosome, etc. The

key proteins in the protein–protein interaction network were closely related to actin

filament organization and movement, resulting in affecting the process of phagocytosis

and endocytosis. A large number of proteins that interacted with p22 were identified,

providing a large database, which should be very useful to elucidate the function of p22

in the near future, laying the foundation for elucidating the mechanism of ASFV.

Keywords: African swine fever virus, protein p22, GO KEGG pathways analysis, liquid chromatography, mass

spectrometry

INTRODUCTION

African swine fever (ASF) is caused by African swine fever virus (ASFV), a linear, large, double-
stranded DNA virus that is the only member of the Asfarviridae family (1). ASFV is an enveloped
DNA virus with genome length of 170–193 kbp (1). The genome encoded 151–167 open reading
frames. ASFV is an icosahedral symmetric virus that replicates in the cytoplasm of infected cells.
Warthogs, Bush pigs, and soft ticks are natural hosts of the virus, which can persist to infect without
any signs of disease (2). Once introduced into domestic pigs, ASFV is a highly pathogenic virus and
could spread directly among pigs, resulting in nearly 100%mortality (3). Typical clinical symptoms
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include high fever, cyanosis, hemorrhagic lesions,
anorexia, and ataxia (4). The lesion tissues display severe
pathological vascular changes, such as renal ecchymosis,
skin erythema, and diffuse hemorrhages in lymph
nodes, kidneys, lungs, and urinary bladder; pulmonary
edema; disseminated intravascular coagulation; and
thrombocytopenia (5).

The disease has caused serious economic losses to the pig
industry and has a severe impact on the world. Especially
in 2018, the breakout of ASF in China spread quickly over
the country, threatening the pig industry severely (6). Recent
studies have shown that some viral proteins are involved in the
adhesion and entry of ASFV. Some encoded structural proteins
are involved in genome replication and virus infection (7). It is
reported that 15 of the 26 virus-encoded proteins were detected
in the virus proteome with predicted transmembrane domains
(8). However, some detected proteins remain uncharacterized.
Among the detected proteins on the membrane, protein p22
(pKP177R) has been predicted to be externally located in the
virion (9). Some studies have reported that p22 was localized
around the virus factories rather than at the cell surface (10, 11).
In another study, it was tricky that protein p22 was weakly
detected throughout the cytoplasm, including the virus factories,
but could be detected at the periphery of assembling and
mature icosahedral particles. Protein p22 was localized at the
inner envelope (12). Other viral membrane proteins, like p17,
pE183L, p12, and pE248R, were also at the cell surface but
were localized at precursor viral membranes and intracellular
icosahedral particles within the viral factories (13–16). Some
structural proteins have been reported to be involved in virus
entry, like p12, pE248R, and pE199L; some are required for
the assembly process, like protein p17 and pE183L (17). These
proteins are localized at the membrane of the virus, helping the
entry or assembly process of the virus. However, the receptors
of ASFV are still unclear. In recent study, p22 was proven not
to be involved in virus replication or virulence in swine by
KP177R gene deletion in recombinant virus (18). It might be
due to the potential replacement of the KP177R gene by one of
the L101L genes; there might be a potential overlapping in the
function of these two genes. Therefore, the function of p22 is
still unknown.

In this study, we studied the proteins that interacted
with p22 of ASFV by proteomics analysis. Although
a large number of structural protein studies have
been performed, further researches on the function
and molecular mechanism are desperately in need
and will help prevent and control the spread of
the disease.

Abbreviations:ASFV, African Swine Fever Virus; LCMS, Liquid Chromatography

Mass Spectrometry; GO, Gene ontology; KEGG, Kyoto Encyclopedia of Gene

and Genomes; PPI, Protein-protein interaction; MYH9, Myosin-9; ARPC2, Actin-

related protein 2/3 complex subunit 2; ARF6, ADP-ribosylation factor 6; ACTBL2,

Beta-actin-like protein 2; ACTN4, Alpha-actinin-4; CLTC, Clathrin heavy chain

A; RAB10, Ras-related protein-10; pre-mRNA, precursor messenger RNA; cGMP,

Cyclic GMP; PKG, cGMP-dependent protein kinase; NO, nitric oxide; AMPK,

AMP-activated protein kinase.

MATERIALS AND METHODS

Sample Preparation
Gene KP177R (p22) of the ASFV and tagged by hemagglutinin
(HA) at C terminus was synthesized into the plasmid pcDNA-
3.1(+) by the GeneScript Corporation (Shanghai, China)
and sequenced correctly. The 293-T cells were grown into
80% confluency in Dulbecco’s modified Eagle’s medium,
supplemented with 10% fetal bovine serum (FBS) and antibiotics
(penicillin/streptomycin) (Thermo Fisher, MA, USA) in tissue
culture plates. Cells were maintained at 37◦C in a humidified
atmosphere and supplemented with 5% CO2. The cells were
then separately transfected with pcDNA3.1(+)-p22-HA and
pcDNA3.1(+) (1 µg each) by Lipofectamine 3000 according
to the instruction of the manufacturer (Thermo scientific, MA,
USA) and were proven successfully expressed in 293-T cells. At
24 h post-transfection, p22-expressed or mock cells were washed
once in cold phosphate-buffered saline (PBS) and suspended
in 1ml of cold immunoprecipitation (IP) buffer (Beyotime,
Shanghai, China) (50mM Tris-HCl, pH 7.4, 150mM NaCl,
1mM EDTA) supplemented with 0.5% Nonidet P-40 Substitute
(NP-40, Fluka Analytical) on ice with 1% protease inhibitor
cocktail (Roche, Shanghai, China). Cells were lysed for 30min
at 4◦C with constant rotation, and the lysates were cleared by
centrifugation at 5,000 × g for 5min; lysate was removed for
Western blot analysis (whole-cell lysate fraction). The remaining
lysate was incubated with 1 µg of anti-HA antibody (Santa Cruz,
Shanghai, China) overnight at 4◦C, and then pre-coupled to
40 µl of A/G Plus agarose beads for 4 h at 4◦C according to
the instruction of the manufacturer. The immune complexes
were precipitated, washed, and subjected to SDS-PAGE gels and
Western blotting analysis.

Liquid Chromatography Tandem Mass
Spectrometry (LC-MS/MS) Analysis and
Data Processing
The preparation of peptides for MS of triplicate samples of
each group and LC-MS/MS were all performed by the Shanghai
Applied Protein Technology Company, and the LC-MS/MS was
executed on an Q Exactive HF mass spectrometer (Thermo
Scientific, MA, USA). In order to exclude possible contaminants,
the databases were deleted in p22-immunoprecipitated proteins,
which were obtained in mock immunoprecipitated proteins (the
brief procedures are seen in Figure 1).

Western Blot
293-T cells were transfected with 1 µg of pcDNA3.1-p22-HA
or mock plasmid for 24 h. At 24 h post-transfection, 293-T cells
were lysed with lysis buffer containing 1% protein inhibitor.
The cell lysates were subjected to SDS-PAGE and transferred
onto 0.22-µm nitrocellulose membranes (Pall, Port Washington,
NY, USA). Then, the membranes were incubated with 5%
defatted milk at room temperature for 2 h, washed with PBS
containing 0.05% Tween 20 three times, followed by anti-HA
rabbit polyclonal antibody incubation at 4◦C overnight, washed
with PBST three times, and then incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG secondary antibody
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FIGURE 1 | The concise procedure for sample preparation and process.

at room temperature for 1 h. After washing three times with
PBST, detection was performed using the ECL Kit (Thermo
Fisher Scientific).

Indirect Immunofluorescence Assay (IFA)
293-T cells were transfected with 1 µg of pcDNA3.1(+)-p22-HA
or mock plasmid for 24 h. At 24 h post-transfection, cells were
fixed in 4% paraformaldehyde at 4◦C for 30min, and then the
cell membranes were permeabilized with PBS containing 0.2%
Triton X-100 for 5min. The cells were incubated with 1:200
diluted anti-HA antibody at 37◦C for 1 h. Then, the cells were
incubated with Alexa Fluor 555-conjugated goat anti-rabbit IgG
at 1:400 dilution at 37◦C for 1 h and washed with PBS three times
before examination.

Gene Ontology (GO) Enrichment and Kyoto
Encyclopedia of Gene and Genomes
(KEGG) Pathway Analysis of p22
Interacting Proteins
GO is the concept of the combination of gene–gene functions and
is designed to detect cell biological functions via a systematically
dynamic and computational interpretation of genes, RNA, and
proteins. It covers three main areas (19) including cellular
components, molecular function, and biological processes. The
KEGG database aims to systematically analyze genes and their
related gene functions with an interacting network of molecules
in the cells in a hierarchical order (20). GO enrichment
and KEGG pathway analysis of p22 interacting proteins were
conducted. DAVID (http://david.abcc.ncifcrf.gov/) used in this

study is short for Database for Annotation, Visualization, and
Integrated Discovery.

Protein–Protein Interaction (PPI) Network
Construction
The PPI plays an extremely important role in understanding
cellular or systemic processes of cell growth, reproduction, and
metabolism (21) and provides a platform for the annotation of
functional, structural, and evolutionary properties of proteins. To
further investigate the molecular mechanism of p22 of ASFV, PPI
networks of p22 interacting proteins were constructed through
the STRING database (http://www.string-db.org/). STRING is an
online database that includes experimental as well as predicted
interaction information and comprises >1,100 completely
sequenced organisms. To select core genes from the PPI network,
we analyzed the top biological structure of the network and
obtained the proteins that directly interact with the target protein
in the network.We selected the PPIs to construct the PPI network
for visualization and analysis.

RESULTS

Sample Identification
Protein p22 was expressed in the 293-T cells by Western
blotting analysis; the band was shown as the predicted size
of 25 kDa (Figure 2A). The sample of p22-HA and its
mock immunoprecipitated for LC-MS/MS were also identified
(Figure 2B). IFA analysis also proved the p22 protein expressed
in 293-T cells in both the nucleus and plasma (Figure 2C).
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FIGURE 2 | p22 expression identification. (A) pcDNA3.1(+)-p22-HA and its mock were transfected into the 293-T cells and at 24 h post-transfection. Cells were lysed

and subjected to Western blotting analysis. The band of p22 of ASFV was shown as the predicted size. (B) The p22 protein was immunoprecipitated with HA and

identified by Western blotting analysis. (C) IFA identification. The green fluorescence represented the p22 protein, and the DAPI stain represented the nucleus.

Enriched GO Terms Analysis
In this study, to establish the host cell proteins or pathways that
have been enriched in the p22 interacting partners’ interaction
networks, we performed gene ontology annotation and analysis
of the target proteins in the p22 protein expressed 293-T cells to
predict the biological function. There were 578 p22-interacted
partners screened out compared with control samples in total
(the data that repeated with mocked-interacted proteins were
deleted to exclude the background contamination). From the GO

map, thousands of enriched GO terms were obtained, and their
corresponding proteins are shown in Supplementary Tables 1, 3.
Go terms mainly covered three parts: biological process,
molecular function and cellular component. A total of 359
proteins were related to the biological process (Figure 3). The
top two enriched GO terms of the biological process were
cellular process and metabolic process, followed by biological
regulation, cellular component organization or biogenesis, etc.
A total of 463 proteins were related to molecular function
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FIGURE 3 | Distribution of GO terms on three groups: biological process, molecular function, and cellular component. Up coordinate represents the number of the

proteins; right vertical coordinates represent the percentage of proteins.

(Figure 3). Major enriched GO terms of molecular function were
binding (as high as 378 proteins were included), catalytic activity,
structural molecule activity, etc., indicating that p22 may play an
important role in virus entry. For the cellular component, 374
proteins were involved. The GO terms analysis of the interacted
proteins mainly included cell part, organelle, protein-containing
complex, and membrane-enclose lumen membrane, indicating
that p22 interacting partners may participate in cell structure
maintenance. Collectively, the GO annotation and analysis of
target proteins inferred that the p22 protein may participate
in several processes such as protein binding, catalytic activity,
and metabolism.

KEGG Pathways Analysis
To further predict the cellular pathways and signal transduction
of p22-interacted host protein candidates, the KEGG and the
top 20 enriched pathways with the highest representation of
each term were enlisted (Figure 4A). A total of 165 KEGG
pathways were screened out, and their corresponding protein
numbers are shown in Supplementary Tables 2, 3. According to
the result, the KEGG pathways in which the p22-related proteins
were involved were ribosomes (Figure 4B) and spliceosome
(Figure 4C), wherein the involved protein numbers were as high
as 31 and 23, respectively. Furthermore, enrichment analysis
also indicated that the proteins might participate in pathogenic

Escherichia coli infection, tight junction, necroptosis, ribosome
biogenesis in eukaryotes, RNA transport, regulation of actin
cytoskeleton, cardiac muscle contraction, adrenergic signaling
in cardiomyocytes, etc. It is noteworthy that KEGG pathway
analysis showed that seven related proteins participated in
endocytosis (Figure 4D), and six proteins were involved in cyclic
GMP-dependent protein kinase (cGMP-PKG) signaling pathway
and focal adhesion. Minor proteins (four proteins) participated
in the cAMP signaling pathway and AMP-activated protein
kinase (AMPK) signaling pathway. The KEGG enrichment
analysis suggested that pathways involved in immune response,
regulation of necroptosis, ribosome biogenesis, and endocytosis
were preferentially targeted.

PPI Network
The p22-interacted proteins were placed in the STRING
database for PPI analysis and visualization in Cytoscape
software. The selected proteins that interacted with p22
protein in the endocytosis process were connected as a
network. The proteins included myosin-9 (MYH9), actin-
related protein 2/3 complex subunit 2 (ARPC2), actin-related
protein 2, actin-related protein 2/3 complex subunit 1B,
ADP-ribosylation factor 6 (ARF6), beta-actin-like protein 2
(ACTBL2), alpha-actinin-4 (ACTN4), clathrin heavy chain A
(CLTC), and Ras-related protein-10 (RAB10). The PPI network
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contained eight nodes and 20 edges. All the hub proteins
were at key positions in the interaction network. The nodes
represented the interacted proteins, and the edges represented
the interactions between these proteins. The selected proteins
in the PPI network might relate to p22 more closely in the
process of endocytosis. In addition to endocytosis, other PPI
networks were also involved, including regulation of actin
cytoskeleton, DNA replication, spliceosome, tRNA ligases, and
mitochondria, implying that p22-interacted proteins functioned
widely (Figure 5).

DISCUSSION

As the protein localized at the inner envelope of ASFV, the
function of p22 is rarely known. In an attempt to acquire the p22
function, p22-interacted proteins of the host were identified by a
high-throughput method and analyzed by GO terms and KEGG
pathways; numerous cellular proteins in 293-T that interacted

with p22 protein were identified. Although the facility to transfect
293-T cells made us select this cell type as the target cell, the
interacted partners with p22 protein in the host cell derived from
pig will be further investigated in the future. This study provides
a large database and a useful tool to figure out the function
of p22.

In this study, GO terms mainly covered three parts: biological
process, molecular function, and cellular component. The top
two enriched GO terms of the biological process were cellular
process and metabolic process, implying that p22 might utilize
the host proteins directly or indirectly to affect cell growth,
function, and stability. Main enriched GO terms of molecular
function were binding, catalytic activity. GO analysis revealed
that the most significant ontology categories of molecular
function of p22 interacting proteins is binding, suggesting a role
of p22 as the protein at the inner envelop in virus binding and
entry into the cell. The interesting result would inspire us to dig
out the real function of p22 in virus entry.

FIGURE 4 | Continue
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FIGURE 4 | KEGG pathways analysis of p22 interacting proteins. (A) Top 20 enriched KEGG pathway distribution. KEGG pathways that p22 interacting proteins were

involved in mainly were (B) ribosomes, (C) splicesome, and (D) endocytosis. The p22-interacting proteins in the KEGG pathways were marked in red.

The GO term analysis of the p22 interacting proteins in the
cell component mainly included cell part, organelle, protein-
containing complex, membrane-enclose lumen, and membrane;
the results further verified the conclusion that p22 located at
the membrane of the viron might participate in virus structure
maintenance and contact with the host membrane via the
binding and endocytosis process. Of course the suspicion needs
further to be proven.

For KEGG pathways analysis, a large number of KEGG
pathways were screened out (as high as 165); the KEGG
pathways that p22 interacting proteins participated in mainly
were ribosomes and spliceosome. Ribosomes are essential
nanomachines for protein production and protein synthesis.
The initial steps of ribosome biogenesis take place in the
cell compartment. Spliceosome executes eukaryotic precursor
messenger RNA (pre-mRNA) splicing to remove non-coding
introns. It depends on the interactions of RNA–RNA, RNA–
protein, and protein–protein. It is composed of several
nucleoproteins and has the function of recognizing 5

′

splicing

site, 3
′

splicing site, and branching point of mRNA precursor.
It indicated that p22 interacting proteins mainly participated
in the process of gene expression in the host cells, gave us
a hint that p22 affected the gene and protein expression of
cell host, and directly or indirectly affected the function of the
biological process.

Furthermore, it is interesting that p22 interacting proteins
were involved in pathogenic E. coli infection, tight junction,
necroptosis, ribosome biogenesis in eukaryotes, RNA transport,
regulation of actin cytoskeleton, cardiac muscle contraction,
adrenergic signaling in cardiomyocytes, etc. The widely affected
pathways reflected the wide range functions of p22 or its
related proteins.

It is noteworthy that KEGG pathway analysis showed that
seven of p22 interacting proteins participated in endocytosis. The
results of the GO analysis indicated that a large number of p22
interacting proteins participated in binding. Above all, p22 was
predicted to be involved in the entry process at the envelop of
the virus.
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FIGURE 5 | PPI network of key proteins that interacted with p22 in the endocytosis process. The size of each node in the PPI networks presents the connect degree

of each gene. Those nodes that were not connected to any node were omitted in the network. The selected proteins that interacted with the p22 protein in the

endocytosis process were connected as a network. The network was generated in the STRING database.

At last, it was possible that other pathways had an important
influence on the progression of ASFV entry via some biological
process, such as cGMP-PKG signaling pathway, cAMP signaling
pathway, and AMPK signaling pathway, which were screened out
by KEGG analysis. cGMP is the intracellular second messenger
that mediates the action of nitric oxide (NO) and natriuretic
peptides (NPs), affecting a wide range of physiologic processes
(22). cGMP/PKG signaling pathway was associated with the
replication of some viruses (23, 24). cAMP is also one of the
most common and universal secondmessengers; cAMP regulates
pivotal physiologic processes including metabolism, secretion,
calcium homeostasis, muscle contraction, cell fate, and gene
transcription (25). AMPK is a central regulator of cellular energy
homeostasis, regulating growth and reprogrammingmetabolism,
as well as in cellular processes including autophagy and cell
polarity (26). cAMP and AMPK are also closely connected with
virus replication (27, 28). These involved pathways put forward

the possibility that p22 and its interacting proteins might affect
the replication of ASFV.

In those hub proteins connected in the PPI network, the
ADP-ribosylation factor (Arf) protein family is part of the
large Ras superfamily that encompasses small GTPases (29).
Among this family, ARF6 stimulates actin polymerization,
drives phagocytosis through multiple mechanisms, and assists
autophagy as well (30). Other than Arf6, RAB10 also influences
the GTPase activity (29), Rab10 is located on both Golgi and
early endosomal/recycling compartments and plays an important
role in lysosome exocytosis and plasma membrane repair (31).
Alpha actinin belongs to the spectrin gene superfamily, which
represents a diverse group of cytoskeletal proteins. Alpha actinin
is an actin-binding protein. In non-muscle cells, it is involved in
actin binding to the membrane. In skeletal, cardiac, and smooth
muscle isoforms, it is localized to the Z-disc and analogous
dense bodies and participates in anchoring the myofibrillar
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actin filaments. ACTN4 encodes a non-muscle, alpha actinin
isoform, which is concentrated in the cytoplasm and involved
in metastatic processes (32). MYH9 is involved in several
important functions, including cytokinesis, cell motility, and
maintenance of cell shape (33). ARPC2, actin-related protein
2/3 complex subunit 2, contains seven subunits, of which Arp2
and Arp3 belong to actin-related proteins (34). The activation
of Arp2/3 complex could promote the synthesis of F-actin in
the suitable condition (35). The Arp2/3 complex is involved
in the rearrangement of the macrophage cytoskeleton and
affected the phagocytosis of macrophages (36). Knockout of the
Arp2/3 complex APC2 gene in mouse macrophages results in
a decrease in F-actin polymerization and subsequent reduction
in phagocytic capacity (37). In summary, the key proteins
mentioned above and other hub proteins in PPI network were
closely related to actin filament organization and movement,
resulting in affecting the process of phagocytosis and endocytosis.
Additional studies on the role of p22 in the process of endocytosis
should be conducted. In addition to endocytosis, other PPI
networks including regulation of actin cytoskeleton, DNA
replication, spliceosome, tRNA ligases, and mitochondria were
screened out, indicating that p22 interacting proteins functioned
widely and participated in several biological processes.

CONCLUSIONS

Although several studies have been reported to elucidate the
pathogenesis of ASFV, the viral protein function remains
unclear. In this research, the proteins in the host cells
interacted with p22, and the signaling pathways they might
participate in were screened out by a high-throughput
method, laying the foundation to elucidate the function of
p22. For the pig industry, it would also be advantageous
to study the pathogenesis of the disease and to monitor
and predict the outcome to control the disease in the
near future.
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Recent studies demonstrated that domestic cats can be naturally and experimentally

infected with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). This study

was performed to investigate the presence of SARS-CoV-2-specific antibodies within

the domestic cat population in Istanbul, Turkey, before the coronavirus disease 2019

(COVID-19) and during the COVID-19 pandemic. Overall, from 155 cat sera analyzed,

26.45% (41/155) tested positive in the spike protein-ELISA (S-ELISA), 28.38% (44/155)

in the receptor-binding domain-ELISA (RBD-ELISA), and 21.9% (34/155) in both, the

S- and RBD-ELISAs. Twenty-seven of those were also positive for the presence of

antibodies to feline coronavirus (FCoV). Among the 34 SARS-CoV-2-positive sera, three

of those were positive on serum neutralization assay. Six of the 30 cats before COVID-19

and 28 of the 125 cats during COVID-19 were found to be seropositive. About 20% of

ELISA-positive cats exhibited mainly respiratory, gastrointestinal, and renal signs and skin

lesions. Hematocrit, hemoglobin, white blood cells, lymphocyte, and platelet numbers

were low in about 30% of ELISA-positive cats. The number of neutrophils andmonocytes

were above normal values in about 20% of ELISA-positive cats. The liver enzyme alanine

aminotransferase levels were high in 23.5% ELISA-positive cats. In conclusion, this is the

first report describing antibodies specific to SARS-CoV-2 antigens (S and RBD) in cats

in Istanbul, Turkey, indicating the risk for domestic cats to contract SARS-CoV-2 from

owners and/or household members with COVID-19. This study and others show that

COVID-19-positive pet owners should limit their contact with companion animals and

that pets with respiratory signs should be monitored for SARS-CoV-2 infections.

Keywords: SARS-CoV-2, spike, RBD, ELISA, cat, Turkey
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INTRODUCTION

High numbers of severe respiratory infections in humans were
first reported in December 2019 inWuhan, China; the etiological
agent was later characterized as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) as an enveloped single-
stranded RNA virus classified as betacoronavirus in the
Coronaviridae family, and the disease was designated coronavirus
disease 2019 (COVID-19) by the World Health Organization
(WHO) (1–3). The virus spread rapidly worldwide and became
a pandemic disease that has been causing very serious threats to
public health and economies globally (4–6).

SARS-CoV-2 is a zoonotic agent and was most likely
transmitted from bats to humans; however, it is not well-
understood which animals are susceptible to and can spread
COVID-19. Susceptible animals may not only serve as a reservoir
for disease posing a risk to humans but also drive further virus
changes (1, 7). It has been demonstrated that SARS-CoV-2
uses the angiotensin-converting enzyme 2 (ACE2) as its cellular
receptor (1). The ACE2 of a cat shares a high amino acid sequence
identity (85.2%) with human ACE2 (7). Feline ACE2 differs
at only four out of a total of 20 residues compared with the
human ACE2 conforming receptor binding pocket. However,
these residues are the key determinants for virus-host range
differentiating the susceptibility of a species to SARS-CoV-2
and can affect the efficiency of receptor-binding domain (RBD)
binding to ACE2 (8).

Considering the host receptor-virus relationship, the presence
of SARS-CoV-2 antigen or antibodies against the virus has
been reported in a considerable number of animals including
but not limited to cats, dogs, minks, tigers, and lions (8–
12). Among these, cats received great attention because of
close contact with humans. Recent studies of SARS-CoV-2
infections in cats demonstrated that cats can be naturally and
experimentally infected with SARS-CoV-2 (9, 11–14). Cats can
be infected by two different coronaviruses including types I
and II coronaviruses responsible for feline infectious peritonitis
(7, 15, 16) or SARS-CoV-2 (8). SARS-CoV-2 is genetically distinct
from the feline coronaviruses which are classified to belong to
the alphacoronavirus genus (2). In addition, clinical, virological,
pathological, and tomography findings of these infections are
different from each other (16).

The first suspected case of a cat with SARS-CoV-2 was
reported in Hong Kong by the Hong Kong Agriculture, Fisheries
and Conservation Department (AFCD) (17). Another case of
SARS-CoV-2 in cats was reported in Belgium in March 2020 (18)
and later in other countries like the USA (19), France (20, 21),
Germany (13), Italy (22), and Spain (23, 24). Infected animals can
become sick, but the clinical disease seems to be mild and self-
limited (18, 25). This was confirmed by experimental infections,
indicating that SARS-CoV-2 causes mild respiratory signs in
some instances (11); however, most cases remain asymptomatic
(26). Importantly, infected cats were demonstrated to be capable
of transmitting SARS-CoV-2 to other cats in the experimental
environment (12).

Cats are very important companion animals living in close
proximity to humans, and ∼50% of people keep companion

animals in Europe and the USA and in some localities in Turkey
(27) (Turkish Veterinary Association, personal communication).
Therefore, it is important to determine whether domestic
cats pose a potential risk to people. Generally, ELISA, virus
neutralization, and Western blot tests are used to investigate
the serological response of cats to SARS-CoV-2. We investigated
the presence of SARS-CoV-2-specific antibodies within the cat
population in Istanbul, Turkey. For this purpose, in-house
indirect ELISA tests were established using the recombinant spike
(S) and RBD proteins of SARS-CoV-2. Then, the sera collected
from domestic cats were subjected to the in-house ELISA tests in
order to determine the presence of antibodies specific for S and
RBD proteins of SARS-CoV-2.

MATERIALS AND METHODS

Study Population, Clinical Examination,
and Sampling
This study was performed on cats admitted to the Veterinary
Faculty of Istanbul University-Cerrahpasa, Turkey, for clinical
examination. All cats were household cats with no access to the
street. The study population consisted of two groups of cats,
one group named “before COVID-19” and the second group
“during COVID-19.” Samples from the before COVID-19 group
were collected between January 2018 and January 2019. The
samples from the during COVID-19 group were collected after
December 2019, the first reported SARS-CoV-2 human infection
case in China.

The before COVID-19 group consisted of a total of 30
cats, and the during COVID-19 group consisted of 125 cats,
between 2 months and 15 years of age. All cats were clinically
examined and the gender, breed, and age of the animal were
recorded. On clinical examination, presence of fever, depression,
and clinical signs related to organ system dysfunction were
recorded: respiratory (cough, wheezing, dyspnea, and abnormal
lung sounds); gastrointestinal (mouth lesions, anorexia,
vomitus, diarrhea, weight loss, abdominal distension, and/or
ascites); circulatory (lymphadenopathy, anemia, icterus);
urinary (cystitis, renal insufficiency, urinary infections); ocular
lesions (conjunctivitis, keratic precipitates, uveitis, hyphema,
iridocyclitis, chorioretinitis); skin lesions; and central nervous
system (epileptic seizures, ataxia) symptoms. Sera from all cats
were collected by venipuncture.

Development of ELISA for Detection of
Antibodies to S and RBD Proteins of
SARS-CoV-2
The SARS-CoV-2 S and RBD proteins were initially produced
and characterized in Professor Munir Iqbal’s laboratory (The
Pirbright Institute, UK) and in Professor Juergen Richt’s
laboratory (Kansas State University, Manhattan, KS, USA).
Adopting methods established by the two labs, we produced both
proteins in our laboratory.

Two methods were used to produce SARS-CoV-2 S and RBD
proteins as described below:
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Method 1: This method was used to produce SARS-CoV-
2 S protein, as described previously (28, 29). Briefly, the
expression cassettes containing SARS-CoV-2 S nucleotide
sequences of BetaCov/Wuhan/WH04/2020 (accession
number EPI-ISL-406801) were retrieved from the Global
Initiative on Sharing All Influenza Data (GISAID) database.
Nucleotide sequences were codon optimized for expression
in Drosophila melanogaster Schneider 2 (S2) cells. The N-
terminus signal sequence of S protein was replaced with
Drosophila immunoglobulin heavy chain binding protein
(BiP) signal sequence, and the C-terminus were fused with T4
foldon sequence (GSGYIPEAPRDGQAYVRKDGEWVLLSTFL)
and a C-tag sequence (EPEA) for affinity purification. The
protein expression cassettes were commercially synthesized
(GeneArt, ThermoFisher Scientific, Regensburg, Germany)
and cloned into pExpres2.1 expression vector (ExpreS2ion
Biotechnologies, Hørsholm, Denmark). The recombinant
plasmids were transfected into Drosophila S2 cells using
Calcium Phosphate Transfection Kit (Thermo Fisher Scientific,
Paisley, Scotland, UK). Following antibiotic selection with
Zeocin (InvivoGen, Toulouse, France), cells were propagated in
Drosophila EX-CELL R© 420 Serum-Free Medium (Merck Life
Science) at 25◦C. Recombinant S trimeric protein secreted in
cell culture supernatants was purified using the CaptureSelectTM

C-tag Affinity Matrix (Thermo Fisher Scientific) and eluted
protein dialyzed into PBS overnight. The concentration of
purified recombinant S protein was determined by PierceTM BCA
Protein Assay Kit (Thermo Fisher Scientific), and the purity
was assessed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE).
Method 2: This method was used to produce RBD region of the S
protein in mammalian cells (human embryonic kidney 293 cells-
HEK 293) in Professor Juergen Richt’s laboratory (Kansas State
University, Manhattan, KS). Briefly, the nucleotide sequence
encoding the RBD spike protein of the SARS-CoV-2 isolate
Wuhan-Hu-1 (GenBank accession: MT380725.1) plus two strep
tags on the 3

′

end was used and cloned into the mammalian
expression vector pHL (Addgene, Cambridge, MA, USA). The
RBD recombinant protein was produced in HEK 293 cells by
transfections of these cells with purified DNA using QIAGEN
PlasmidMidi Kit (Qiagen, Germantown, MD, USA). Transfected
HEK 293 cells were cultured in DMEM (Fisher Scientific,
Chicago, IL, USA). Supernatants from transfected cells were
harvested on day 3 posttransfection and supernatant samples
were centrifuged at 4,000×g for 20min. Recombinant proteins
with strep-tags were purified via affinity chromatography
using Strep-Tactin R© (IBA Lifesciences, Göttingen, Germany)
under native conditions using StrepTacting Superflow Agarose
(Millipore Sigma, MA, USA) and expression of the recombinant
protein was confirmed by Western blotting.

Standardization of ELISA for Estimation of
S and RBD Antibody Levels in Serum
Samples Collected From Cats
In house, ELISA methods were standardized to analyze the sera
of cats for the presence of antibodies to SARS-CoV-2 by using the

purified recombinant S and RBD proteins of SARS-CoV-2 as the
target antigen. Indirect ELISA protocols were standardized using
checkerboard titration protocol, as described previously (30). For
this, two-fold dilutions of the S and RBD proteins were prepared
at a range of 250–4,000 ng/ml in PBS (Sigma) on 96-well ELISA
plates (MaxiSorb flat bottom). The negative control sera were
from the cats taken before the COVID-19 epidemic having low
OD values and also being negative for the FCoV antibodies and
in-house FCoV PCR.Human sera which tested positive or negative
for SARS-CoV-2 antibodies by a commercial ELISA (Roche, Basel,
Switzerland) and human swab samples were positive for SARS-
CoV-2 RNA by a real-time RT-PCR (IDEXX, Westbrook, ME,
USA) were included in the standardization of ELISA.

The SARS-CoV-2-positive and SARS-CoV-2-negative human
sera were diluted two-fold (from 1:50 to 1:1,600), and HRP-
conjugated goat anticat antibody (Santa Cruz, Santa Cruz, CA,
USA) for cat IgG and HRP-conjugated goat antihuman IgG for
human sera (Santa Cruz, sc2428) was diluted 1:3,000 in PBS-
Tween plus 1% (w/v) skimmed milk powder (BioShop Canada,
Burlington, ON, Canada). The results of the standardization of
the ELISA revealed that the optimal amount of the recombinant
S and RBD proteins to use in ELISA ranged from 1 µg to 2µg/ml
in 50 µl buffer, whereas the optimal dilution of SARS-CoV-2-
positive cat and human serum ranged from 1:200 to 1:800, and
the antispecies secondary antibodies were diluted to 1:3,000 (as
per supplier instruction).

The cutoff value was calculated by using the (receiver
operating characteristic (ROC) curve analysis to determine the
OD value range of positive samples. The ELISA cutoff value was
determined by the addition of three standard deviations to the
mean OD value of the negative control sera in each plate. OD
values above the cutoff value were taken as positive. The cutoff
value was recalculated with a ROC curve analysis by using aMed-
Calc program (31). Thus, a cutoff OD value of 0.692 (sensitivity:
78.57%; specificity: 93.81%) was determined for the in-house
indirect S-ELISA and an OD value of 0.493 (sensitivity: 100%;
specificity: 98.23%) for the RBD-ELISA.

Analysis of Cat Sera for Antibodies to
SARS-CoV-2
After standardization of the ELISA, the two groups of cat sera
before COVID-19 and during COVID-19 were analyzed for the
presence of antibodies to SARS-CoV-2. For this, a 96-well plate
(NuncMaxiSorb, Thermo Fisher Scientific) was coated overnight
at 4◦C with 100 ng of either S or RBD proteins/per well in 50
µl PBS buffer (Sigma, C-3041). The next morning, plate was
washed three times and non-specific interactions blocked for
1 h at room temperature with a blocking buffer (PBS containing
3% (w/v) skim milk powder and 0.1% Tween 20). This was
followed by wash steps, a volume of 100 µl of test sera, diluted
1:400 in PBS-Tween plus 1% (w/v) skimmed milk non-fat
powder (BioShop Canada), was added and incubated for 2 h
at room temperature (20◦C). Each serum sample was tested in
duplicate, and each test plate included duplicate negative sera
as indicated in the standardization of ELISA. Once again, wash
step was performed and HRP-conjugated goat anticat antibody
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(Santa Cruz Biotechnology, Cat. No. sc2428), diluted 1:3,000,
was added to the wells and incubated at RT (20◦C) for 1 h.
One hundred microliters of TMB substrate (Thermo Scientific-
C34021) solution was added to each well and incubated at room
temperature for 10min. The reaction was stopped by adding
50 µl/well of 2M H2SO4, and absorbance (optical density) was
measured at 450 nm using a microplate reader (SLT-Spectra, SLT
Lab Instruments, Crailsheim, Germany). The ELISA cutoff value
was determined as explained in the standardization of ELISA,
thus a cutoff OD value of 0.692 for the in-house indirect S-ELISA
and an OD value of 0.493 for the RBD-ELISA.

Comparison With Commercial ELISA Tests
To assess the reliability of the performance of our in-house
indirect S- and RBD-ELISA tests, along with cat sera, sera
from human patients were employed which were positive for
SARS-CoV-2-specific antibodies by a commercial ELISA (Roche)
antibody assay and positive for SARS-CoV-2 RNA by a real-time
RT-PCR. Similarly, prechecked negative human sera by ELISA
and real-time RT-PCR were used as negative control.

Surrogate Virus Neutralization Test
In order to detect neutralizing activity against SARS-CoV-2-RBD
of the spike protein, a commercial (GenScript Inc., Piscataway,
NJ, USA) SARS-CoV-2 Surrogate Virus Neutralization Test Kit
was used. This test detects blocking antibodies for binding
of SARS-CoV-2-RBD to the ACE2 receptor on a cell surface
in an ELISA system. In this study, the cat sera found to be
positive in S- and RBD-ELISA were tested by surrogate virus
neutralization test, as described by the manufacturer (GenScript
Inc., Piscataway, NJ, USA).

Analysis of Serum Samples for Antibodies
to FCoV
Cat sera found to be positive for SARS-CoV-2 antibodies were
analyzed for the presence of antibodies to FCoV (Bionote,
Anigen, FCoV Antibody and Biogal, FCoV Immunocomb
ELISA) according to the manufacturer’s instructions.

Hematological and Biochemical Analyses
Reference values were taken from IDEXX kit instructions used
in the laboratory of the Department of Internal Medicine. The
reference values for alanine aminotransferase (ALT) and alkaline
phosphatase (ALP) were taken from a previous study published
by Natalie and others (32). Blood samples from cats were
analyzed in detail by a complete blood hemogram-histogram;
specifically, total white blood cell counts (WBC), red blood cell
counts (RBC), hemoglobin, hematocrit, lymphocyte, neutrophil,
monocyte, and platelet counts by using the IDEXX ProCyte DxTM

instrument as described by themanufacturer (IDEXX Procyte Dx
Reagent Kit).

Samples from cats were also analyzed for blood biochemistry;
ALT, ALP, total protein, blood urea nitrogen (BUN), creatinine
levels were measured by the IDEXX Catalyst One instrument as
described by the manufacturer (IDEXX Catalyst Chem 10 and
IDEXX Catalyst Chem 17).

Statistical Analysis
Data were analyzed using MedCalc (version 20.010) software.
Chi-square test was used to compare the proportion of serological
results to age and gender of cats.

RESULTS

Assessment of S- and RBD-Specific
ELISAs Used in This Study
SARS-CoV-2-S- and SARS-CoV-2-RBD-specific ELISAs,
established in house, were used to detect the presence of
antibodies to SARS-CoV-2 in serum collected from cats. The OD
cutoff value of the in-house ELISAs were set at an OD of 0.692 for
S-ELISA and 0.493 for RBD-ELISA. Of the 155 cat sera analyzed,
26.45% (41/155) tested positive in the in-house S-ELISA, whereas
28.38% (44/155) tested positive in the in-house RBD-ELISA
(Figure 1). Thirty-four (21.9%; 34/155) cat sera tested positive in
both the S- and RBD-ELISA (Figure 1), five sera were positive
only in S-ELISA, and nine sera were positive only in RBD-ELISA
(Figure 1). Interestingly, the six sera which were taken before
the first reported COVID-19 patient in Istanbul, Turkey, were
positive with the RBD-ELISA but negative with the S-ELISA, one
was positive by the S-ELISA (Figure 1). All control cat sera were
negative for SARS-CoV-2-specific antibodies by both ELISAs.

Both ELISAs were analyzed by kappa statistics, and the kappa
value was determined as 0.76. This kappa value indicates that
both ELISAs have an excellent agreement based on established
criteria reported previously (31).

According to results obtained in the assessment study, a
cat serum was defined as positive for SARS-CoV-2-specific
antibodies when the serum reacted positive in both, the S- and
RBD-ELISAs (agreement in both tests).

Antibodies to FCoV and SARS-CoV-2 in Cat
Sera Collected Before COVID-19
Thirty cat sera obtained before the first COVID-19 patient was
reported in Turkey were analyzed for the presence of FCoV-
specific antibodies by ELISA. When these 30 cats were tested
for antibodies to SARS-CoV-2, six (20%) cats were found to
be positive for SARS-CoV-2 by both the S- and RBD-ELISAs
(Table 1). OD values of six positive sera ranged between 0.850
and 0.973 in the S-ELISA and 0.710 and 0.987 in the RBD-ELISA
(Figure 1). Among the six SARS-CoV-2 seropositive cats, five
cats had antibodies to FCoV. One cat had no antibodies to FCoV,
and the OD values of this cat to SARS-CoV-2 were 0.801 in the
S-ELISA and 0.712 in the RBD-ELISA (Table 1; Figure 1).

Antibodies to FCoV and SARS-CoV-2 in Cat
Sera Collected During COVID-19
One hundred twenty-five cat sera collected during the COVID-
19 pandemic were analyzed for the presence of FCoV antibodies.
When these 125 cat sera were analyzed for antibodies to SARS-
CoV-2, 28 (22.4%) cats were found to be positive for SARS-
CoV-2 by both ELISAs (Table 1). OD values of the 28 positive
sera ranged between 0.750 and 0.995 for the S-ELISA and 0.670
and 0.944 for the RBD-ELISA (Table 1; Figure 1). Among the
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FIGURE 1 | OD values of cat sera collected “before COVID-19” and “during COVID-19” tested in the S- and RBD-ELISAs. The blue horizontal line (bottom line)

indicates the “cut-off” value for the RBD-ELISA and the red horizontal line (upper line) indicates the “cut-off” value for the S-ELISA.

TABLE 1 | Cut-off values and number of positive and negative cat sera as determined by the S- and RBD-ELISA.

Cutoff value

(optical density)

Positive Negative Positive sera taken

“before COVID-19”

Positive sera taken

“during COVID-19”

S-ELISA 0.692 41 114 7 34

RBD-ELISA 0.493 44 111 12 32

Positive in both S- and

RBD-ELISA

34 6 28

Positive only in S-ELISA 5 1 5

Positive only in RBD-ELISA 9 6 3

A total 155 cat sera comprising 30 sera “before COVID-19” and 125 sera “during COVID-19” were analyzed.

28 SARS-CoV-2 seropositive cats, 22 cats had antibodies to
FCoV (Table 2).

Surrogate Virus Neutralization Test
Cat sera (6) positive in S and RBD-ELISA collected before
COVID-19 were all negative in surrogate virus neutralization
test (sVNT) test. When 28 cat sera positive in S- and
RBD-ELISAs collected during COVID-19 tested by sVNT
test, three cat sera were found to be positive. Two of
these sera were also positive for FCoV antibodies and one
cat was living with an owner who recovered from the
COVID-19 disease.

Signalments and Clinical Signs in
SARS-CoV-2 Seropositive Cats (n = 34)
The signalments and clinical signs of the SARS-CoV-2
seropositive cat cohort at the time of blood collection are
shown in Table 2. Most of the seropositive cats (n = 21) were
below 3 years old. Similarly, 67% (23/34) of the cats were
female and the remaining 33% (11/34) were male. Seropositive
cats were mainly (85%) cross-breeds (n = 29) and only five
cats (15%) were pure breeds (Table 2). Seropositive cats
exhibited mainly respiratory (n = 8), gastrointestinal (n =

10), renal (n = 6), and skin lesions (n = 6). A high body
temperature was measured only in three seropositive cats
(Table 2).

Hematological and Biochemical Findings in
SARS-CoV-2 Seropositive Cats
Results of the hematology and biochemistry are shown inTable 2.
HCT (n = 9), HGB (n = 8), WBC (n = 7), and platelets (n =

8) were low in several seropositive cats. Lymphopenia was seen
in 11 cats (33%), and these lymphopenic cats had high titers of
antibodies to the S and RBD proteins. The number of neutrophils
and monocytes were above the normal in six and eight cats,
respectively (Table 2). Creatinine was found to be low in three
cats and high in six cats. The liver enzyme ALT level was high in
eight cats (Table 2), and these cats also had a very high titer of
antibodies to the S and RBD proteins.

Statistical Analysis
The seroprevalence of age and gender was not statistically
significantly different between seropositive and negative cats
(p > 0.05).

DISCUSSION

A considerable number of reports indicated that domestic
and wild felids have been shown to be highly susceptible to
natural and experimental SARS-CoV-2 infections (9, 11, 12, 17),
indicating that cats can be infected with both, FCoV and SARS-
CoV-2; therefore, serological cross-reaction might complicate
serological diagnosis. So far, no comprehensive data are available
on the analysis of cat sera for the presence of antibodies to SARS-
CoV-2 before the emergence of SARS-CoV-2, December 2019
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TABLE 2 | Demographics, clinical, hematological, and biochemical findings in SARS-CoV-2 seropositive cats.

Clinical signs and demographics Circulatory, liver, and renal functions of SARS-CoV-2–positive cats

SARS-CoV-2 positives FCoV positives Hematological findings L H Biochemical findings L H

(N = 34) (N = 27) and reference values and reference values

Before

COVID-19

(n = 6)

During

COVID-19

(n = 28)

Before

COVID-19

(n = 5)

During

COVID-19

(n = 22)

Age

0–3 6 15 5 14 HCT: 9 cats: 3 cats: Creatinin: 3 cats: 6 cats:

4–7 0 8 0 5 30.3–52.3 18–27 53–56 0.8–2.0 0.2–0.7 2.3–6.1

8–11 0 5 0 3

Gender

F 5 18 4 16 HGB: 8 cats: 1 cat: BUN: 2 cats: 2 cats:

M 1 10 1 6 9.8–16.2 5.8–9.2 17.5 16–36 8–9 42–106

Breed

Cross 5 24 4 21 RBC: 2 cats: 0 Total protein: 0 2 cats:

Pure 1 4 1 1 6.54–12.2 3.5–6.15 5.7–8.9 9.1–9.3

Fever 1 2 WBC:

5.87–17.02

7 cats:

2.8–4.7

2 cats:

19.8–58.5

ALT:

19–71

0 8 cats:

78–253

Depression/dullness 3 2 Neutrophil:

2.3–10.29

1 cat:

0.68

6 cats:

16.1–42.5

ALP:

6–46

0 2 cats:

54–117

Anorexia 2 3 Lymphocytes:

0.92–6.88

11 cats:

0.67–0.69

4 cats:

6.9–12.01

Weight loss 3 3 Monocytes:

0.05–0.67

0 8 cats:

0.69–0.87

Respiratory signs (cough,

dyspnea, excretion)

2 6 Platelets:

151–600

8 cats:

25–96

2 cats:

660–686

Gastrointestinal (diarrhea,

constipation, vomitus)

2 8

Urinary (renal insufficiency, cystitis) 1 5

Neurological 3 2

Skin lesions 0 6

M, male; F, female; H, high; L, low. Reference values were taken from IDEXX kit instructions used in the laboratory of the Department of Internal Medicine. The reference values for ALT and ALP were taken from a previous study published

by Natalie and others (32).
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(33), and there is no report on the seropositivity of cats to SARS-
CoV-2 in Turkey. Therefore, in the present study, the presence
of SARS-CoV-2-specific antibodies within the cat population in
Istanbul, Turkey was investigated.

SARS-CoV-2 seems to have originated from bats (1, 17)
although this has not been proven; also, the involvement of
an intermediate mammalian host such as the pangolin or
raccoon dogs (8, 10, 34) before transmission to humans has
been discussed. COVID-19 patients can transmit SARS-CoV-2
to domestic and large cats while cat to human transmission has
not been reported yet (12, 14, 17). Seroprevalence studies in cats
indicated that cats can be infected with SARS-CoV-2 presumably
by their SARS-CoV-2-infected owners, showing mostly mild
disease (17). Natural SARS-CoV-2 in cats has been reported in
several countries, e.g., in Belgium (25), Hong Kong (35), USA
(36), France (20), Spain (23, 24, 26), Germany (13), UK (17), Italy
(37), Switzerland (38), China (14), and SARS-CoV-2-positive cats
have been reported to the OIE from Russia, Denmark, Sweden,
Chile, Japan, Brazil, and Argentina (39).

In Wuhan, China, 102 cats were analyzed for the presence
of antibodies to SARS-CoV-2 by ELISA, and 15 of 102 (14.7%)
cat sera were found to be SARS-CoV-2 positive (14). Eleven of
the 15 ELISA-positive cats had neutralizing antibodies with titers
ranging from 1/20 to 1/1,080, which is rather high compared
with titers reported in other cat studies. No obvious clinical
signs were observed in SARS-CoV-2 seropositive cats. Three of
the SARS-CoV-2-positive cats were living in households with
COVID-19 patients, indicating that the close contact to the
SARS-CoV-2-positive owners could be the most likely source
of infection (“reverse zoonosis”). Ten out of 39 serum samples
collected before the emergence of SARS-CoV-2 in December
2019 were positive for SARS-CoV-2 antibodies (14). The authors
indicated that no serological cross-reactivity was observed in
their serological assay between antibodies against SARS-CoV-2
and type I or II feline coronavirus (14). In Germany, a total of
920 cat sera were screened by an indirect multispecies ELISA,
indirect immunofluorescence test (iIFT), and neutralization test
specific for SARS-CoV-2 antibodies. Overall, six (0.69% or 6/920)
serum samples tested positive for antibodies to SARS-CoV-2 by
both ELISA and iIFT, and two of these sera were also positive
in the virus neutralization assay (13). The prevalence of SARS-
CoV-2 antibodies in cats in Germany is low when compared with
other countries. This could be due to the fact that the German
serum samples were collected during a time period (March–
April 2020) when the incidence of SARS-CoV-2 infections in
the German population was low. In contrast, in France, a rather
high seroprevalence of SARS-CoV-2 antibodies was found in
cats, ranging from 21 to 53% (21). In another study performed
in France, 22 cats that had contact to SARS-CoV-2-infected
owners were tested for the presence of SARS-CoV-2 RNA by
RT-PCR, and sera from 16 cats obtained before the emergence
of COVID-19 were analyzed for the presence of antibodies by
ELISA. SARS-CoV-2 RNA was detected in one cat, and this
cat also tested positive for carrying antibodies to SARS-CoV-
2 by ELISA. No antibodies to SARS-CoV-2 were detected in
cats sampled before the emergence of COVID-19 (20). In Texas,
USA, eight of 17 cats living in COVID-19-affected households

were found to be positive either for SARS-CoV-2 RNA or
SARS-CoV-2-specific neutralizing antibodies (17, 19). In a study
performed in Italy, 5.8% of cats had neutralizing antibodies to
SARS-CoV-2 (17, 22). The authors indicated that 22 cat sera
originated from COVID-19-affected households (17, 22). In a
study performed in Spain, 114 stray cats were tested for SARS-
CoV-2 and four cats (3.51%) were found to be positive for SARS-
CoV-2 antibodies (24). In another study in Spain, a cat living
with a family with several members affected by COVID-19 was
analyzed and found to be positive for SARS-CoV-2 RNA. The cat
and also another cat in the same household seroconverted against
SARS-CoV-2 (23). Similarly, a cat in Belgium diagnosed with
severe acute respiratory syndrome, and living with a COVID-
19-positive owner, tested positive for SARS-CoV-2 RNA and
developed a SARS-CoV-2-specific antibody titer of 1:512 (25).
In a study performed in Croatia, 131 cats were tested and 10
cats (0.76%, 10/131) were found to be positive for SARS-CoV-2
antibodies (40).

In the present study, evidence of the presence of antibodies
to SARS-CoV-2-specific S and RBD proteins was found in cats
sampled before COVID-19 and during COVID-19. A total of
155 cat sera were tested, with 34 (21.9%) being positive for both,
the S and RBD proteins. The owner of one seropositive cat had
recovered from COVID-19 about 1 month before the cat was
sampled, and this cat had high antibody titers to both, S and
RBD proteins. Results of our study indicate that SARS-CoV-2 is
circulating in cat populations in Istanbul, Turkey, and that SARS-
CoV-2 infections in cats were most likely acquired from SARS-
CoV-2-positive cat owners. Unfortunately, only limited data on
the health status of the cat owners is available since they were
not willing to provide detailed information about their SARS-
CoV-2 infection status. Importantly, all cats analyzed in this
study were household cats and had no access to the outside A
similar transmission of SARS-CoV-2 from COVID-19 patients to
cats has been shown in numerous cases previously (17, 22, 23).
Interestingly, six of the 34 SARS-CoV-2 seropositive cats were
sampled before the emergence of COVID-19 in humans, i.e.,
before December 2019. This could be due to: (i) a cross-reactivity
of immune responses between FCoV and SARS-CoV-2, most
likely to the nucleocapsid protein; or (ii) a SARS-CoV-2-like
virus circulating in cats in Istanbul. Since we do not have any
virus/RNA isolates from these cats, the latter possibility is rather
speculative. It is most likely that SARS-CoV-2 seropositivity
in cats sampled before the COVID-19 is due to cross-reacting
antigens between SARS-CoV-2 and FCoV, since five of these
six SARS-CoV-2 seropositive cats also had antibodies to FCoV.
Only one cat was negative for FCoV antibodies. This observation
warrants further investigations.

In the present study, two ELISA tests, one for the SARS-
CoV-2 spike protein and one for the RBD region of the spike
protein were used to determine the antibody status of cats.
The kappa value (0.76) obtained indicates that both the S-
and RBD-specific ELISAs had an excellent agreement based on
established criteria reported previously (31). This shows that
either one of these tests can be used for prescreening cats
for antibodies against SARS-CoV-2 in cats. Since we do not
have BSL-3 facilities at our institution, the ELISA-positive sera
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could not be tested by a classical virus neutralization assay.
Therefore, we tested the ELISA-positive cat sera for the presence
of neutralizing antibodies using the GenScript ACE2-based
SARS-CoV-2 surrogate virus neutralization test (sVNT); three
of our ELISA-positive cat sera were found to be sVNT positive,
indicating that these cats were exposed to SARS-CoV-2. It is
important to note that previous cat studies revealed that some
ELISA-positive sera were negative in classical virus neutralization
assays (13, 14, 21). The respective authors attributed the
negative virus neutralization results in the delayed production of
neutralizing antibodies (13). In addition, results of experimental
SARS-CoV-2 infection of ferrets indicated that SARS-CoV-2
neutralizing antibodies in the ferret COVID-19 model can only
be detected about 2 weeks after the initial detection of SARS-
CoV-2-specific antibodies using an iIFT (13, 40). A similar
situation as mentioned above could be the reason that only three
out of 34 SARS-CoV-2-positive sera tested also positive in the
surrogate sVNT assay. Therefore, based on the results obtained
by others, the SARS-CoV-2 ELISA-positive but sVNT-negative
cats identified in this study were either in early stages of SARS-
CoV-2 infection or exposed to a feline coronavirus inducing
cross-reactive antibodies to the SARS-CoV-2-S and SARS-CoV-
2-RBD proteins. The latter one most likely applies to the six
ELISA-positive cats sampled before the emergence of COVID-19,
since five of these cats also had antibodies to FCoV. Future studies
are needed to investigate if there is cross-reactivity between
SARS-CoV-2 and FCoV, although several reports indicate no
cross-reactivity (10, 13, 21, 41).

Mild clinical signs or no signs were reported in cats infected
with SARS-CoV-2 (10, 20, 35). In the present study, the majority
of the seropositive cats (N = 21) were between 0 and 3
years old, and respiratory (8/34) and gastrointestinal (10/34)
signs were prominent with low hematocrit (9/34), hemoglobin
(8/34), lymphocyte (11/34), and platelet (8/34) levels. Alanine
aminotransferase levels were increased in eight seropositive cats.
These findings are similar to those seen in another cat study (32)
and people infected with SARS-CoV-2 (42).

In conclusion, this is the first report describing antibodies
to SARS-CoV-2 in cats in Istanbul indicating the risk of cats
getting infected with SARS-CoV-2. It is important that cat
owners are aware that when they acquire COVID-19, they
should apply preventive measures to avoid transmission of the
virus to their cats (or other susceptible pets). For this reason,
suspected companion animals should be monitored for SARS-
CoV-2 infection and separated from naive people and susceptible
animals until recovery. Currently, the CDC (43) and OIE (44)
recommend the separation of people infected with COVID-19
from their companion animals. Also, the European Advisory
Board on Cat Diseases (ABCD) (45) advises isolating positive

animals from unexposed ones. For preventive measurements,
a “One Health” approach should be implemented, with the
inclusion of Public Health and Veterinary Services.
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Coronaviruses are single-stranded RNA viruses that affect humans and a wide variety of

animal species, including livestock, wild animals, birds, and pets. These viruses have

an affinity for different tissues, such as those of the respiratory and gastrointestinal

tract of most mammals and birds and the hepatic and nervous tissues of rodents and

porcine. As coronaviruses target different host cell receptors and show divergence in the

sequences and motifs of their structural and accessory proteins, they are classified into

groups, which may explain the evolutionary relationship between them. The interspecies

transmission, zoonotic potential, and ability to mutate at a higher rate and emerge into

variants of concern highlight their importance in the medical and veterinary fields. The

contribution of various factors that result in their evolution will provide better insight and

may help to understand the complexity of coronaviruses in the face of pandemics. In

this review, important aspects of coronaviruses infecting livestock, birds, and pets, in

particular, their structure and genome organization having a bearing on evolutionary and

zoonotic outcomes, have been discussed.

Keywords: coronavirus, evolution, interspecies transmission, host cell receptor, protein binding motif, zoonotic

animal origin, classification, animal coronaviruses

INTRODUCTION

Coronaviruses (CoVs) form the subfamilyOrthocoronavirinae of familyCoronaviridae under order
Nidovirales and realm Riboviria. These are pleomorphic, enveloped, single molecule of linear,
positive-sense, single-stranded RNA viruses containing genome sizes of around 30 kb among
known RNA viruses (1). The club-shaped peplomers composed of large viral glycoprotein (spike
or S protein responsible for attachment to cells) projecting from the envelope give a crown-like
appearance of the virus under a transmission electron microscope, thus named corona meaning
crown. CoV was considered a minor pathogen of the respiratory tract until 2002 in humans (2).
The increased interest in its replication, transmission, pathogenesis, and distribution was pursued
after an outbreak linked to the emergence of a new CoV [severe acute respiratory syndrome
(SARS)-CoV] causing SARS after 2002 (2–5). Another virus called Middle East respiratory
syndrome CoV (MERS-CoV) in 2014, distinct from SARS-CoV, was isolated from an outbreak
of severe respiratory infection in the Middle East (6). On the other hand, an acute respiratory
infection caused by an avian CoV, later named as infectious bronchitis virus with high mortality
(40–90%), had shown up in the late 1920s and was the earliest report of a CoV infection in animals
(7, 8). Currently, the SARS-CoV-2 and its mutated strains predominantly infecting humans with
contentious animal origin have created a platform for researchers to study its genomics in-depth.
Animal species play an important role as a host or reservoir in the transmission cycle of CoV, and

182183

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2021.719834
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2021.719834&domain=pdf&date_stamp=2021-10-18
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sverma8@gmail.com
https://doi.org/10.3389/fvets.2021.719834
https://www.frontiersin.org/articles/10.3389/fvets.2021.719834/full


Parkhe and Verma Animal Coronaviruses: Evolution and Zoonosis

specific receptors on their cell provide essential factors for
replication and mutations within the genome of CoVs. CoVs
infect various animal species ranging from livestock, poultry,
cats, dogs, mice, bats, pangolins, wild felids, and other species
of animals such as minks, rabbits, ducks, guinea fowls, gooses,
beluga whales, etc., (9–12). These mammals are frequently
studied for understanding their coevolution with human CoVs,
interspecies transmission, and the emergence of new mutant
strains. CoV infection in animals is mainly associated with
respiratory and gastrointestinal systems resulting in mild to
fatal diseases. The bovine, avian, and porcine animal groups
form a major part of production industries, and in like manner,
the canine and feline species have paramount importance as
pets commercially due to their high demand in society. The
incidence of diseases in these animal species represents a threat
to the animal welfare, environment, public health, and economy,
reflecting as losses in productivity, trade, market value, control
costs, and food security. In this review, CoVs infecting important
livestock, poultry, and pets have been discussed in relation to
their structure and genome organization having a bearing on
evolutionary and zoonotic outcomes.

CORONAVIRUS STRUCTURE, MAJOR
PROTEINS, AND THEIR FUNCTIONS

Virions are roughly spherical and enveloped with marked spike
(S) proteins that identify various specific host cell receptors
and co-receptors for attachment, fusion, and entry of the virus
into the cell. In addition to S proteins, other structural proteins
are nucleocapsid (N) proteins, the most abundant membrane
(M) proteins, envelope (E) proteins, and other non-glycosylated
envelope proteins present in lower quantities, which help in the
formation of an envelope. The flexible nucleocapsid within the
envelope consists of genomic RNA linked to the nucleoprotein
(Figure 1).

The functions of these major structural proteins of CoV are
stated in Table 1.

FIGURE 1 | Structure of coronavirus. Hemagglutinin-esterase glycoprotein is exclusively present in members of Betacoronavirus (human and bovine coronavirus).

TABLE 1 | Major proteins of coronavirus and their functions.

Major protein Function

Nucleocapsid protein (N) Multifunctional protein

Forms complexes with genome RNA to make

up nucleocapsid

Interacts with the membrane proteins during

virus life cycle, especially for virion assembly

and viral budding

Enhances the efficiency of virus transcription

Principle target for vaccine development as a

major immunogen (13)

An important diagnostic marker for coronavirus

disease (13, 14)

Spike or peplomer protein (S) Critical for binding to host cell receptors to

facilitate entry into host cell (15)

Envelope protein (E) Smallest of the major proteins

Interacts with M protein to form viral envelop

Expressed abundantly inside the infected cell

but only a small portion incorporated into virion

envelope (16)

A majority is localized at the site of intracellular

trafficking, i.e., the ER, Golgi, and ER–Golgi

intermediate compartment where it participates

in virus assembly and budding (17)

Membrane protein (M) Most abundant structural protein

Central organizer of CoV assembly (18, 19)

Defines shape of viral envelope

Responsible for transmembrane transport of

nutrients and bud release

Hemagglutinin-esterase

glycoprotein

Mediate reversible attachment to sialic acids

Act both as carbohydrate-binding lectin and as

a receptor-destroying enzyme (RDE) (20)

Responsible for enzymatic activity

Lack membrane fusion activity

Accessory to spike glycoprotein in virion (21)
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CLASSIFICATION OF CORONAVIRUS

Initially, the classification was based on their serological
and antigenic properties—groups 1, 2, and 3 as opposed to
newly revised taxonomy based on the level of viral genetic
phylogeny. The phylogenetic analysis for classification of
CoV is usually acquired by using short fragments of several
conserved genes that are present in all CoV genomes and
are of a significant length, such as Pol (RNA-dependent
RNA polymerase), N (nucleoprotein), S (spike protein), and
chymotrypsin-like protease and helicase. The envelope and
membrane genes are not used in phylogenetic studies due
to their short lengths (1, 22). Furthermore, complete genome
sequence and proteomic approaches are also carried out to
construct the phylogenetic tree of CoVs. Now, the subfamily
Orthocoronavirinae is classified into four genera: alpha, beta,
gamma, and delta CoVs infecting a wide variety of animal
and avian species (23, 24). Betacoronavirus genus is further
classified into lineages A, B, C, and D (1) and other subgenus
Hibecovirus (25). The list of important CoV species classified
under individual genera is given later (Table 2). Apart from

TABLE 2 | Important coronavirus species within individual genera.

Genus Species

ALPHACORONAVIRUS

Human coronavirus 229E

Human coronavirus NL63

Porcine epidemic diarrhea virus (PEDV)

Transmissible gastroenteritis virus (TGEV)

Porcine respiratory coronavirus (PRCV)

Feline infectious peritonitis virus (FIPV)

Canine enteric coronavirus (CCoV)

Rhinolophus bat coronavirus HKU2

BETACORONAVIRUS SUBGENUS

Embecovirus (Lineage A) Human coronavirus HKU1

Human coronavirus OC43

Bovine coronavirus (BCoV)

Porcine hemagglutinating encephalomyelitis virus

(PHEV)

Canine respiratory coronavirus (CRCoV)

Feline enteric coronavirus (FCoV)

Murine hepatitis virus (MHV)

Sarbecovirus (Lineage B) Severe acute respiratory syndrome (SARS) related

coronavirus (SARS-CoV-1, SARS-CoV-2)

Merbecovirus (Lineage C) Middle east respiratory syndrome (MERS) related

coronavirus

Nobecovirus (Lineage D) Bat coronaviruses

Hibecovirus Bat Hp-betacoronavirus Zhejiang 2013

GAMMACORONAVIRUS

Infectious bronchitis virus (IBV)

Bluecomb virus of turkey

DELTACORONAVIRUS

Porcine deltacoronavirus (PdCV)

Avian coronaviruses

this, several other animal species that harbor the CoVs are
rodents, rabbits, bats, pangolin, ferrets, mink, snake, frogs,
marmots, hedgehogs, and many other wild animals, as carriers
or reservoirs that may need attention regarding zoonotic
interventions (26–33).

LIFE CYCLE

The viral replication cycle of all the CoVs is confined to
the cytoplasm (Figure 2); additionally, murine CoVs can also
replicate in enucleated cells (34–36).

The first essential step of the viral replication cycle is host
cell receptor recognition by S protein and its attachment to
the cell. The membrane fusion event results in penetration
of virion aided by “fusion peptide,” which is exposed after
variable rearrangement of S protein initiated by proteolytic
cleavage of spike protein and acidic pH. This is followed by
synthetic events such as translation of replicase gene from viral
genome and formation of polyproteins, transcription, and RNA
synthesis. After replication and RNA synthesis, the S, E, and
M viral structural proteins are translated and inserted into the
endoplasmic reticulum. Both M and E proteins function together
to form envelope and virus-like proteins. The N protein binds
to viral RNA and is later accompanied by M protein, which
keeps the N protein and RNA complex stable. This interaction
facilitates the assembly of virus particles on the membrane of the
endoplasmic reticulum–Golgi intermediate compartment and
initiates the budding process. Mature virions formed within
the membrane-bound vesicles are released by exocytosis. The
viroporin of E protein with ion channel activity promotes virus
release by altering cell secretory pathways.

GENOME ORGANIZATION AND ROLE OF
SPIKE PROTEIN IN EVOLUTION OF
CORONAVIRUSES

The organization of large 20–32-kb size, capped and
polyadenylated genome of CoV contains seven common genes

in the following order, 5
′

-leader-untranslated region (UTR)-
replicase-Spike (S)-Envelope (E)-Membrane (M)-Nucleocapsid
(N)-3

′

UTR-poly (A) tail.
The receptor-binding S1 subunit of spike proteins contains

two distinct domains, the N-terminal domain (S1-NTD) and
the C-terminal domain (S1-CTD). These domains recognize at
least four protein receptors and three sugar receptors of the host
cell (Figure 3) and, thus, can form the basis for classification
according to the host cell recognition pattern (35, 37). The open
reading frame (ORF) 1a/b encompasses a much larger section,
i.e., the initial two-thirds of the genome encoding two viral
replicase polyproteins—pp1a and pp1ab. These polyproteins are
then further processed into 16 non-structural proteins (nsp1–
16) by viral proteases and assemble to form a membrane-
associated viral replicase–transcriptase complex (38–40). These
are conserved among the subgroups of CoVs and thus share
their relative position in the genome (41–44). Structural and
some accessory proteins occupy only the last third of the coding
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FIGURE 2 | Replication cycle of coronavirus. N, Nucleocapsid; S, Spike protein; M, Membrane protein; E, Envelope protein; ER, Endoplasmic reticulum; ERGIC,

Endoplasmic reticulum–Golgi intermediate compartment.

capacity of the genome (45, 46) despite their range of complexity
and function (40, 47).

Divergence in the sequence and motifs or residues of these
proteins among CoVs may corroborate in classifying them in
groups. Many researchers have demonstrated the phylogenetic
relationships among their genomes based on the analysis of
ORF1b replicase protein, 3C-like proteinase, polymerase, and
structural proteins, which confirm the presence of different CoV
group clusters (48–51). For instance, pairwise alignments of the
corresponding ORFs and proteins of HCoV-OC43, bovine CoV
(BCoV), PHEV, ECoV, and MHV suggest sequence similarity
among them under the β-CoV group (50, 51). ORF8, a highly
variable accessory gene and showing structural changes, plays
a significant role in the evolution of SARS-related CoVs (52).
The absence of a 29-nucleotide (nt) sequence in ORF8 and the
presence of characteristic motif of single-nucleotide variations
located in the S gene were observed in later phases of the SARS-
CoV outbreak in 2002–2003 (53, 54).

The interaction between receptor-binding domain (RBD) and
its host cell receptor helps in determining the CoV host range
and cross-species infection (55, 56). This is dependent on the
topology of RBD, its receptor-binding motif (RBM), and virus-
binding motifs on specific proteins or sugars that complement
each other in shape and chemical details. Both the distinctive

domains, S1-NTD and S1-CTD of receptor-binding S1 subunit
of CoV spike protein, can function as RBDs (57).

CoVs have been shown to mutate with high rate and
recombination frequencies in their RNA genome (∼10−4

nucleotide substitution/site/year). The mutations in the RBD
of the spike gene are of significance, along with errors in
the O-linked glycans and furin cleavage site, enzymes such
as replicase and RNA-dependent RNA polymerase (58–60).
The Indian SARS-CoV-2 Consortium on Genomics working
on genome sequencing of new variants of SARS-CoV-2 has
been reporting mutations and deletions in the amino acid
sequence of spike protein since the SARS-CoV-2 pandemic.
These mutational changes have led to the emergence of new
double and triple mutants, alpha, beta, gamma, and delta variants
with the capability of immune escape, increased virulence,
transmissibility, and changes in clinical disease presentation (61).

The S1 subunits from the same genus share significant
sequence similarity, whereas those from different genera have
little sequence similarity (57). However, the speculation on
members placed in different genera identifying the same receptor
protein or those in the same genera identifying different receptor
proteins still holds, despite evidence of a common evolutionary
origin for the S1 subunit. The studies reveal that viral RBDs of
CoVs of the same genus have a conserved CTD core structure
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FIGURE 3 | (A) Structure of Spike protein. (B) Classification of coronaviruses based on host cell recognition pattern by spike protein. (C) Genome organization of

coronavirus and single S protein, from N- to C-terminus in left-to-right orientation. N-terminal domain in blue with receptor-binding motif (RBM) in yellow; C-terminal

domain in green with RBM in brown. CTD, C-terminal domain; NTD, N-terminal domain; TMD, Transmembrane domain; IC, Intracellular tail; ACE2,

Angiotensin-converting enzyme 2; APN, Aminopeptidase N; CEACAM1, Carcinoembryonic antigen-related cell adhesion molecule 1; DPP4, Dipeptidyl peptidase 4;

SD, Subdomain; FP, Fusion peptide; HR1, Heptad repeat 1; HR2, Heptad repeat 2; CH, Central helix; CD, Connector domain.

but marked structural variations in their RBMs that enforce
recognition of different receptors (62–65). Also, several other
studies demonstrate that the viral RBDs of CoVs from different
genus can bind to the same protein receptor due to the presence
of a common virus-binding hot spot on the protein (62, 66).
Thus, the data mentioned earlier provide an insight into an
extensive divergent evolution of CoV S1-CTDs (67).

The crystal structure of β-genus MHV S1-NTD complexed
with mouse CEACAM1 protein and BCoV S1-NTD with a sialic
acid (SA) named Neu5, 9Ac2 (5-N-acetyl-9-O-acetylneuraminic
acid) have the same structural fold in its core structure as for
human galectins (galactose-binding lectins). Nevertheless, the
BCoV S1-NTD is determined by its sugar-binding site instead
of protein due to subtle changes in the conformations of their
RBM loops andmutagenesis (68). This suggests that the ancestral

CoVs inserted the host galectin gene into 5
′

end of their spike
gene, which resulted in CoV S1-NTD. After that, CoV S1-
NTDs underwent divergent evolution in α, β, and γ genera,
out of which S1-NTDs of β-genus BCoV, α-genus transmissible
gastroenteritis virus (TGEV), and γ-genus infectious bronchitis
virus (IBV) evolved their lectin activity and specificity for a
different sugar receptor other than galactose. On the other
hand, β-genus MHV S1-NTD subsequently lost its lectin activity

and evolved specificity for a novel protein receptor, CEACAM1
(62). The S1-NTD of newly identified porcine delta coronavirus
(PdCoV) (1, 69) shares a similar structure as α-CoV, β-CoV, and
host galectins; thus, it recognizes sugar as its potential receptor
and binds to sugar moiety of mucin to facilitate initial viral
attachment, whereas the S1-CTD has the same structural fold
as α-CoV S1-CTDs, but it differs from that of S1-CTDs of β-
CoV (70). The PdCoV S1-CTD has a significant affinity for pig
cells known to express aminopeptidase N (APN) as efficiently as
TGEV-S1. Therefore, the porcine APN acts as a functional cross-
genus receptor for both enteropathogenic PdCoV and TGEV for
cellular entry (71). Such similarities suggest a close relationship
between PdCoV, α-CoV, and β-CoV evolutionarily; however,
PdCoV belongs to Deltacoronavirus owing to its genomic
similarities with the avian species suggesting an ancestral avian
origin (24).

The evolution of the spike protein of CoVs has also been
proposed to help the virus in surviving against host immune
response similar to the influenza virus (72, 73). The S1-NTDs
of CoVs have also evolved the ceiling-like structure on top of its
core to protect these sites and to evade the immune surveillance
by the host immune system (74). As per the location of S1-
NTDs and S1-CTDs on spike protein, the tips with S1-CTD
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are the protruding region and most exposed directly to the
host immune system and therefore evolves at an increased
pace to combat the host immune surveillance. Based on the
immune pressure and different receptors (some of which are still
unidentified) recognized by different animal CoV groups, it is
clear that the S1-CTD exhibits a common evolutionary origin and
has undergone divergent evolution. Moreover, the monoclonal
antibodies directed against spike protein demonstrate common
antigenic determinants for β-CoVs, especially the members of
subgroup embecovirus, i.e., BCoV, PHEV, and HCoV-OC43,
which corresponds to a close antigenic relationship (75, 76). This
can put forward some hypotheses concerning the origin of β-
CoV members, adaptation to a human host, and recombination
events leading to novel CoVs with different species specificity
responsible for emergence.

TOPOLOGY AND PROPERTIES OF OTHER
IMPORTANT STRUCTURAL PROTEINS

The crystal structure of the N-terminal domain of nucleocapsid
protein of MHV shares a similar topology structure with that of
SARS-CoV and IBV containing five short β-strands (arranged
as β4-β2-β3-β1-β5) across a U-shaped β-platform (Figure 4) but
differs in its potential surface, indicating a possible varied RNA-
binding module (77). The three residues, Arg-125 and Tyr-127
on the β3 strand and Tyr-190 on the β5 strand, provide a key
role in transcriptional regulatory sequence RNA binding and
helix destabilization essential for replication. These residues are
totally invariant in betacoronavirus N proteins and incisively

occupy analogous positions on the fold of each NTD, therefore
likely to define similar RNA binding grooves between them
(78). On the other hand, the sequence comparison of the C-
terminal domain of N protein, also referred to as the dimerization
domain as its residues form homodimers and homo-oligomers
(oligomerization) (79, 80), shows that the domain is conserved
at least among the alpha, beta, and gamma groups of CoVs,
suggesting a common role for this domain.

The positively charged groove formed by the presence of the
eight positively charged lysine and arginine residues of CTD
is similar in SARS-related viruses and IBV-N CTD, except that
the positively charged surface area in the SARS-CoV is larger
than IBV (81) due to the absence of two lysine residues and
the presence of additional negatively charged residues in the
IBV N protein (82). Oligomerization and interaction of proteins
with the viral genome is required for packaging of the genome
by CoV N proteins to form ribonucleoprotein complexes for
viral assembly (83). These functions of N proteins are performed
similarly by SARS-CoV, IBV, and MHV. Thus, the overall
similarity in the topology of the NTD and CTD domains of the
N protein from SARS-CoV, IBV, and MHV fortifies a conserved
mechanism of nucleocapsid formation for CoVs (74).

The primary sequence of the E proteins shows large variations
in sequence and size among the groups with <30% identity
and conserved membrane amino acid residues (84). Multiple
membrane topologies of E proteins have been determined
between different CoVs depending on the level of protein
expression and oligomerization (84). The experimental studies
have shown that the IBV E protein exhibits topology of
cytoplasmic C-terminus while N-terminus in the lumen of the

FIGURE 4 | Nucleocapsid protein of infectious bronchitis virus. (A) Domain structure of N protein. (B) Topology diagram of N protein. (C) Three-dimensional structure

of N protein. Beta strands in orange, and helix is shown in cyan.
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Golgi complex (85). Conversely, the TGEV E protein has a
luminal C-terminus and N-terminus located cytoplasmically
(86, 87). The CoV E proteins of only IBV, SARS-CoV, and
MHV function for palmitoylation, i.e., modulation of protein–
protein interactions, subcellular trafficking of proteins across
the membrane, and membrane anchoring (88–91). A protein-
binding motif located at the end of the C-terminus is highly
conserved in α- and β-CoVs and is not found in the γ-CoVs (92).

The primary M protein sequence varies, although the
secondary structures and an amphipathic region of the
transmembrane domain are also conserved in almost all the
members of the family (93). The type of glycosylation in the
M protein of α- and δ-CoVs is N-linked, whereas O-linked
glycosylation is found in the β-CoVs, but it is not critical for the
viral assembly (19, 94–96).

HEMAGGLUTININ-ESTERASE
GLYCOPROTEIN IN β-CORONAVIRUSES

The hemagglutinin-esterase (HE) gene is exclusively present in
members of β-CoVs. CoV HE proteins were firstly identified
from the PHEV, BCoV, and HCoV-OC43 bearing SA-9-O-
acetylesterases similar to a hemagglutinin-esterase fusion protein
of influenza C virus (97). The HE gene of CoV shares 30%
sequence identity with the subunit of a HE fusion protein
and has been found to be acquired by independent, non-
homologous recombination events or evolutionary trajectories
between influenza virus, torovirus, and CoV (98–100). All the
CoV HEs are O-acetyesterases, whereas BCoV and HCoV-OC43

have dual activity of both hemagglutination and acetylesterase
(101). Both these CoVs can agglutinate chicken erythrocytes,
whereas purified HE protein of BCoV only agglutinates Neu5,
9Ac2-enriched erythrocytes of rodents. On the contrary, purified
S glycoprotein can agglutinate chicken erythrocytes (102). This
indicates that the major hemagglutinin is the S protein that
also acts as the major SA-binding protein. The function of
the hemagglutinin-esterase enzyme relies on the distinctive
carbohydrate-binding domain as lectin and receptor-destroying
enzyme domain (Figure 5).

HE protein with these domains and SA-O-acetylesterase
activity mediates viral entry with S glycoprotein and attachment
to the O-acetylated SA receptors on the host cell. The
acetylesterase of murine CoVs prefers to esterize 4-O-acetyl-
NeuAc and thus has different substrate-binding specificity than
BCoV and HCoV-OC43, which targets 9-O-acetyl-SA (103). The
combined activity of S glycoprotein and HE is specific for human
CoV attachment to SA-associated receptors on the host cell (104),
but the role of HE protein in HCoV other than HCoV-OC43
is not known much. However, the HE protein of SARS-CoV-
2 also acts as the classical glycan-binding lectin and receptor-
destroying enzyme and may show evolutionary adaption toward
recognition of O-acetylated SA and virus entry for viral–host
interaction (105).

BOVINE CORONAVIRUS (BCOV)

BCoV belonging to genera Betacoronaviruses subgroup A along
with swine HEV, canine respiratory CoV, feline enteric CoV,

FIGURE 5 | Hemagglutinin-esterase protein of bovine coronavirus. (A) Linear order of sequence segments HE protein. F1 and F2, Fusion domains; E1 and E2,

Enzyme domains; R, Receptor domain; FP, Fusion peptide; TM, Transmembrane domain. (B) Ribbon representation of HE protein. Lectin domain in orange, esterase

domain in blue, and structures shown by arrows are sialic acids (sialic acid-9-O-acetylesterase) bound to lectin domain. (C) Schematic illustration of HE dimer. SA,

Sialic acid; R, Receptor domain; E, Enzyme domain; MP, Membrane-proximal domain.
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human CoV-OC43, and HKU1 is associated with three major
clinical syndromes: neonatal calf diarrhea, hemorrhagic winter
dysentery in adult cattle, and respiratory infections in cattle of
different ages (106–118). It is an important livestock pathogen
having an economic impact on the cattle industry worldwide
(119). It is a leading cause of enteritis in combination with other
enteric bacterial, viral, parasitic, and protozoal pathogens and
is also found to be involved in the bovine respiratory disease
complex in feedlot cattle since its discovery in 1993 (106). The
host range includes all breeds of cattle and wildlife ruminants.
The SA receptor for BCoV reflects wide tissue tropism due to
the presence of sugars in abundance for interaction between viral
spike glycoprotein and a specific carbohydrate receptor (102).

The BCoV variants, which are genetically and/or antigenically
related, have also been isolated from other animal species along
with humans representing a similar respiratory and enteric form
of the disease (9, 120–123). Despite antigenic variations between
different strains and interspecies transmission, only a single
serotype is evident (124).

Epidemiology
Infection is probably distributed worldwide—Africa, Asia,
Europe, Oceania, and North and South America (125). The virus
is shed in feces and nasal secretions predominantly. A study on
naturally and experimentally infected animals revealed an excess
of virus load isolated from nasal swabs and massive replication
in airways, whereas the fecal shedding started later (126). It is
readily transmitted by the feco-oral or respiratory route indirectly
and directly by direct contact or aerosols on farms, maintained
by a clinically normal cow and calves where adult animals can
act as carriers. Calves of 1 week to 3 months of age are highly
susceptible due to inadequate maternal antibodies. The adults
are usually subclinically affected, and the virus may be excreted
intermittently at low titer (127).

Pathogenesis
The virus replicates in the epithelial cells of the upper (nasal
turbinate, trachea) and lower (terminal bronchioles, lungs)
respiratory tract: intestinal tract mainly along the lining of villi
and crypts of epithelial cells. These cells are capable of resisting
viruses and have the ability to replace the damaged cells (106),
and thus, calves may recover from infection. The replication
results in the destruction of mature absorptive cells lining the
villi and mucosal surface in the large intestine, necrosis of cells
in mesenteric lymph nodes and payer’s patches, and subsequently
viremia (125). This diminishes the absorption in the gut, failure
to secrete digestive enzymes impairing the glucose and lactose
metabolism and causing malabsorptive diarrhea. Pathological
lesions such as marked intestinal hemorrhages and extensive
cell necrosis within crypts are observed, whereas lesions of the
respiratory system include hemorrhages, atelectasis, intestinal
pneumonia, and emphysema (128).

Clinical Features
Infection in calves depends on age and their immune status.
Coinfection with Campylobacter jejuni, enterotoxigenic or
enteropathogenic Escherichia coli, and Rotavirus may expedite

the severity of the disease. The morbidity rate is 20–100%
in affected animals, but mortality is 1–2% depending on the
level of maternally or actively derived antibodies and severity
of dehydration (119). The incubation period in calves is 24–
48 h, and the clinical signs include profuse diarrhea, which
subsequently results in dehydration, acidosis, and death in
uncontrolled cases (123). In adult animals, the incubation
period is 2–7 days and is the cause of acute sporadic enteritis
prevalent during winter months, thus named winter dysentery.
The disease is characterized by explosive, often hemorrhagic
diarrhea, anorexia, emaciation, and unthriftiness along with
decreased milk production along and frequent respiratory signs
including fever, rhinitis, dyspnea, rales, pneumonia in 2–6
months old calves, and serious respiratory distress followed by
death (125). The pneumotropic strains of the virus in adults are
the precipitating cause of the bovine respiratory disease complex
that exacerbate the fatality when manifested by superimposed
environmental or managemental stress.

INFECTIOUS BRONCHITIS VIRUS (IBV) IN
POULTRY

Infectious bronchitis is an acute, highly contagious disease
responsible for the economic impact on the poultry industry.
The majority of CoV of avian species are classified into genera
gamma- and delta-CoVs, within which IBV is of significance
belonging to the gamma genus. Chickens and pheasants are the
natural hosts but have also been detected in turkey, duck, guinea
fowl, pigeon, peafowl, goose, teal, and partridge (129). IBV has
a primary affinity for the respiratory system, accompanied by
infection in the reproductive, renal, and alimentary systems. IBV
occurs in various antigenic variants with a difference in virulence
and tissue tropism as a result of mutations and recombination
in its genome. The multiple serotypes of IBV based on S1
spike protein difference present a challenge in establishing an
effective vaccination program, as cross-protection is found to be
poor (130–132).

Epidemiology
The distribution is worldwide, but some may have restricted
geographical spread where different antigenic variants can co-
circulate in a given region (133). It is of significant concern
in poultry industries due to poor weight gains in broilers and
suboptimal downgrading of egg production in layers (134). Birds
of all ages are susceptible to the infection, but the severity and
clinical signs may vary (135). In the acute phase of infection,
IBV is copiously shed in respiratory secretions, tracheobronchial
exudate, and feces and is spread by aerosols, ingestion of
contaminated feed, drinking water with feces, and indirect
transmission between birds at the farm over long distances
through fomites (136). The vertical transmission is not clearly
understood; however, the virus was isolated from day-old chicks
and recovered from the semen of cockerels after inoculation
(137, 138). The excretion and persistence of some strains of
virus for a considerable time in target sites such as kidney
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or alimentary tract, particularly cecal tonsils followed by re-
excretion, is suspected to be influenced by adverse environmental
or changed physiological conditions, which suggests carrier state
or latency (134). The strain of virus, route of exposure, age,
diet, nutrition (level of calcium), and external factors such as
cold stress in winter, poor ventilation, and coinfection with
enteric bacteria provoke the disease; also, breed factor, such as
some heavier birds become more susceptible, may be related to
immune response (129). Although the morbidity rate is high as
100%, the mortality rate can vary from 20 to 30% and more
depending on vast tissue tropism, secondary bacterial infection,
and standards of management in an infected flock (139).

Pathogenesis
The initial replication occurs in ciliated epithelial cells of the
respiratory tract, which cause histopathological lesions mainly
in the trachea, such as ciliary loss, desquamation, epithelial
hyperplasia, edema, marked lymphoplasmocytic inflammation,
and mononuclear and heterophilic cell infiltration of the
submucosa, which resumes in 14–21 days after infection (140,
141). A succinct viremia within 1–2 days eventually leads
to extensive spread to the reproductive system, kidneys, and
intestinal tract, but the damage is minimal, and bursa of fabricius
may be the cause of immunosuppression. The main attachment
factor for IBV is the receptor-binding domain in S1 spike
glycoprotein and SA glycans (142, 143) widely distributed in
host tissues; thus, variation in the glycoprotein and glycans
partly determine the virulence, tissue binding, and tropism.
The gross pathological findings include congested respiratory
tract with serous or catarrhal exudate in nasal passages, trachea,
extrapulmonary bronchi, and air sacs. The main bronchi get
blocked with caseous casts in young chicks, the probable cause of
death. The epithelial cells of the oviduct, mainly the goblet cells,
become cuboidal, hypoglandular oviduct, ovarian regression,
and congestion; sometimes, the ova may rupture, resulting in
free yolk in the abdominal cavity (144, 145). Extensive tubular
degeneration, interstitial inflammatory response characterized by
the pale, enlarged, or marbled kidney, ureters distended with
deposits of urates, and large uroliths are seen in the chronic
stage of nephritis (141, 146, 147). Certain IBV strains also induce
pathological lesions in deep and superficial pectoral muscles, i.e.,
bilateral myopathy in broilers and breeders (148).

Clinical Features
The incubation period is 18–48 h; the course of the disease
lasts for 5–7 days and, in outbreaks, up to 14 days (146,
149). Chicks with an age of 2–6 weeks are severely affected,
although birds of all age groups are susceptible. The main three
clinical manifestations are respiratory, reproductive disorder,
and nephritis (134). The most conspicuous clinical findings are
the initial respiratory signs—gasping, tracheal rales, dyspnea,
swollen sinus, conjunctivitis, profuse lacrimation, cellulitis of
periorbital tissues, and coughing with or without nasal discharge.
This is followed by lethargy, ruffled feathers, anorexia, rapid
weight loss, stooped stance, scouring, excessive water intake,
and characteristic wet litter implying nephritis. The reproductive
disorder shows signs of rales followed by a marked decline in

egg production up to 50–70%, usually within 8–12 days, which
differs depending on the stage of lay at infection, hampering the
hatchability rate (150). The external and internal quality of the
egg is highly affected, exhibiting misshapen eggs, thin, soft, or
no shell, ridging and distortions, watery albumen, which may
resume within 8 weeks or more. It may also lead to permanent
damage to immature oviduct resulting in so-called false layer
syndrome, as the layers or breeders never resume the loss of
egg production. The concurrent secondary infection with E.
coli, avian mycoplasma species, etc., or nephropathogenic strain
of IBV may expedite the infection causing air-sacculitis and
interstitial nephritis (151). Chicks may die suddenly by occlusion
in bronchi as a probable cause of death.

PORCINE CORONAVIRUSES

Transmissible Gastroenteritis Virus (TGEV)
Among few porcine CoVs known, the clinical disease is mainly
associated with the TGEV. It is highly contagious among young
pigs and is found to be a significant cause of economic loss
more in breeding herds than the rearing and finishing herds,
primarily due to piglet mortality (152). The porcine epidemic
diarrhea virus (PEDV) is clinically similar but serologically
unrelated to TGEV and comparatively spreads slowly in the
herd (11). The porcine respiratory coronavirus (PRCV) is a non-
pathogenic respiratory variant of TGEV (153, 154). It can cause
subclinical mild respiratory disease and serologically cross-reacts
with TGEV, but tests are available to distinguish them. These
porcine CoVs are grouped in genus Alphacoronavirus; however,
a new porcine delta-CoV genetically distinct from TGEV and
PEDV associated with enteric disease in pigs has recently been
found (155).

Epidemiology
TGEV is reported all over the world, affecting the global
pork industry (156). It spreads between and within farms by
shedding infected feces for up to 2–3 weeks. The virus may
also spread through fomites, aerosols at least for short distances,
or mechanical spread by animals, insects, or birds, particularly
starlings and in milk or feces to the piglets (157). The infection
occurs throughout the year but mainly follows a seasonal pattern
with a higher incidence in colder months (158). Infection results
in two different clinical presentations: epidemic and endemic
(159). In epidemics, when a virus enters a naive herd, pigs of all
ages are affected, particularly the newborn piglets, whereas the
infection is self-limiting in farrowing and finishing herds. The
endemic disease is observed in farms after the epidemic phase
due to incomplete all-in-all-out management or continuous
movement of naive gilts in breeding farms. TGEV can end up
showingmild disease, thus presenting highmorbidity up to 100%
in neonatal piglets but low mortality (11).

Pathogenesis
The virus enters through the oro-nasal route and replicates in
enterocytes of the small and large intestines. The replication
causes shortening and blunting of villi, mainly in jejunum
and ileum, due to the segmental nature of lesions followed by
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malabsorption, disruption of cellular transport of nutrients and
electrolytes, and increased osmolarity, thinning of the gut wall,
and diarrhea (160, 161). The crypts of epithelial cells usually
remain uninfected; thus, recovery of function of villi is rather
rapid. In neonates and piglets, a combination of these factors
coupled with the slow regeneration time of epithelial cells results
in death. TGEV has also been found to replicate in extra-
intestinal tissues, including lungs and mammary gland, causing
imprecise pneumonia and agalactia, respectively (162, 163).

Clinical Features
The incubation period is short 12 to 72 h, i.e., up to 3 days (164).
TGEV presents a mild disease except in piglets ≤3 weeks of
age that may succumb to death and in sows infected at or near
farrowing. Vomition is the initial sign in a non-immune herd
followed by profuse watery diarrhea, rapid dehydration, weight
loss, marked thirst, and agalactia with recovery within 5–10 days
(11, 165). As the disease progress in unweaned piglets, feces
often contain curds of undigested milk and may approach 100%
mortality due to the slow replacement rate of villous cells. The
course of disease in porcine CoV infections does not exceed 3–4
weeks normally due to rapid herd immunity; thus, the mortality
is low, but morbidity is high (159). In some herds, the TGEV
remains subclinical, although there may be short episodes of
clinical reemerging infection particularly due to the purchase and
replacement of breeding pigs and their litters.

FELINE CORONAVIRUSES

Feline CoVs are classified into two biotypes based on the
pathogenicity referred to as feline enteric coronavirus (FECV)
and feline infectious peritonitis virus (FIPV) belonging to genus
betacoronavirus and alphacoronavirus, respectively. Higher
sequence similarity in both the biotypes indicates a close
relationship but with distinct virulence properties (166–169). The
FIPV is primarily observed in a cat population that is tenaciously
infected with FECV (170, 171). These recurrent observations
and animal experiments have led to the widely accepted theory
of “internal mutation” that suggests an evolution of FIPV
from non-pathogenic FECV by specific mutation(s) occurring
in the viral genomes (172–179). The sequence differences in
spike and membrane protein, mutations in theS1/S2 locus,
furin recognition site, and disrupted NSP3c genes may further
contribute to the risk of FIP in the individual (180). However,
very less is known about the stage at which mutation(s) occur
during the development of FIP. The FCoVs are further separated
into two serotypes based on the serological properties of the virus
(181). Some independent studies provide constant evidence that
the emergence of serotype II viruses is via double homologous
recombination between serotype I FCoV and canine enteric
coronavirus (CCoV) (170, 182–186). Both serotypes I and II can
cause FIP and clinically inapparent FECV infections.

Epidemiology
FCoV infection is widely disseminated in the domestic and
wild feline population. The seropositivity varies from 20 to

60% and approaching up to 90% in domiciled cats, multi-
cat households, catteries, and animal shelters, according to the
global data (171, 187–189). The serotype I FCoVs are mostly
responsible for natural infections (187, 190–192). Serotype I
FCoV strains are vastly isolated from the United States and
Europe (80–95%), whereas serotype II predominates in Asia in
up to 25% (192–196) analysis. The seroprevalence studies had
demonstrated high incidences and seropositivity in cats from 3
months to 3 years old and in adult individuals (190, 197, 198).
There is no significant difference in seropositivity related to sex
and breed of cats; however, genetic predisposition can affect
the reproductive condition, hereditary factors and systemically
manifest the disease (171, 199). FIPVs in animals are less likely
to be transmitted horizontally, and infection due to contact
with feces from diseased cats (172, 178, 200–202) is thought
to be limited. However, immunosuppression favored by stress
or coinfections with feline immunodeficiency virus and feline
leukemia virus may trigger the progression of FIP in some cases
(171). In contrast, FECV is highly contagious and transmitted
horizontally through the fecal–oral route (167, 171, 188). The
infected cats can continually shed FECVs in their feces for a
longer period and even in postinfection, which may last for
several months but with low virus load (167, 203).

Pathogenesis
The main site of FECV replication is the apical epithelium of
the villi from the lower portion of the small intestines extending
to the cecum (167, 203). In addition, the viral RNA can be
recovered from blood and different tissues as well, suggesting
the capability of FECV to infect peripheral monocytes, albeit
less efficiently (179, 203–207). FIPV presents an altered cell
tropism and infects both monocytes and macrophages (170,
206, 208, 209). The distribution of macrophages in the body
results in viral dissemination from the intestine to the spleen,
liver, and central nervous system. Thus, it is considered as
an immune complex disease involving activation of these cells
(210) and expression of tumor necrosis factor-α, interleukin-
1β, adhesion molecules, matrix metalloproteinase-9, vascular
endothelial growth factor, vasoactive amines, and inflammatory
mediators (210–217). These factors, along with less susceptible
leukocytes activated by an unknown mechanism during FIPV
infection, induce capillary endothelial cell retraction, increased
vascular permeability, and hence protein-rich effusion in body
cavities (218, 219). Therefore, the FIPV infection is characterized
by fibrinous and granulomatous serositis, protein-rich serous
exudates in body cavities, and/or pyogranulomas (213, 220–223).

Clinical Signs
The infection caused by FECV remains persistent and
asymptomatic and/or induces mild and transient diarrhea
and occasionally causes severe enteritis (224). Feline infectious
peritonitis is an immune-mediated, systemic, and fatal disease
(190). The infection can be clinically distinguished into three
forms based on the presence or absence of protein-rich effusions
in the pleural and abdominal cavities—wet (effusive), dry
(non-effusive), and a combination referred to as mixed form
(171, 188, 213, 225, 226). The clinical progression of the disease
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is believed to be dependent on the host cellular and humoral
immune responses. The wet form is associated with weak cellular
but robust B cell responses, whereas the dry form is caused
by strong T cell immune responses (171, 188). It has been
observed that wet form is more prevalent in natural infections
than other forms and frequently develops in the terminal stage
of dry form resulting in subsidence of the immune system
(171, 188). The wet form is characterized by abdominal, thoracic,
or pericardial effusions leading to fluidic waves in the abdomen,
visceral and omental adhesions or enlarged mesenteric lymph
nodes, dyspnea, or tachypnea, cyanotic mucous membranes,
and muffled sounds in the lungs and heart. The dry form is
characterized by granulomatous changes in several organs,
including the central nervous system and the eye. The ocular
lesions include white sheathing of retinal vasculature, mild
uveitis, keratin deposition in the cornea, and hemorrhages in the
anterior chamber and retina. In cats with FIP, the neurological
signs are variable and can induce multifocal lesions. Ataxia
with subsequent seizures, tremors, nystagmus, incoordination,
and hyperesthesia is the most common clinical sign. When FIP
lesions are associated with cranial nerve, visual impairment
and loss of menace response are observed, whereas lameness or
paresis can be seen in peripheral nerve involvement.

CANINE CORONAVIRUSES

CoVs of Canidae family fall in two groups— CCoV in group 1
alphacoronavirus and canine respiratory coronavirus (CRCoV)
in group 2 betacoronavirus. CCoV has been described since 1971
(227) and exists in two closely related serotypes—CCoV-I and
CCoV-II based on random point mutations and recombination
associated with the spike protein and distinct serological
properties (182). Type I and II CCoVs and FCoVs have been
proposed to be closely related based on their evolution through
recombination events from a common but unknown genetic
source (186, 228). CCoV-II can be further classified into CCoV-
IIa and CCoV-IIb as a result of the recombinant origin of CCoV
with NTD of spike protein homologous to TGEV (229, 230). A
novel CCoV with CCoV-I- or FCoV-I-like NTD was discovered
in 2014 and was referred to as CCoV-IIc but has not been
classified into any clade yet (231–233). CCoV generally causes
mild and self-limiting diarrhea with low mortality and high
morbidity (234, 235). Virulent and pantropic strains of CCoV
causing severe enteric and fatal systemic diseases in the absence of
coinfection with canine adenovirus type I and canine parvovirus
type 2 have also been reported (236–244). Therefore, CCoV is
now considered a significant pathogen in the dog population due
to its ability to evolve into variants with altered tissue tropism
and pathogenicity.

CRCoV was newly recognized in 2003 from the tracheal and
lung samples of dogs facing enzootic respiratory disease (9).
It is one of the members of multiple etiologies causing canine
infectious respiratory disease along with canine parainfluenza
virus, canine adenovirus (CAV) type 2, canine herpesvirus and
canine influenza virus, Bordetella bronchiseptica, Streptococcus
equi subsp. zooepidemicus, and Mycoplasma spp (245, 246).

CRCoV was found to carry an additional gene encoding for HE
protein; thus, it shows high sequence identity up to 98% with
BCoV and human CoV OC43 along with similarities in spike
protein and polymerase gene sequences (9, 247).

Epidemiology
Both CCoV and CRCoV are common infections of the canine
population with worldwide distribution (121, 248–258). Single,
as well as multiple infections, have been reported with more
than one genotype of CCoV that indicates co-circulating of
CCoV–I, CCoV-IIa, and CCoV-IIb strains in prevalent regions
(259). Canine CoVs are highly prevalent in dogs living in dense
populations such as shelters, kennels, or grouped environments
and thus exhibit rapid transmission through feco-oral and naso-
oral routes (260). Dogs are likely to act as clinically normal
carriers maintaining the infection in the canine population due
to long time shedding of CCoV after postinfection and clinical
resolution (261, 262). Apart from the domestic dogs, canine CoV
infection has also been reported in foxes, wolves, and raccoon
dogs (263, 264). The infection occurs throughout the year in
dogs, whereas CRCoV is frequently detected during the fall to
winter months (265). Canine CoV infections can occur in all age
groups, significantlymore in young puppies for CCoV in contrast
to CRCoV, which is most prevalent in dogs more than 1 year age
(254, 255).

Pathogenesis
The pathogenesis of CCoV is similar to that of other enteric
pathogens. It replicates in the apical and lateral mature
epithelial cells of intestinal villi resulting in villous atrophy
and consequently malabsorption and diarrhea (233). The severe
form of enteritis represents gross pathology as moderate,
diffuse, segmental hemorrhagic and necrotic enteritis, ileo-
cecal intussusception, along with infiltration of lymphocytes
and plasmacytes (244). Systemic infection caused by pantropic
CCoV produces lesions in several organs, including infarction
in the renal cortex, fibrinopurulent bronchopneumonia, fatty
change in the centrilobular zone of the liver, multifocal
hemorrhages in the spleen, and depletion of gut-associated
lymphoid tissue (266).

The pathogenesis of CRCoV is mainly associated with the
trachea, nasal cavity, and nasal tonsil with less severity in
the lower respiratory tract. It causes distortion of the ciliated
respiratory epithelium and infiltration of inflammatory cells
resulting in failure to clear the particulate matter in the lungs,
bronchi, etc., (267). The virus has also been isolated from the
colon, mesenteric lymph nodes, and spleen (121, 257). This
suggests dual tissue tropism similar to BCoV, although the
ability to replicate in tissues other than the respiratory tract
needs further investigation. Furthermore, the possible interaction
of multiple pathogens during the canine infectious respiratory
disease complex needs to be considered as contributing factor in
the pathogenesis of CRCoV.

Clinical Signs
CCoV generally causes mild and self-limiting diarrhea in dogs.
The severity of enteric disease increases when infected with
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multiple pathogens or pantropic strains (CCoV-IIa biotype) of
CCoV. The clinical signs thus include gastrointestinal distress,
hemorrhagic diarrhea, along with neurological signs (268, 269).
The infection with CRCoV exhibits common and mild clinical
signs associated with the upper respiratory tract, including
sneezing, coughing, and nasal and ocular discharge (267), which
may progress to bronchopneumonia and multisystemic illness
depending on the involvement of other organs.

DIAGNOSIS OF ANIMAL CORONAVIRUSES

Enteric and respiratory infections of CoVs are mainly associated
with the shedding of the virus through feces and nasal secretions,
respectively. The clinical samples for diagnosis include feces,
intestinal contents, nasal secretions, tracheobronchial lavage
fluids, and postmortem specimens comprising of nasal,
pharyngeal, tracheal, lungs, and tissues from different regions
of the gut focusing primarily on the distal small intestine. In
addition, trachea, kidney, proventriculus, tonsil, and oviduct
specimens for IBV and aqueous humor, whole blood and
fine-needle aspiration, a biopsy of the liver, spleen, and
mesenteric lymph nodes for FIP are obtained for diagnosis
depending on the clinical presentation of the animal. Direct
detection of virus in clinical samples by transmission electron
microscopy, immunofluorescence, immunoperoxidase, or
immunohistochemical staining of tissues using hyperimmune
antiserum or monoclonal antibodies provides definitive
diagnosis (171, 213, 221, 270–284). Immunohistochemistry
using an antibody directed against BCoV can also help in
detecting CRCoV (285). The laboratory tests using effusions
have more diagnostic value than blood tests for FIP (286, 287).
Cytological and macroscopic examination, along with cell count
and biochemical properties of effusions, can be carried out for
differential diagnosis (283, 286, 288–290). A simple, quick, and
inexpensive “Rivalta’s test” with more than 90% sensitivity and
66–81% specificity for differentiating transudate from an exudate
can be useful to exclude FIP and rule out other causes for the
effusions (287, 291).

Tracheal organ culture, McClurkin swine testicle (ST) cell
line, human rectal tumor HRT-18 cells, Vero, and other cell
lines derived from specific host species can be used for primary
and secondary virus isolation and propagation favoring syncytia,
plaque, or cytolysis induction (111, 112, 116, 118, 231, 291–
297). To improve the detection of the typical cytopathic effect,
it may require the addition of pancreatin or trypsin to the cell
culture along with additional blind passages. The allantoic cavity
of 9–10-day-old chicken embryo inoculated with IBV-infected
material exhibits curling and dwarfism as characteristic IBV
lesions observed in the embryo (298, 299). On the other hand,
virus isolation of CCoV-I and CRCoV is often unsuccessful and,
even if achieved, does not produce cytopathic effects (121, 183,
184).

Serological assays such as enzyme-linked immunosorbent
assay (ELISA), virus neutralization test, immunofluorescence
antibody test, rapid immunochromatographic tests, and blocking
ELISA using monoclonal antibodies to differentiate between

strains and serotypes of particular CoV are used (300–309).
Serological tests are of limited value in IBV, CCoV, and FCoV,
as they fail to discriminate between several serotypes. The BCoV
antigens can also be used against canine sera instead of CRCoV
in ELISA, serum neutralization, or hemagglutination inhibition
test (9, 238, 256). The supernatant from CRCoV-infected cell
culture was able to agglutinate chicken erythrocytes at 4◦C, which
means that hemagglutination assays can be optimized to detect
CRCoV (310).

The highly sensitive molecular assays including serotype-
specific reverse transcription-polymerase chain reaction
(RT-PCR), nested PCR, real-time quantitative RT-PCR using
conserved gene regions—UTR, N-gene, S1 gene, or HE
gene (257), reverse transcription loop-mediated isothermal
amplification assay, reverse transcription recombinase
polymerase amplification assay, pan CoV RT-PCR are
used providing high detection rates than other assays
(176, 261, 286, 302, 311–339). The next-generation sequencing
to decipher the whole genome within a short period is currently
being used in advanced laboratories (340, 341).

NOVEL DIAGNOSTIC TOOLS

With an increasing rate at which serious infections with new
variant strains of human CoVs, especially SARS-CoV-2 spread,
the need was felt to deploy rapid, accurate, and precise diagnostic
tools for laboratory and point-of-care (POC)-based settings. This
includes nucleic acid amplification testing such as the centralized
laboratory-based real-time RT-PCR (the current gold standard
for etiological diagnosis), rapid POC based tests such as lateral
flow assays, rapid serological (antibody or antigen) tests, LAMP
test, and serological assays such as ELISA and automated EIA
(342–345). Some novel strategies for SARS-CoV-2 detection
include CRISPR/Cas (reliable on-site diagnostic method)-based
paper strip test, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry combined with artificial
intelligence, surface-enhanced Raman scattering spectroscopy,
metabolomic approaches, aptamer (third-generation molecular
probe)-based diagnostic tests, proteome microarray, optical
biosensor, antigen-Au/Ag nanoparticle-based electrochemical
biosensor, and surface plasmon resonance (346–350). Despite
rapid refinement in existing tools and deployment of novel
strategies, the advancement in diagnostics of animal CoVs
comparatively fall behind and mostly rely on clinical diagnosis,
detection, and titration of CoV particles (plaque assay, electron
microscopy, and transmission electron microscopy), detection
of CoV antibodies (ELISA and EIA), detection of CoV antigen
(monoclonal- and polyclonal-based ELISA, rapid Ag detection
tests, immunofluorescence, and immunochromatographic
assays), and nucleic acid-based assays (RT-PCR, real-time
PCR, and loop-mediated isothermal amplification-PCR).
Although these molecular and serology-based methods provide
accurate results, they require well-trained technicians, specific
types of equipment, and ample time and effort and are not
convenient for use on farms or by breeders. For this purpose,
various studies have been undertaken to develop efficient and
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appropriate diagnostic tools for animal CoVs as has been
seen with SARS-CoV-2. The diagnosis for a newly identified
pathogen, porcine delta CoV, was made possible by developing
a cost-effective fluorescent microsphere immunoassay as used
for PEDV (351) that could detect antibodies against multiple
target antigens of porcine delta CoV for better efficiency and
sero-surveillance on a herd level (352). Recently, a europium
(III) chelate microparticle-based lateral flow test strip was
developed for identification and epidemiological surveillance
of PEDV with high reliability and sensitivity (353). A novel
multiplex PCR-electronic microarray assay for rapid and
comprehensive detection of bovine respiratory and enteric
pathogens, including BCoV, was also developed (354). A highly
specific plaque reduction neutralization test was combined
with two sensitive molecular methods: real-time RT-PCR
and Sanger sequencing, to investigate SARS-CoV-2 infection
in cats and dogs in Brazil (355). Similarly, a Luciferase
Immunoprecipitation System assay using the fragments of
spike protein and nucleoprotein as antigens was used to
detect antibodies against SARS-CoV-2 in dogs and cats and
MERS-CoV in dromedary camels and monkeys (356–358).
For Luciferase Immunoprecipitation System assay, there is
no need for a BSL-3 laboratory set up and species-specific
labeled secondary antibodies for detection as required for
other tests such as microneutralization, immunofluorescence
assay, and the plaque reduction neutralization test. Moreover,
many researchers have envisaged the use of lateral flow assays
for diagnosis and pseudovirus-based neutralization assay for
evaluation of antiviral mechanism for SARS-CoV-2 in animals
as well (359, 360). As far as the specific and sensitive diagnosis
of animal CoVs is concerned, currently available methods
might not resolve the unprecedented challenges associated
with CoVs due to rapid mutations, interspecies jumps, and
the emergence of new variants. This warrants continual efforts
to develop robust, sensitive, and rapid tests, POC devices,
and multiple diagnostic techniques to achieve a cost-effective
and multidimensional diagnostic efficiency for clinical and
epidemiological investigations.

NOVEL VACCINATION STRATEGIES

The CoV infection in animals is routinely managed by the
whole cell-based inactivated or modified live vaccines (361–
370). The inactivated vaccines give rise to a high titer of
circulating antibodies, whereas modified or attenuated live
vaccines provide stimulation of cell-mediated immunity and
accelerate IgA response against local mucosal infection and thus
are of more value to commercial farms. The protection against
animal CoVs is mainly dependent on IgA production; thus,
parental vaccination is not favored generally in many of these
infections (362, 371–373). The intranasal vaccination in adult
cattle entering the feedlots using live attenuated enteric CoV
against diverse field strains causing BCoV infections has been
suggested as an ideal strategy to develop a protective immune
response at the site of entry (oro-nasal) of the virus (123).

Currently, the attenuated live vaccines used in broilers, layers,
and brooders provide relatively inferior protection due to the
presence of several serotypes of IBV and poor cross-protection.
Therefore, a protectotype vaccine strategy based on shared
antigens among variants has been proposed based on knowledge
about serotypes, immunity, and the prevalence of variant strains
of IBV (374). These protectotypes are quite effective in inducing
cross-protection against heterologous serotypes (375). The feline
CoV vaccination may enhance the risk of immune-mediated
FIP; therefore, activation of IgA response is more relevant
than IgG production. The administration of a modified live
intranasal vaccine (temperature-sensitive), which activates IgA in
the oropharynx as a consequence of replication of a temperature-
sensitive mutant of the FCoV strain, is found to be more
effective in FCoV (362). Canine CoV infection is mild and self-
limiting and thus discourages the wide application of vaccines
even if inactivated and live attenuated vaccines have been
successfully developed for CCoV (369). In an experimental trial,
a beta-propiolactone-inactivated MF59-adjuvanted vaccine was
developed against the CCoV/TGEV recombinant, which failed
to prevent the shedding of the virus totally but was considered
to be safe (376). Novel experimental vaccines for TGEV and
PEDV such as plasmid-vectored DNA vaccines encoding S, N,
or M (377, 378) and recombinant vaccines or vectored vaccines
using engineered swinepox virus or porcine adenoviruses to
deliver the TGEV spike protein (379) were also developed.
These vaccines were efficient in inducing both a systemic and
a local humoral immune response with sufficient neutralizing
antibodies. An RNA vaccine derived from Venezuelan equine
encephalitis replicon expressing the PEDV spike gene was also
developed against PEDV infections (379). Subunit vaccines have
also been developed in an effort to express the S1 domain
of spike protein in Baculovirus, yeast, or plant-based delivery
system and have been found to work well in pigs (380–382). The
oil adjuvanted vaccine comprising of a solubilized cell extract
of BCoV-infected cells overexpressing viral hemagglutinin of
BCoV was developed by Takamura et al. (383). This induced
high hemagglutinating antibody titers without any adverse effects
and was suggested to prevent winter dysentery in dairy cows
(383). It is possible to combine two or more immunogenic
strains of protectotype candidate against animal CoVs in a
single vaccine with combined benefits such as the stimulation
of cell-mediated immunity and higher IgA production for local
mucosal immunity. Animal CoVs such as PEDV and IBV
undergo frequent genetic shifts, and as a result, the protection
level remains low despite using innovative vaccine strategies.
Also, the vaccination in animals provides relatively a short
duration of protective immunity with low efficacy due to
focus mainly on whole-cell preparations rather than specific
proteins or antigens for developing vaccines. Hence, effective
and safe vaccines providing long immunity in animals still
remain elusive. The scientists working on developing veterinary
vaccines must take a cue from innovative and successful
emerging technologies being used in developing SARS-CoV-
2 vaccines so that suitable prophylaxis also becomes available
for animals.
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INTERSPECIES TRANSMISSION AND
ZOONOTIC POTENTIAL OF ANIMAL
CORONAVIRUSES

Interspecies Transmission
CoVs are capable of producing a broad spectrum of disease
outcomes in mammals and avian species. These viruses are well-
recognized to alter their tissue tropism and cross interspecies
barriers to adapt to various ecological niches for abundance
and persistence. The RBD of CoVs can recognize the same
receptor present in multiple animal species. These virus–receptor
interactions, evolutionary selection, and viral genetic diversity by
frequent homologous recombination, inherent point mutations
enable the virus to jump the species barrier and rapidly adapt
to a new host species. It has been observed that CoVs, apart
from infecting their primary host, do cause occasional infections
in other animal species, per se dog and cat CoV, pig CoV, and
TGEV can cross-infect, resulting in different disease outcomes
suggesting host range mutants of an ancestral CoV. The BCoV is
an excellent example that crosses interspecies barriers. Variants
having genetic and antigenic relatedness with BCoV have
been identified in the respiratory secretions of dogs infected
subclinically (121–123), humans (120), and diverse groups of
other domestic (124) and wild ruminant species such as camelids,
waterbuck, sambar deer, white-tailed deer, and giraffe. Moreover,
it can experimentally infect and cause enteric diseases in avian
hosts, including turkey poults (384) that were found to transmit
viruses to the control birds. These variant strains with established
cross-species transmission are termed as Bovine-like CoVs (385)
and classified as host range variants rather than a distinct virus.
Furthermore, the BCoV has also been shown to procure new
genes via recombination, i.e., acquisition of an influenza C-
like hemagglutinin that may have a possible role in binding to
different cell types (386).

An amino acid composition of APN receptor of human, feline,
and porcine CoVs shows strong 78% identity. However, the APN
receptor used by α-CoVs is species-specific, and the feline APN
is a functional receptor for other members of α-CoVs, including
FIPV and FECV, TGEV, canine CoV, and HCoV-229E. Due to
this property of feline APN, cats can get infected by TGEV,
CCoV, or HCoV-229E with or without developing symptoms.
Similarly, the sequence comparisons reveal that TGEV has
resulted from the host species jump of CCoV-II from dogs to
pigs (40). The generation of less virulent porcine respiratory
CoV from TGEV by spike gene deletion (153, 154) accounted
for altered tissue tropism from the enteric to the respiratory
system (387). The FIPV type II andCCoV-IIb strains from double
recombination events between FIPV type I-CCoV and CCoV-II-
TGEV, respectively, are also the results of genomic characteristics
within CoVs for rapid adaption to novel CoV species suggesting
coinfection in at least one host species.

A chimeric virus with spike protein of PEDV and backbone
of TGEV was identified as a variant genotype of TGEV strain
with unique deletions and distinct amino acid changes similar
to PRCV, suggesting a recombination event between the variant
TGEV, PEDV, and PRCV (388–391).

Zoonotic Link Between Human and Animal
Coronaviruses
In humans, CoVs can cause infections ranging from the common
cold to highly pathogenic diseases such as SARS and MERS.
The seven human CoVs known to date are HCoV-229E, HCoV-
NL63, HCoV-OC43, HCoV-HKU1 causing mild symptoms,
and the highly pathogenic MERS-CoV, SARS-CoV, and SARS-
CoV-2 causing adverse lower respiratory tract infection. The
phylogenetic analysis has shown that bats, mice, or domestic
animals serve as gene sources for all the seven HCoV (392).
The HCoVs triggering common cold circulate in the human
population without any need of an animal reservoir, whereas
SARS-CoV and MERS-CoV need to maintain and propagate
in their zoonotic intermediate host for possible transmission to
human targets. Also, the frequent crossing of species by CoV
has led to the emergence of important human pathogens. The
key determinants for CoV–host specificity, such as variability in
spike glycoprotein, its RBD in different species, and identical
nucleotide sequence, provide a framework to understand the
switch of hosts and positive selection during inter- and
intraspecies transmission events.

The complete genome sequence analysis suggests that BCoV
is possibly related to HCoV OC43 (50). It is believed that an
interspecies jump was responsible for this genetic similarity,
albeit there are no case reports suggesting infection resulting
in disease by BCoV in humans. The findings of various studies
suggest cross-protection among HCoV and BCoV and evidence
of viral RNA in the human nasal mucosa for a short duration after
exposure to BCoV (393). A human enteric CoV strain HECV-
4408 isolated from a child suffering from acute diarrhea was
passaged four times in HRT-18 cells and was inoculated orally
in four gnotobiotic calves followed by challenging with BCoV-
DB2 strain. The calves inoculated with HECV-4408 developed
diarrhea and mild clinical signs along with detection of virus in
the feces and nasal shedding by RT-PCR, whereas after BCoV
inoculation, no diarrhea or virus shedding was observed in the
calves. This experiment fairly suggests that (i) the less severe
clinical signs in calves inoculated with HECV-4408 may be due
to naturally lower virulence of HECV in calves or that the
virulence was altered by a passage in cell culture, as it affects
the efficiency of agglutination of RBCs (120, 127), its intestinal
replication (128), antigenic composition (394), and associated
mutations in the genome (395). (ii) Fecal and serum IgG titers
were detected, which either remained the same or increased
2-fold after the challenge. This indicated that the HECV-4408
inoculation developed a protective immune response such that
no replication of the virus was observed after challenging with
the BCoV-DB2 strain.

There is no risk suspected yet to the public health from
IBV. Humans are not considered as a reservoir for replication
of IBV. There is no evidence of transmission of virus between
humans and from humans to animals. Various mechanical means
leading to infections in chicks have been reported. The persons
working in commercial poultry farms may be at risk of getting
an infection, but the significance is not known (396). IBV
has also been detected in wild birds, which may serve as a
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vector for transmission between free-living and domestic birds
(397). Therefore, the wild birds could feature as essential for
recombination events that may further lead to the emergence
of variants of concerns for humans. The isolation of avian IBV
such as viruses from a man with a morphological resemblance
with 229E strain of human CoV was reported, which was
later confirmed to be an isolate of HCoV and not otherwise
(398). This illustrates a likely possibility of the origin of avian
and human CoVs from a common gene source resulting in
divergent evolution.

The PEDV is genetically closely related to HCoV-229E than
to other α-CoVs, and it can also be cultured in Vero cells such
as SARS-CoV (399). It is relevant to mention that the swine had
always been a predominant species for the evolution of outbreak-
causing viruses such as new strains of influenza A virus and are
also found to be infected by bat CoVs. The role of pigs and the
possibility of the emergence of new strains of viruses, including
human CoVs, should not be overlooked and need explorative
studies (32, 400, 401). However, Shi et al. (402) had reported that
there is no significant susceptibility of pigs to SARS-CoV-2.

The wild mammals and birds harbor CoV resulting in
undetected transmission. Genetically similar human CoVs were
identified in civets, raccoons, and horseshoe bats (403), and an
experimental infection caused disease in macaques, ferrets, and
subclinical infection in cats (404, 405). The CoVs in these animals
show nucleotide sequence homology (88–90%) with other
HCoVs and use ACE2 receptors to bind to spike glycoprotein
for entry as seen with SARS-CoV and SARS-CoV-2 (406, 407).
These findings suggest their role as intermediate or reservoir
hosts. Bats are found to be reservoir hosts for pathogenic HCoV
but not as immediate hosts due to few sequence divergence
(408). Similarly, the highest genome sequence homology has been
found in RBDs of SARS-CoV-2, pangolins, and bats, but still,
there is no direct supportive evidence for their origin from a
common ancestor, and thus, the evolutionary pathway remains
obscure (392). However, a study on analysis of the evolutionary
origin of SARS using phylogenetic analysis suggested an avian-
like origin for nucleocapsid and matrix protein, mammalian-like
origin for replicase proteins, and a mosaic of mammalian–avian-
like origin for spike protein. The spike gene was also subjected to
a bootscan recombination analysis that revealed high nucleotide
sequence similarity between the SARS virus and FIPV (409).

MERS also serves as another example where interspecies
transmission is important. The dromedary camels of Middle East
countries in Asia and Africa, such as Egypt and Qatar, were
detected with MERS-CoV isolated from their nasal swabs and
were found seropositive with neutralizing antibodies for MERS-
CoV species (410–416). Also, the study on experimental MERS
infection in camels revealed massive shedding of a large amount
of virus through not only respiratory route but also feco-oral
route and milk, suggesting the risk of foodborne transmission
to humans and occupational exposure (417–419). This indicates
that the camels serve as the bona fide reservoir host of MERS-
CoV. In a case report, the full genome sequences of two isolates
obtained from a dromedary camel with rhinorrhea and a human
in close contact with the camel were identical and positive for
MERS-CoV RNA (420). The rate of secondary transmission

within humans is also observed to be low, only up to 5% (421). A
case of a 39-year-old male who developed fever and cough with a
history of close contact with dromedary camels at his farm tested
positive for MERS-CoV by RT-PCR (422). However, other study
reports suggest there is no contact history with camels before the
onset of symptoms in many confirmed cases of MERS in humans
(423), which attributed to either human-to-human transmission
or other transmission routes involving unknown animal species
paving the way for further investigations.

The phylogenetic analyses on the molecular level reveal that
SARS-CoV-2 is close to SARS-CoV with bat origin and shares
50–51.8% and 79% identity with MERS-CoV and SARS-CoV,
respectively (32, 424–426). The recent reports on the detection
of SARS-CoV-2 with mild respiratory illness in animals such
as cats, dogs, and tigers in contact with humans suggest true
infection caused by human-to-animal transmission (427). The
two dogs reported from Hong Kong and a dog in New York
living in close contact with their SARS-CoV-2 positive owners
tested positive through RT-PCR in both nasal and oral samples
(428–430). Seroconversion in dogs was observed when the blood
samples were tested in the later stages, with weak positive results
indicating low viral infection that resulted in the production
of antibodies against SARS-CoV-2. Similarly, cats can be found
susceptible to SARS-CoV-2 through experimental inoculation
and can spread infection through droplets (402, 431). A
serological study on the immune response of cats against SARS-
CoV-2 revealed high titers of neutralizing antibodies (432). The
big feline such as tigers in proximity to asymptomatic positive
zookeepers of Bronx Zoo in New York City tested positive for
SARS-CoV-2 after showing mild respiratory symptoms (433).
Recently, two cases of human-to-cat transmission of SARS-
CoV-2 were identified during a screening program of a feline
population of households in the United Kingdom (434). The
first case of transmission of SARS-CoV-2 from an asymptomatic
human carrier, probably caretakers, to eight Asiatic lions at
Hyderabad’s Nehru Zoological Park was reported in India (435).

The high percent identity between feline and human ACE2
protein sequences, particularly within the receptor-binding
interface region, may explain the incidence of cross-species
transmission between them. The ferrets were also found to
harbor SARS-CoV-2 infection with isolation of virus from the
upper respiratory tract and development of mild clinical signs
during experimental investigations (402). Therefore, SARS-CoV-
2 infection in these companion animals demonstrates their
susceptibility under natural and experimental settings. Other
farmed animals such as minks, when infected with SARS-
CoV-2, may show respiratory and gastrointestinal signs with
increased mortality (436, 437). There is evidence that SARS-
CoV-2 has evolved at the genetic level into a variant strain
in minks in Denmark, and mink-to-mink and mink-to-human
transmissions have been observed on farms of Denmark and
the Netherlands, whereas ferrets have been reported to transmit
the virus to other ferrets in an experimental study (432, 437).
Natural SARS-CoV-2 infection in gorillas of San Diego Zoo in
California (438) and Asian small-clawed otters (439) have also
been reported with high susceptibility to the infection and clinical
signs. Experimental investigations on SARS-CoV-2 infection in
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raccoon dogs, rabbits, pigs, cattle, poultry, hamsters, fruit bats,
white-tailed deer, macaques, voles, and mice suggested low to
high susceptibility, none to mild clinical signs, and pieces of
evidence of low transmissibility between respective animals (440–
447). These findings, however, do not hold any substantial
evidence for zoonoses, as the transmissibility is low due to
insufficient viral load and its replication (427, 431). The viruses
in these animals do not satisfy Koch’s postulates, and thus, it
is inconclusive to declare these species as reservoir hosts for
SARS-CoV-2 (448).

Approaches to Study Interspecies
Spillover, Evolution and Zoonoses
The novel animal and human CoVs are the outcomes of
recombination, divergence, and subsequent evolution. An
efficient genomic, phylogenetic, evolutionary rate, and
divergence time analyses are now possible with improved
bioinformatics tools and the availability of a large pool of CoVs
discovered over time. This is done using different approaches
incorporating molecular clock analysis or similar techniques
that evaluate mutation rates of biomolecules such as DNA,
RNA, or amino acid sequences for proteins. The ecological
approaches focus on the spatial distribution of pathogen and
host populations and their interactions with each other and their
environment. Molecular approaches rely on genetic and cellular
aspects of the host–pathogen relationship at the individual
and population levels. A combination of these approaches,
epidemiological data, and whole-genome sequencing along
with some anticipative strategies are essential to clarify the
mechanisms by which the virus jumps from one species to
another. Interspecies transmission and emergence of novel CoVs
are studied throughmolecular epidemiology, which describes the
distribution of genes or their variants by considering parameters
such as place, time, and population. Moreover, phylogenomic
analysis intersects genomics, origin, and evolution of CoVs
carried out exclusively after outbreaks of SARS in humans.
This analysis provided evidence for interspecies transmission
events such as the emergence of HCoV-OC43 from bovines to
humans, TGEV from CCoV-II, FCoV-II, and CCoV-II from
recombination between early CCoV-I and FCoV-I and porcine
CoV HKU15 likely from a sparrow. Many researchers use
the Rob Lanfear’s method (449) and the maximum likelihood
method with FastTree software (MicrobesOnline, Berkeley,
CA, USA) to construct a phylogenetic tree and sequence
alignment with the best setting determined by Global Initiative
for Sharing All Influenza Data database (https://www.gisaid.
org/) and Nextstrain (https://nextstrain.org) (450). Although
Bayesian Evolutionary Analysis Sampling Trees is the most
widely used approach, it uses different genes (RdRp, ORF1ab, S,
N, and helicase genes) and molecular datasets for the purpose
to estimate the considerable difference in the life history and
evolution of CoVs (1, 22, 451). Klompus et al. demonstrated
interspecies cross-reactivity mediated by reactive monoclonal
antibodies that bind to antigens from human CoVs (hCoV-OC43
and hCoV-HKU1) and several animal CoVs with shared motifs
to SARS-CoV-2. This serological strategy based on cross-reactive

antibody responses along with DNA sequencing and RT-
qPCR testing has been a dominant methodology and potential
diagnostic strategy for infections of novel CoV spillovers (452).

CONCLUSION

CoV has a wide host range affecting domestic livestock, wild
animals, and birds, often resulting in serious disease outcomes
and economic losses. Furthermore, pets and various livestock
species share a common environment with humans and continue
to pose a threat to the public at risk. The presence of antibodies
against animal CoVs in humans could merely be a normal
immune response to an occasional or occupational exposure
without any apparent disease. However, frequent and prolonged
exposure to animal CoVs and the need for the virus to mutate
to bypass the protective host-immune responses would likely
result in newer CoV strains with a better ability to infect
immunocompromised human hosts. Interestingly, it has been
observed that companion animals are susceptible hosts for
human CoVs such as SARS-CoV-2. The similarities in the CoV
key proteins having a role in initiating infections, together
with genetic and evolutionary relatedness and habitat sharing
by diverse hosts, will drive future disease outcomes and virus
evolution. At present, there is no strong evidence suggesting
the role of livestock, poultry, and pets’ CoVs to cause serious
disease in humans; however, ample scope to undergo mutations
and cross-jump species barrier to cause life-threatening illnesses
exists. The enigmatic nature of CoVs to cause alteration in tissue
tropism, jump species barriers, and form variants is remarkable
and needs elucidation. CoVs tend to rapidly adapt to changing
ecological niches and enhance the possibility of the emergence of
novel CoVs due to highmutational errors particularly in the RBD
of spike protein, along with inconstancy of replication enzymes
and cleavage sites. These errors in S protein, important for host
receptor usage, are essential for the emergence of mutants and
the establishment of an effective and productive human infection.
Consequently, the occurrence of double and triple mutants has
made researchers focus on establishing epidemiological linkage
to correlate these variants of concerns with the existing public
health scenario. Furthermore, the proven propensity of CoVs for
interspecies transmission, to emerge potentially from unknown
reservoirs and to genetically relate with CoVs from different
hosts, indicates the continued introduction of animal CoVs into
the human population. The outbreaks of SARS-CoV in the
year 2002 and MERS-CoV in 2012 in the form of severe acute
respiratory distress had less impact than the current pandemic
caused by SARS-CoV-2 that accounted for nearly 216.30 million
confirmed cases with a death toll nearing four million by August
30, 2021, globally (453). Although these numbers are way higher,
the case fatality rate of SARS-CoV-2 is around 4%, which is
still lower than SARS-CoV and MERS-CoV outbreaks, which
ranged between 0 and 50% (454–456). The genome of novel
SARS-COV-2 is chimeric in the sense that the majority of it
shares homology with the bat CoV genome, whereas the RBD
portion bears a sequence similar to pangolin CoV. It is this
specific RBD sequence that enables SARS-COV-2 to bind with
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high affinity to hACE2, resulting in productive infection and
deaths. This is an unambiguous example of how recombination
and mutation events result in highly virulent strains claiming
lives and damaging economies.

The definitive understanding of the origin of SARS-CoV-2
will have marked repercussions on how humans interact with
the ecosystem and on laboratory practice policies and biosafety
regulations. Therefore, the emergence and evolution of novel
CoVs because of their widespread association and frequent
infections in animal hosts, both livestock and wild, combined
with a high mutation rate, need to be contemplated to meet
future challenges. There is an impending need to implement
an effective strategy and monitor animal coronavirome as a
potential reservoir of CoV reintroduction to humans. Large-
scale sampling, metagenomic sequencing, and comparative
genome analysis from animals of different geographical locations,
especially those in frequent contact with human and wildlife
habitats, should be considered. Baseline samples of unexposed
individuals, preferably from a pre-pandemic population, need
to be collected to compare with the individuals infected with
new spillovers. The establishment of phage antibody libraries for
profiling antibody responses against novel CoVs and enhancing
the immediate availability of animal CoV serological assays will
assist in the screening of numerous antigens in a critically
early phase of future outbreaks (452). Despite the availability
of established and novel diagnostic technologies, the detection
of animal CoVs is still based on conventional, time-consuming,

and less-sensitive molecular techniques. Therefore, there is
a need to drive efforts for the development of rapid, cost-
effective, and sensitive laboratory or POC diagnostic tools with
a multi-prong approach to potentially increase the efficiency and
specificity of diagnosis. These upgraded testing efforts will help
in limiting the spread of animal CoV infections in farms, multi-
pet households, and wildlife niches. The commonly used whole
cell-based vaccine strategies to combat animal CoV infections on
the field deliver poor protection in farm and pet animals. This
calls for the exploitation of viral-vectored and nucleic acid-based
vaccines as promising candidates. The knowledge about factors
responsible for the success or failure of animal CoV vaccines
can also provide better insight into the design of vaccines for
humans against pandemic-causing CoVs. The standardmeasures
used for the prevention of infectious diseases at farms and
elsewhere should be followed besides maintaining personal
hygiene and avoiding contact with wildlife to restrict exposure
to animal CoVs. Needless to mention that the development of
novel diagnostics, vaccines, detailed epidemiological studies, and
sequencing of variants of interest and concern will, of course,
need budgetary provisions.
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In August 2019, a suspected outbreak of canine distemper was observed in a masked

palm civet farm that also received stray civets and rescued wild civets in Henan Province

of China. A virulent canine distemper virus (CDV) strain, named HN19, from vaccinated

masked palm civets was the etiologic agent identified in this outbreak using RT-PCR

and sequencing of the complete genome. Serological analysis indicated a lower positive

rate of CDV-neutralizing antibody in wild civets than in captive civets. Phylogenetic

analysis of viral hemagglutinin (H) and the complete genome showed high identities

with Rockborn-like strains at the nucleotide (98.7∼99.72%) and the closest nucleotide

similarity with a strain that killed lesser pandas in China in 1997, but low identities with

America-1 strains (vaccine strains). Most importantly, one distinct amino acid exchange

in the H protein at position 540 Asp→Gly (D540G), which confers CDV with an improved

ability to adapt and utilize the human receptor, was observed in HN19. This study

represents the first reported outbreak of a Rockborn-like CDV strain infection in masked

palm civets in China. Based on this report, the existence of Rockborn-like strains in

Chinese wild animals may not only cause immune failure in captive animals, but may

also confer increased zoonotic potential.

Keywords: canine distemper virus (CDV), civet (Viverridae), China, phylogenetic analysis, zoonotic potential

INTRODUCTION

Morbilliviruses belong to the order Mononegavirales, the family Paramyxoviridae and include a
group of highly pathogenic viruses, such as measles virus (MeV), rinderpest virus (RPV) and canine
distemper virus (CDV). In contrast to host-specificMev and RPV, CDV has higher genetic diversity
and causes a highly contagious disease in a wide broad of animals, including dog, civet, phocine,
ferret, lion, raccoon, fox, etc. (1–6). Thus, spillover and spillback transmission of CDV between
domesticated animals and wildlife reservoir hosts has been documented (6). Even more alarmingly,
the host range of CDV has been expanded to other species that are evolutionarily more distant to
canids, such as Asian marmots (Marmota caudata) and Japanese monkeys (Macaca fuscat) (7, 8).

The hemagglutinin (H) gene of CDV encodes the receptor-binding protein. Currently, the
signaling lymphocyte activation molecule (SLAM) (also known as CD150) and the cell adhesion
molecule Nectin-4 (also known as poliovirus receptor-like protein 4, PVRL4) are known to engage
with H protein (9, 10). Of these, SLAM, as the principal cellular receptor for morbilliviruses, has
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been shown to be critical for host susceptibility and virus entry,
whereas nectin-4 is required for clinical disease and efficient virus
shedding (11, 12). A recent study revealed that a substitution in
CDV H protein at residue 540, Asp to Gly (D540G), is sufficient
to allowCDV to bind to human SLAM in vitro, which could cause
CDV to potentially adapt human target cells (13).

The masked palm civet Paguma larvata (order Carnivora,
family Viverridae) is distributed in tropical and subtropical Asia
(14). In China, masked palm civets are raised as new farm
animals mainly in the southern provinces for meat production.
Civets have been thought to be potential intermediate hosts
that can provide an effective way for the virus, such as severe
acute respiratory syndrome (SARS) which appeared in southern
China in 2003, to spread from animals to humans (15). In
addition, several studies have shown that the masked palm civet
may potentially be involved in transmission of some zoonotic
pathogens such as Salmonella enterica, Bartonella henselae, and
Toxoplasma gondii (16–18).

Up to now, in China, there are none reports of Rockborn-
like strain detected from a civet. The present study aimed to
investigate the CDV infection in civets, analyze the genotypes
of epidemic strains, and report the cross-species transmission
of CDV.

MATERIALS AND METHODS

Sample Collection
In August 2019, sudden and unexplained fever, severe lethargy
and weakness, loss of appetite, mild-to-marked upper respiratory
disease and neurological dysfunction (severe lethargy, loss of
appetite, epilepsy and twitching) were observed in a masked
palm civet farm that also received stray civets and rescued wild
civets in Luoyang city, Henan Province. Seventy percent of the
sick civets died on days 7∼10 of the illness after accepting new
wild animals. Although the immune status of the wild and stray
animals was unclear, all the cultured animals had been vaccinated
with the American-1 strain. We randomly collected ocular, nasal
and rectal swab specimens, and serum samples from 44 healthy
and 57 sick civets. Fresh tissues harvested from 9 dead animals
were used for histopathological analysis, immunohistochemical
analysis and viral isolation. After collection, the samples were
immediately transported to our laboratory in an icebox for
further use.

TABLE 1 | Detection of civet CDV in sick and healthy animals using PCR and SN test.

Species Total No. Vaccination status Health status(dead/total) Rate

PCR+ (swabs) SN+ (blood)

Wild and stray 30 Unknown Healthy (0/4) 1/4 2/4

Sick (26/26) 25/26 3/26

Captive 291 Vaccinated Healthy (0/260) 2/40 38/40

Sick (14/31) 29/31 28/31

Total 321 57/101 71/101

+Positive.

Viral Detection and Isolation
All samples were stored at −80◦C and tested, initially by
Anigen Rapid CDV Ag Test Kit (BioNote, Inc.Gyeonggi-do,
South Korea) according to the manufacturer’s instructions.
Total RNA was extracted from the tissues with a QIAamp
Viral RNA Mini Kit (Qiagen, USA). The RNA was converted
into cDNA using a Vazyme HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme Biotech Co., Ltd., China) in accordance
with the manufacturer’s instructions. To validate the presence
of CDV, reverse transcription polymerase chain reaction (RT-
PCR)/PCR was performed to detect a 681 bp RT-PCR amplicon
encompassing the fusion protein signal-peptide (Fsp)-coding
region (405 bp) using a previously described primer (19). For
virus isolation, the tissues were homogenized in 20 % (w/v)
sterile phosphate-buffered saline (PBS, pH 7.4) and filtered
through 0.22 ummembrane filters. Supernatants of homogenized
lung filtered through 0.22 um membrane filters were used to
inoculate Vero-raccoon dog-SLAM cells as described previously
(20), and the cytopathogenic effect was observed within 120
hours. Vero-raccoon dog-SLAM cells were constructed by the
authors and were maintained in DMEM containing 5% FBS (data
not published).

Electron Microscopic Analysis
The Vero-SLAM cells at 4 days post-infection were used for
electronmicroscopic analysis. Cell supernatants were centrifuged
at 12,000 × g for 5min at 4◦C. Virus-containing supernatants
were negatively stained and examined using transmission
electron microscopy (TEM) (21).

Whole Genome Sequencing and
Phylogenetic Analysis
The complete H gene of the CDV isolate and virus contained
in brain and lung samples from deceased civets was amplified
for sequencing by RT-PCR using H gene specific primers
(20). The entire genome of civets CDV isolated with Vero-
raccoon dog-SLAM cells was amplified and sequenced using
a set of 15 primer pairs to generate overlapping PCR
amplicons (20). Multiple sequence alignments were performed
and sequence similarities determined using DNASTAR software.
The neighbor-joining (NJ) method with 1,000 bootstrap
replicates was used to construct a phylogenetic tree in MEGA
version 7.0 (22).
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Histopathological Examination and
Immunohistochemical Analysis
For histological studies, samples intended for histopathological
examination (brain, lung, heart, liver, kidney and

FIGURE 1 | Histopathological and immunohistochemical staining of lungs and

brains of fresh dead civets. (a) Microscopic examination of brain samples

showed neuronal degeneration and necrosis, perivascular edema. (b) The

alveolar wall capillaries were dilated and congested, and part of the alveolar

cavity was filled with abundant inflammatory exudates containing edematous

fluid and lymphocytes. Moreover, lymphocytes and macrophages can be seen

in the bronchus. (c) Immunohistochemical staining showed that some nerve

cells in the brain tissue were positive for CDV. (d) CDV was positively detected

in some bronchial epithelial cells. The scale bar indicates 100µm.

testicle) were fixed in 4% buffered formaldehyde
solution and 4µm thick paraffin sections were mounted
on silane-coated slides. Slides were stained with
hematoxylin and eosin (HE) according to the standard
histopathological procedure.

Immunohistochemical analysis was performed in the same
tissues using the chain polymer-conjugated method (2). Briefly,
slides were deparaffinised and rehydrated. After antigen retrieval
and endogenous peroxidase blocking, slides were incubated with
an anti-CDV nucleoprotein monoclonal antibody at a 1:100
dilution (VMRD Inc., Pullman, WA. Cat. P180221). Then,
the slides were incubated using the Dako REAL EnVision
Detection System (Dako, Glostrup, Denmark), at 37◦C as a
secondary antibody, and the positive antigen-antibody complex

was then visualized by labeling with 3, 3
′

-diaminobenzidine
tetrahydrochloride (DAB) and counterstaining with Mayer’s
hematoxylin. Positive control slide was performed on lung tissue
from a CDV-infected dog that was positive in the RT-PCR assay,
while the Tris-HCl buffer instead of the primary antibody was
used as a negative control.

Virus Neutralizing Antibody Titers (VNT)
CDV virus neutralizing (VN) antibody titers were determined in
Vero-SLAM cells using a TCID50 microtiter assay as previously
described (23) with minor modifications. Briefly, serial 2-fold
dilutions of heat-inactivated serum starting at 1:8 were added
to ∼100 TCID50 of vaccine strain CDV3 (EU726268) and tested
in quadruplicate. The titers were calculated using the method of
Reed and Muench.

FIGURE 2 | Phylogenetic analyses of CDV HN19 strain. (A) Phylogenetic analyses of the nucleotide sequences of the complete genome of CDV HN19 strain.

(B) Phylogenetic analyses of H gene nucleotide sequences of CDV HN19. Evolutionary history was inferred using the maximum likelihood method with the Tamura-Nei

model and gamma-distributed rate heterogeneity in MEGA 7. The percentage of replicates in which the associated virus clustered together in the bootstrap test

(1,000 replicates) is shown next to the branch in each tree. The strain isolated in this study is identified by N. The percentage bootstrap support is indicated by the

value at each node. Scale bar denotes nucleotide substitutions per site.
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RESULTS

Fatal CDV Infection in Masked Palm Civets
RT-PCR analysis was used to detect viral nucleic acid. Tissue
samples from all of the dead civets were all CDV infection-
positive. The swab samples (n = 101) showed a detection
rate of 56.44%. Serological analysis indicated a lower positive
rate of CDV-neutralizing antibody in wild civets than in
captive civets, regardless of the health condition. The results
of all samples tested by PCR and neutralizing antibodies are
summarized in Table 1. The cytopathogenic effect (CPE) was
observed in Vero-SLAM cells within 96∼120 h after infection
from positive lung tissue. Numerous spherical, enveloped virus
particles of ∼200 nm in diameter were observed by negative-
staining electron microscopy in isolated strain (named HN19)
(data not shown).

Histopathological Analysis
Briefly, histopathologic findings in the brain included neuronal
degeneration and necrosis, perivascular edema (Figure 1a).
Interstitial pneumonia with infiltrates of inflammatory cells
comprising lymphocytes and macrophages can be seen in
the bronchus (Figure 1b). Immunohistochemical analysis
revealed the CDV antigen in some areas of the lung and
brain (Figures 1c,d). Additionally, generalized more severe
lymphocyte depletion was found in the spleen, liver, intestine,
while no obvious pathological changes were found in kidney
(data not shown).

Phylogenetic Analysis
The complete viral genome of the HN19 strain was sequenced.
This sequence has been deposited in GenBank under the
accession numberMT448054. Phylogenetic analysis andmultiple
sequence alignments based on the H gene sequence showed
that HN19 strain belongs to the Rockborn-like strain cluster
(Figure 2A). Sequence comparisons of the H gene of HN19
strain showed high identities with Rockborn-like strains at
the nucleotide (98.7∼99.72%) and the deduced amino acid
(97.78∼99.15%) levels (Table 2). Additionally, HN19 clustered
with a strain that killed lesser pandas in China in 1997 (24)
(Figure 2A). Sequence comparisons of the complete genome
showed that HN19 had low sequence identities with America-
1 strains (Figure 2B). The H gene sequence of the HN19 stain
demonstrated a low nucleotide similarity (92.16∼92.68%) with
America-1 CDVs. Similarly, at the amino acid level of H gene,
HN19 had slightly lower identity (89.48∼90.60%) to America-1
CDVs (Table 2).

The complete H gene sequence detected from brain and lung
was as same as that detected from the isolate. Sequence analyses
of H gene revealed that the same unique amino acid residues
105S and 265S existed in HN19, lesser panda isolates, giant
panda isolates and two other tiger derivatives from China. Most
importantly, the adaptive mutation D540G in the H protein was
unique, which has been supposed to be required for adaptation
of CDV to the human entry receptors (13). In addition, there
were another two unique amino acid residues, 376T and 548M, T
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which could be associated with vaccination failure and unusual
clinical signs.

DISCUSSION

Previous reports have demonstrated that CDV is a lethal
infectious agent to susceptible free-living and captive Viverridae,
including civets (2, 25, 26). Here, we have documented a
Rockborn-like CDV strain infection in masked palm civets in
China. Because CDV had never appeared at this farm before,
and this strain belonged to the Rockborn-like group along
with another strain from wild animals, this outbreak might
be attributed to stray animal contact or wild animal adoption.
The Rockborn vaccine strain, as a canine isolate, was made
on primary canine kidney cells in the 1950s (27). Compared
with other CDV vaccines, Rockborn strain was considered to
be less attenuated and less safe, and withdrawn from several
markets after the mid-1990s (28). However, the isolation of
Rockborn-like CDVs, respectively, from masked palm civets
and lesser pandas in China suggests that Rockborn-like viruses
are still circulating in the field or that vaccine-derived viruses
were introduced in different carnivores on several occasions
in China.

In this farm, vaccination failure was observed in 31/291
captive animals (10.65%) with an America-1 strain vaccination
record. The efficacy of vaccines relies on the antigenic relatedness
between the vaccine and the circulating field strains. The
CDV H gene is the most heterogenic and antigenic variable
among all different strains of CDV, which could result in the
generation of antibodies with widely different neutralization
capacity or vaccine breakdown. Phylogenetic analysis of the
complete genome and viral H gene showed that HN19 shared low
identities with America-1 strains, which could be a reason for this
immune failure.

Morbilliviruses such as MeV and CDV use the species
orthologs of CD150 and nectin-4 expressed on immune and
epithelial cells, respectively, as receptors. Several studies have
demonstrated that amino acid substitutions in the H protein
may contribute to the expanded host range (13, 29). Among
substitutions, 540 Asp→Gly (D540G) confers good fusion
capacity to viral envelope proteins binding with human CD150,
which may facilitate CDV adaptation to human target cells (13).
The amino acid exchangeD540G has been also observed inHN19
strain, a natural isolate from civets, implying that the zoonotic
potential of CDV might be a matter of concern.

Through the investigation of CDV infection in civets in
China, we formulated three hypotheses. The first was that a
kind of Rockborn-like strain was circulating in wild animals
in China. The second hypothesis was that the America-
1 vaccine could not provide adequate protection for civets.
Finally, the third hypothesis was Rockborn-like strain with the
D540G mutation in Chinese wild animals might have zoonotic
potential. Therefore, the information provided with this study
emphasizes the need for the regular surveillance of wild animals,
mandatory effective vaccination in wild animals and reduction
of the increasing threat of CDV to animals and public health
in China.
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To understand the biological characteristics of the reemerging pseudorabies virus

(PRV) strains, a total of 392 tissue samples were collected from diseased pigs during

reemerging PR outbreaks between 2012 and 2019 on farms in central China where

swine had been immunized with Bartha-K61 and 51 (13. 01%) were positive for the

gE gene by PCR. Sixteen PRV strains were isolated and caused clinical symptoms

and death in mice. Subsequently, gE, gC, gB, and gD complete genes were amplified

from the 16 PRV isolates and sequenced. Phylogenetic analysis based on these four

gene sequences shows that the 16 PRV isolates were more closely related to the

Chinese PRV variants (after 2012) but genetically differed from early Chinese PRV

isolates (before 2012). Sequence analysis reveals that PRV isolates exhibited amino acid

insertions, substitutions, or deletions compared with early Chinese PRV isolates and

European–American PRV strains. In addition, this is the first report that eight isolates

(8/16) in this study harbor a unique amino acid substitution at position 280 (F to L) of

the gC protein, and six isolates have an amino acid substitution at position 338 (A to

V) of the gD protein compared with the Chinese PRV variants. The emulsion containing

inactivated PRV NY isolate could provide complete protection against the NY isolate.

This study might enrich our understanding of the evolution of reemerging PRV strains

as well as pave the way for finding a model virus to develop a novel vaccine based on

reemerging PRV strains.

Keywords: pseudorabies virus, sequencing, phylogenetic analysis, reemerging virus, pig disease

INTRODUCTION

Pseudorabies (PR), or Aujeszky’s disease, is an economically important viral disease of swine
worldwide and poses a great threat to the pork industry (1, 2). Infected pigs display a range of
symptoms, including reproductive failure in sows, severe respiratory disease in adult pigs, fatal
neurological disorders, and high mortality in newborn piglets (3). The first description of PR was
made in America as early as 1813, and the first recorded case in China was in 1948 with a following
epidemic in pigs in the late 1980s (4). Due to the use of the gE-negative vaccine strain Bartha-K61
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imported from Hungary, PR was well-controlled from the 1990s
to 2010 in China (5, 6). Since late 2011, however, reemerging PR
outbreaks have occurred among Bartha-K61-immunized swine
herds on many Chinese farms and led to tremendous economic
losses (6).

The causative agent responsible for PR is the pseudorabies
virus (PRV), which is a member of the family Herpesviridae,
subfamily Alphaherpesvirinae, and genus Varicellovirus. The
genome of PRV is a linear double-stranded DNA that encodes
more than 70 proteins (7). Among these proteins, glycoproteins
B (gB), C (gC), and D (gD) induce cellular and humoral immune
responses and are related to the process of virus fusion (8–
11). Furthermore, the gC gene is frequently used to analyze the
evolutionary relationships of PRV, and the attachment of the
virus to cells is initiated by the binding of the gC protein to
heparan sulfate proteoglycans (12–14). The glycoprotein E (gE)
is a major virulence determinant of PRV but is not essential for
virus replication (15). In light of this fact, gE-deleted vaccines
(Bartha-K61 vaccine) were developed, and the vaccines, together
with a corresponding serological test to detect antibodies against
the gE protein, have played a key role in the program of the
elimination of PR.

Some research indicates that the causative agent of currently
circulating PRV is confirmed to be novel PRV strains (PRV
variants), which are genetically different from the early Chinese
PRV strains, and the Bartha-K61 vaccine did not provide
full protection against the PRV variants due to enhanced
pathogenicity and genetic differentiation of PRV variants (16, 17).
Furthermore, Sun’s study shows that reemerging PRV strains
spread widely to many provinces of China between 2012 and
2017, and other research also reveals that the gE, gC, gB, and
gD amino acid (aa) sequences of reemerging PRV strains include
alterations (3, 13, 18–20). For further investigating the molecular
epidemiology of reemerging PRV strains, this study reports the
detection and genetic analysis of PRV from pigs in central China
between 2012 and 2019 and is also evaluated to find a candidate
virus for the development of novel and efficient PR vaccines.

MATERIALS AND METHODS

Cells, Virus, and Sample Collection
Swine testicle (ST) cells and PRV strain Min-A were purchased
from the China Institute of Veterinary Drug Control,
Beijing, China, and the ST cells were passaged in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Carlsbad, CA,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (Gibco).

From 2012 to 2019, a total of 392 tissue samples (including
lungs, brains, kidneys, lymph nodes, and spleens) were collected
from 392 diseased pigs during reemerging PR outbreaks on
39 farms in central China (including in Kaifeng, Shangqiu,
Zhoukou, Luoyang, Sanmenxia, Nanyang, Zhumadian,
Xinyang, Anyang, Xinxiang, Jiaozuo, Puyang, Hebi, Zhengzhou,
Pingdingshan, Xuchang, and Luohe cities) where swine had been
immunized with Bartha-K61, and the sample numbers per year
are 80, 50, 60, 56, 32, 36, 38, and 40, respectively.

PCR Detection
Viral DNA was extracted from 200 µL supernatants of the
suspension of tissue using the DNA Miniprep Kit (Omega,
Norcross, Georgia, USA) according to the manufacturer’s
instructions and subsequently screened for the presence
of the PRV genome by PCR. A pair of primers gEp-
F/R (gEp-F: 5′-TGGGACACGTTCGACCTGATG-3′, gEp-R: 5′-
CCTTGATGACCGTGACGTA CT-3′) were designed from the
reference strain PRVEa (accession number AF171937) to amplify
the partial gE gene with the length of 429 bp. PCR was performed
in a 25-µL volume mixture consisting of 12.5 µL Premix Taq
(Takara, Dalian, China), 3 µL extracted DNA template, 7.5 µL
of ddH2O, 1 µL DMSO, and 0.5 µL each of primer (50µM),
and the cycling protocol was an initial denaturation at 95◦C
for 5min, followed by 35 cycles at 95◦C for 30 s, 53◦C for 30 s,
and 72◦C for 1min with a final step of 72◦C for 10min. The
PCR amplification using the DNA of PRV strain Min-A was
considered as a positive control, and the product with ddH2O
instead of the DNA template was used as the negative control.
The PCR product was visualized by electrophoresis in a 1.5%
agarose gel containing ethidium bromide under ultraviolet light.

Virus Isolation and Identification
For virus isolation, homogenate supernatants of positive tissue
samples confirmed by PCR were filtered using a 0.22-µm filter
(EMD Millipore, Billerica, MA, USA) and inoculated into ST
cells. The inoculated cells were observed daily. When 80%
of cells showed the cytopathic effects (CPEs), viruses were
harvested by three freeze–thaw cycles and were further plaque
purified. Subsequently, the virus was corroborated by PCR with
primers gEp-F/R.

Pathogenic Test in Mice
One hundred seventy six-week-old healthy BALB/c female
mice were randomly divided into 17 groups of 10. Mice
in PRV-injected groups were inoculated subcutaneously (s.c.)
with the different isolates of a virus titer of 105.0 50% tissue
culture infectious doses (TCID50)/dose as previously described,
respectively (21). Mice in the DMEM-injected group were
inoculated with the same dose of DMEM as control. After the
inoculation, the mice were monitored daily for clinical signs for
7 days.

Physicochemical Properties of Virus
Physicochemical properties of NY isolate as a representative PRV
were assayed as described previously (22). Briefly, the 500 µL cell
culture medium–infected NY isolate was added into eight 1.5-
mL Eppendorf tubes. Tubes 1 and 2 were treated by a water bath
at 56◦C for 1 h and chloroform at 4◦C for 30min, respectively.
Tubes 3 and 4 were treated by adjusting the culture medium pH
to 3.0 and 11.0 with 0.1MHCl/NaOH solutions. After incubation
at 37◦C for 1 h, the pH values were then adjusted back to 7.0
by 0.1M NaOH solutions. Tube 5 was digested with trypsin
in a 37◦C water bath for 1.5 h and then added 4mL of the
inactivated fetal bovine serum to terminate the reaction. Tube 6
was incubated with formaldehyde at 37◦C for 2 d. Tube 7 was
treated under ultraviolet rays for 30min. Tube 8 was used as
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a negative control. Viruses of the eight tubes were inoculated
on ST monolayers, respectively, and TCID50 was determined by
the Reed–Muench method, respectively (23). In addition, the
seventh passage of the NY strain with propagating in ST cells was
stained with uranyl acetate and examined using a Hitachi TEM
transmission electron microscope (Hitachi, Japan).

Sequencing and Phylogenetic Analysis
The complete gE, gC, and gB genes of PRV were amplified
from viral DNA extracted from PRV isolates using specific
primers gE-F/R, gC-F/R, and gB-F/R designed in our
laboratory (21). The complete gD gene was amplified by
PCR from viral DNA using a pair of primers gD-F/R (gD-F:
5′-ATCCACTCCCAGCGGTCCACAAAAT−3′, gD-R: 5′-
AAAAACAGCAGCGTCCCGTCTATCG−3′) with the same
PCR volume mixture as that of the partial gE gene, and the
cycling protocol was as follows: an initial denaturation at 95◦C
for 5min, 35 cycles of denaturation at 95◦C for 55 s, annealing at
57◦C for 1min, extension at 72◦C for 100 s, and a final extension
at 72◦C for 10min. Then, the genes were ligated with the vector
pMD18-T (Takara) and separately introduced to Escherichia
coli DH-5α cells (Takara) by transformation according to the
manufacturer’s instructions. The positive recombinant plasmids
carrying gE, gC, gB, and gD genes were sent to Sangon Biotech
Shanghai Co., Ltd., for DNA sequencing, and all sequencing
reactions were performed in duplicate.

Phylogenetic trees were constructed based on the complete
gE, gC, gB, and gD genes of PRV isolates and reference
strains available in GenBank using MEGA software, version 7.0
(www.megasoftware.net) by the neighbor-joining (NJ) method
with 1,000 bootstrap replicates (24). Evolutionary distances were
computed by the pairwise distance method with the maximum
composite likelihood model. Sequences of PRV strains listed in
Table 1 retrieved from NCBI were used as references.

Immunogenicity Test
The representative PRV NY isolate was inoculated into ST
cells. The cell culture suspension of virus titer of 105.0

TCID50 was inactivated by incubating with moderate formalin
(Sigma-Aldrich) at 37◦C for 24 h and then emulsified with
Freund’s complete adjuvant and Freund’s incomplete adjuvant,
respectively. Sixty six-week-old healthy BALB/c female mice
were randomly divided into four groups of 15 mice each. Mice
in Group 1 were injected with 500 µL inactivated NY isolate
containing Freund’s complete adjuvant in the first week, followed
by injecting with an equal volume of emulsifier with Freund’s
incomplete adjuvant in the third week, and finally with the
inactivated virus in the fifth week. Groups 2–4 were injected with
the same dose of Bartha-K61, Hubei 98 (the PRV vaccine strain
with deleting three important virulence factors) or DMEM in the
first, third, and fifth weeks, respectively. On the 32nd day after
the final injection, blood samples were collected from five mice of
each group for the serum neutralization assay, and the remaining
mice of each group were challenged with 105.0 TCID50 PRV NY
isolate. Serum-neutralizing antibodies against PRV were detected
as described previously (25).

RESULTS AND DISCUSSION

Of the 392 samples, 51 were positive for the PRV gene, yielding

an average positive rate of 13.01% (51/392), which was coincident
with the reports of the prevalence of novel PR in China (6, 19,

26, 27). Besides this, the positive rates of PRV detection from

2012 to 2019 were 17.5% (14/80), 20.0% (10/50), 25.0% (15/60),
14.29% (8/56), 12.5% (4/32), 11.11% (4/36), 7.89% (3/38), and

6.61% (8/40), respectively.
PRV gE gene–positive tissue samples were inoculated into ST

cells, and distinct CPEs characterized by cell rounding, pyknosis,
and degeneration were observed after three blind passages on
ST cells. The expected products of 429 bp (Figure 1A) were
amplified from infected cells with the specific primers of the
gE gene. Sixteen PRV isolates were obtained and formally
named NY, GY, LGX, MZ1, MZ2, ZM, ZK, JY, M5, YY, WY,
BP, YZ, SMX, WZ, and XC (Table 1). TCID50 of these PRV
isolates were during 105.375 to 109.0/0.1mL with the highest
TCID50 of NY and the lowest of XC. The 16 isolates were
highly pathogenic in mice and caused skin inflammation, neural
symptoms, and death in all experimentally infected mice 48–
72 h after challenge. In contrast, all mice of the negative control
group survived, which is in agreement with previous studies
(21, 28).

The physicochemical property results of the representative
PRV NY isolate are shown in Table 2. The NY isolate was
sensitive to chloroform, trypsin, formaldehyde, and ultraviolet
ray, demonstrating that it belonged to the enveloped virus (2).
The virus was not inactivated until the heating time was above
an hour at 56◦C, showing that the NY isolate had high heat
resistance. When the culture medium pH was adjusted to 3.0 or
11.0, no detectable titers were observed. In the ST cells infected
with NY isolate, a circular viral particle of about 110∼150 nm
was observed, and virus particles exhibited envelope protein
with a radially arranged spike (Figure 1B), which is basically
consistent with the morphological features of PRV. These results
are identical to the physicochemical properties of PRV (29).

We successfully obtained the gE, gC, gB, and gD genes of 16
PRV isolates with 1,867, 1,587, 2,867, and 1,494 bp and submitted
the sequences to GenBank under the accession numbers listed
in Table 1. Sequencing analysis of the PRV gE, gC, gB, and
gD genes reveals maximal aa (nucleotide) sequence divergences
of 0.3% (0.2%), 1.7% (0.7%), 2.3% (0.9%), and 1.3% (0.8%)
within the 16 isolates and 4.3% (2.3%), 7.9% (4.5%), 4.4%
(2.1%), and 3.3% (1.5%) compared with European–American
PRV strains, respectively. The maximal aa (nucleotide) sequence
divergence of the four genes of the 16 isolates were 2.3%
(0.9%), 6.1% (3.5%), 2.0% (0.8%), and 1.0% (0.7%) compared
with those strains prevalent in China before 2012 and were
0.9% (0.3%), 1.9% (0.5%), 1.5% (0.7%), and 1.3% (0.8%) after
2012. On the basis of NJ trees of the gE, gC, gB, and gD
genes derived from the 16 isolates and PRV reference strains,
four trees (Figure 2) could be divided into two main clades,
Clades 1 and 2. All 16 isolates in this study belong to Clade
2, together with the Chinese PRV strains, and most of them
based on the gE and gC genes are clustered in Clade 2-1
along with the six Chinese PRV variants (after 2012), which
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FIGURE 1 | The isolation and identification of the PRV. (A) Amplified PCR product of 429 bp; M. DNA marker DL2000; 1-3. PCR products; 4. Negative control; (B)

Electronograph of PRV NY strain.

TABLE 1 | The information of PRV strains for sequence alignment and phylogenetic analysis.

Study virus Accession number Origin Reference virus Accession number Origin

JY KF017615E/KF997104C/KX880453B/KX880468D Henan, China, 2012 HN2012 KP722022G China, 2012

MZ1 KF130881/KF997097/KX880456/KX880471 Henan, China, 2012 HNX KM189912 China, 2012

MZ2 KF130882/KF997099/KX880457/KX880472 Henan, China, 2012 HNB KM189914 China, 2012

LGX KF042384/KF997098/KX880454/KX880469 Henan, China, 2012 TJ KJ789182 China, 2012

NY KF130883/KF997096/KX880458/KX880473 Henan, China, 2012 JS-2012 KP257591 China, 2012

ZK KF130886/KF997100/KX880464/KX880479 Henan, China, 2012 ZJ01 KM061380 China, 2012

ZM KF130887/KF997102/KX880465/KX880480 Henan, China, 2012 SC KT809429 China, 1986

M5 KF130880/KF997095/KX880455/– Henan, China, 2012 Ea KU315430 China, 1990

GY KF042383/KF997103/KX880452/– Henan, China, 2012 LA KU552118 China, 1997

SMX KP192494/KR025920/KX880459/KX880474 Henan, China, 2014 Fa AF403049 E/AF403051
C/–B/AY196984D

China, 1993

WZ KR119070/KR119071/KX880461/KX880476 Henan, China, 2014 Hercules KT983810 Greece, 2010

YZ KP192495/KR153193/KX880463/KX880478 Henan, China, 2014 Kaplan JF797218 Hungary, 1959

BP KP318116/KP318117/KX880451/KX880466 Henan, China, 2014 Becker JF797219 America, 1967

WY KF130884/KF997094/KX880460/KX880475 Henan, China, 2013 Kolchis KT983811 Greece, 2010

YY KF130885/KF997101/KX880462/KP259814 Henan, China, 2013 Bartha JF797217 Hungary, 1960

XC MW2388925/MW073286/MW654204/– Henan, China, 2018

ERepresents gE genes of PRV strains. CRepresents gC genes of PRV strains. BRepresents gB genes of PRV strains. DRepresents gD genes of PRV strains. GRepresents whole genomes

of PRV reference strains. The 16 strains sequenced in this study are shown in bold.

TABLE 2 | Detection results of physicochemical property tests for PRV NY isolate.

Treatment Test group (TCID50/0.1mL) Control group (TCID50/0.1mL) Difference

Heat resistance 101 109.0 8.0

Chloroform resistance 100.75 109.0 8.25

Acid resistance 100 109.0 9.0

Alkali resistance 100 109.0 9.0

Trypsin resistance 100 109.0 9.0

Formaldehyde resistance 101.1 109.0 7.9

Uv resistance 108.0 109.0 1.0
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are similar to the PRV variants (19). Clade 1 is composed of
the remaining strains (European–American PRV strains). These
findings reveal that the 16 isolates are genetically closer to
the PRV variants but differ from early Chinese PRV isolates.
Interestingly, the 16 isolates are located in different clades
for four genes. For gC, gB, and gD genes, isolate BP is in
the same small branch as one early Chinese PRV Ea strain
(Figures 2B–D), whereas the BP isolate belongs to Clade 2-
1, including the six Chinese variant PRV strains (Figure 2A),
suggesting that interclade recombination events might happen
among the PRV strains.

In the deduced gE aa sequences, compared with all strains of
Clade 1 (Figure 2A), two aa insertions at positions 48 (D) and
497 (D) were found in the strains of Clade 2-1, and these were
not observed for all other strains. Furthermore, all the 16 isolates
of Clade 2-1 had 20 aa interspersed substitutions (at positions 54,
59, 63, 106, 121, 149, 179, 181, 215, 216, 449, 472, 474, 504, 509,
512, 522, 526, 577, and 578) except for the YY isolate at position
512 and BP isolate at position 577 (Supplementary Table 1).
In comparison with the early Chinese PRV strains, all isolates
except for the YY isolate had two aa substitutions at positions
449 (V to I) and 512 (G to S). Compared with the variants,
there was an aa substitution at position 386 (T to M) for both
isolates NY and BP, and two aa substitutions at positions 329
(W to R) and 532 (S to G) were shared for both WZ and ZK
isolates. The gE protein is the major virulent protein of PRV,
and only a few aa changes could transform the virulence of
the virus in a previous study (30). Hence, these aa changes
might also influence the virulence of reemerging PRV strains
in China.

Compared with gC proteins of all strains of Clade 1
(Figure 2B), seven aa insertions at positions 63–69 (AAASTPA)
of the gC protein were found in the strains of Clade 2, and
the strains of Clade 2-1 (except for strain Ea) had 24 aa
interspersed substitutions at positions 16, 25, 52, 55, 57, 59, 60,
61, 87, 90, 102, 130, 142, 187, 240, 431, 437, 449, 457, 461, 467,
485, 486, and 487 (Supplementary Table 2). As the important
neutralizing antigen of PRV, gC protein is the main virulent
protein, which conducts the adsorption process between virus
and target cells (30). Therefore, these changes might alter the
structure of gC glycoprotein and then affect the adhesion of
the virus to host cells. Interestingly, eight strains, MZ1, NY,
LGX, MZ1, XY, ZK, ZM, and GY, in this study harbor an
additional aa substitution at position 280 (F to L) compared with
reference strains, which is the first report that the characteristic
aa substitution (at position 280) exists in the Chinese variant PRV
strains’ gC.

For the gB protein of the principle immunogen of the virus,
alignments of the gB protein show that 16 PRV isolates in this
study exist in the insertions, deletions, and substitutions of aa
compared with the Bartha strain (Supplementary Table 3) and
deletion of three aas (S, P, and G) at positions 75, 76, and 77
by comparison with the strains of Clade 1 (Figure 2C). These
deletions of three aas and some aa changes are in agreement with
previous studies (14, 19). The BP, SMX, WY, WZ, YY, and YZ
have four aa changes at positions 85 (A to T), 454 (R to K), 563
(H to Q), and 740 (T to A) compared with the Chinese variants,

and the remaining isolates have an aa change at position 454 (R
to K) in comparison with the early Chinese strains. In addition,
there were unique aa substitutions of PRV isolates, such as seven
aa interspersed substitutions for JY; five aa changes for YY and
LGX; four aa changes for MZ2, WZ, and GY; three aa changes
for MZ1 and SMX; two aa changes for ZK, ZM, and M5; and one
aa change for NY, WY, and YZ. These aa changes might result
in the alteration of the neutralizing epitope of the gB protein
and consequently loss of the protective efficacy of the previous
vaccine Bartha-K61 in China.

Compared with the gD proteins of all strains of Clade 1 (except
for the Becker) (Figure 2D), the isolates from this study had 10
aa interspersed substitutions at positions 207, 209, 212, 280, 281,
288, 309, 342, 346, and 395 (Supplementary Table 4). Compared
with the variants, the NY isolate has three aa changes at positions
384 (K to E), 395 (A to T), and 401 (Q to L), and the YZ isolate
has two aa insertions (R and P) at positions 278 and 279 and one
aa substitution at position 323 (P to L), respectively. In addition,
the ZK isolate harbors two aa substitutions at positions 143 (F
to L) and 170 (V to F), and SMX, MZ2, LGX, and ZM have an
aa substitution at positions 117 (C to S), 242 (G to D), 331 (P
to L), and 353 (R to C), respectively. Remarkably, in six strains,
BP, NY, SMX, WY, YZ, and ZK, an additional aa substitution
was identified at position 338 (A to V) compared with the
Chinese variants, which first reported that the characteristic aa
substitution (at position 338) existed in the Chinese variant PRV
strains’ gD. For PRV, the gD protein is reported to play a role
in attachment and affect the infectivity of the virus (30). These
aa changes of the gD protein, therefore, might be the reason
for the alteration of the virulence of reemerging PRV strains
in China.

All mice in the four groups did not display adverse reactions
after vaccination (data not shown). After the challenge with the
PRV NY isolate, mice in group 1 survived without typical PR
symptoms, and the mortality was 0% (0/10). The mortalities of
groups 2–4 were 50% (5/10), 30% (3/10), and 100% (10/10),
and typical PR symptoms appeared, such as depression, itching,
and scratching. As for neutralizing antibodies against PRV, mice
in groups 1–3 induced neutralizing antibodies with titers of
1:82, 1:24, and 1:22, respectively. No neutralizing antibodies
were detected in group 4 as control. The neutralization titer
between the PRV NY isolate and its serum was the highest,
followed by the Bartha-K61 and Hubei 98 strains, which indicate
that the PRV NY strain might have cross-antigenicity with
both the Bartha-K61 and Hubei 98 strains with the different
antigenicity. These results agree with previous findings (6),
further indicating that the Bartha-K61 vaccine cannot provide
full protection against the reemerging PRV strains. Therefore,
the development of novel vaccines based on the reemerging PRV
strains is urgent.

Live vaccines are currently employed to control PR on
many swine farms in China, mainly based on strain Bartha-
K61, which is an attenuated strain of PRV produced by
extensive in vitro passages and has a well-characterized deletion
of the complete gE and partial gI genes encoding proteins
that attenuate virulence, and Bartha-K61 has played a key
role in the eradication of PR (31). From 2005 to 2010, the
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FIGURE 2 | Phylogenetic tree constructed by aligning nucleotide sequences of gE (A), gC (B), gB (C), and gD (D) genes of the PRV isolates and reference strains

using the NJ method. Bootstrapping with 1,000 replicates was performed to determine the percentage reliability for each internal node. Black circles indicate PRV field

isolates in this study.

positive PRV gE antibodies were detected in only 3–5% of
serum samples (32). Since 2012, severe PRV outbreaks have
occurred on several swine farms and spread rapidly to most
of China (6, 20, 27, 32). Although the PRV infection has
recently decreased since the Chinese government proposed the
eradication program based on PR in 2011, it remains not

completely eradicated (14, 19, 20). Some research demonstrates
that novel PR is caused by reemerging PRV strains (6, 13,
19, 20, 33), and this study further confirms reemerging PRV
strains are prevalent in China. To control and prevent the PRV
infection in swine herds, we should develop effective vaccines
and combine them with other integrated control measures,
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such as serological and virological monitoring, and biosafety
procedures. In addition, the Chinese government should call
on all relevant practitioners (farmers, veterinarians, scientists,
vaccine manufacturers, officials, and communities) to join hands
for fighting the disease and learn from many countries in
South America, North America, and Europe that successfully
eliminated PR for a long time. Facing the prevalence of PR,
it is worth further study to evaluate whether the current
immunization procedures and biosafety measures are reasonable
and effective.

In conclusion, this study suggests that PR is not yet
eradicated and still exists in central China, and the aas
of gE, gC, gB, and gD of 16 PRV isolates from this
study show mutations compared with the early Chinese PRV
strains. Further, it can be speculated that these variations
may be the cause of the reemergence of PR in China. The
question of whether the genetic variations seen in complete
gE, gC, gB, and gD genes of these PRV isolates affect the
pathogenicity of PRV is currently under further investigation,
and the complete genome sequencing of the isolates is
also necessary.
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Sylvatic circulation of African swine fever virus (ASFV) in warthogs and Ornithodoros ticks

that live in warthog burrows historically occurred in northern South Africa. Outbreaks of

the disease in domestic pigs originated in this region. A controlled area was declared

in the north in 1935 and regulations were implemented to prevent transfer of potentially

infected suids or products to the rest of the country. However, over the past six decades,

warthogs have been widely translocated to the south where the extralimital animals have

flourished to become an invasive species. Since 2016, there have been outbreaks of ASF

in pigs outside the controlled area that cannot be linked to transfer of infected animals

or products from the north. An investigation in 2008–2012 revealed that the presence

of Ornithodoros ticks and ASFV in warthog burrows extended marginally across the

boundary of the controlled area. We found serological evidence of ASFV circulation in

extralimital warthogs further south in the central part of the country.

Keywords: African swine fever virus (ASFV), sylvatic circulation, extralimital warthogs, South

Africa, serosurveilance

INTRODUCTION

African swine fever virus (ASFV) was first recognized in 1910 as the causative agent of a contagious
and lethal disease of domestic pigs introduced into Kenya during the colonial era and farmed
in proximity to wild suids (1). It subsequently emerged that the virus was maintained in the
savannah areas of eastern and southern Africa through sylvatic circulation in the common warthog
(Phacochoerus africanus) that does not become ill after infection and eyeless argasid ticks of
the Ornithodoros (Ornithodoros) moubata complex that live in warthog burrows (2–5). More
importantly, the virus can also be maintained through uncontrolled spread in populations of
domestic pigs, and this has been facilitated in recent decades by widespread increase in small-
scale pig farming in Africa that frequently involves free-ranging animals and informal trading in
communal and peri-urban areas (6, 7).
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In South Africa, the disease was first recognized in 1926 in
pigs farmed in the northernmost Limpopo Province (LP) where
warthogs were present (8, 9). Outbreaks of the disease either
occurred in the north of the country or were initiated elsewhere
through movement of infected pigs or pork products from the
north, notably to farms in the environs of Johannesburg in
Gauteng Province (GP) and from there to properties in Western
Cape Province (WCP) (10). Consequently, an ASF controlled
area was declared in 1935 to include the known distribution
range of warthogs at that time (Figure 1) (10). Regulations were
instituted to prevent movement of infected pigs or products
from the controlled area, and to ensure that outbreaks were
eradicated through slaughter of infected herds plus disinfection
and quarantine of premises. Carcasses of hunted or culled wild
suids could be transported under veterinary permit provided that
the skin, head, hooves, and internal organs were removed (10).

The last outbreak in WCP was only eradicated in 1939. There
were a few outbreaks of ASF in 1951 associated with the feeding
of swill from five local abattoirs in GP, one of which is known
to have received a consignment of infected pigs from Namibia
(11). In 1996, isolated outbreaks occurred on three adjoining
farms in northern GP close to the boundary of the controlled

FIGURE 1 | Distribution of 37 outbreaks of African swine fever in South Africa, 1926–1939, for which approximate coordinates (correct to 0.1 degree) were derived

from references cited in the text. The South African Protection of Personal Information Act 4 of 2013 precludes divulging names and accurate coordinates of

private property.

area (Figure 2) (12). Thereafter, the regulatory measures proved
effective until 2012 when a series of outbreaks on smallholdings
in adjacent areas of GP and Mpumalanga Province (MP) were
traced to initial illegal movement of infected pigs from LP
followed by local spread of infection involving sale of animals
at auctions (12–14). The virus genotype involved, XXII, had
previously been detected in the district of origin of the infected
pigs in LP (15, 16). From 2016 onwards, there have been
successive series of outbreaks of ASF in domestic pigs in GP, MP,
North West Province (NWP), Northern Cape Province (NCP),
and Free State Province (FSP) that cannot be linked to movement
of infected pigs or products from the controlled area (Figure 3)
(15, 18–20). A structured serosurvey found that the outbreaks of
2016 and 2017 had been eradicated effectively, with no evidence
of persistence of infection in local pig populations (21).

Meanwhile, from 1963 onwards, there had been widespread
translocation of warthogs to the south of the country associated
with the growth of an extensive wildlife ranching and
conservation industry, and the extralimital animals flourished
to the extent that they are regarded as an invasive species
(Figure 3) (17, 22–24). An investigation conducted in 2008–2012
on farms within 20 km of the boundary revealed the presence
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FIGURE 2 | Distribution of 89 outbreaks of African swine fever in South Africa, 1940–2011, for which approximate coordinates (correct to 0.1 degree) were derived

from references cited in the text.

of Ornithodoros ticks in warthog burrows beyond the controlled
area in NWP, GP, LP, and MP, with ASFV detected in one pool
of ticks from MP (14). We were prompted to test warthog sera
acquired opportunistically for evidence of sylvatic circulation of
ASFV further south, and the findings are presented here.

MATERIALS AND METHODS

Study Sites
Baseline observations were made on serum samples obtained
from warthogs in the Greater Kruger National Park (GKNP)
that comprises the national park plus 20 adjoining private parks
and lies within the controlled area where ASFV is known to be
prevalent (Figure 4). For contrast, serum samples were collected
in 2019 during a warthog culling operation in Addo Elephant
National Park (Addo ENP) in ECP where ASF had never
been recorded. Specific evidence of sylvatic circulation of ASFV
beyond the controlled area was sought in the NCP by testing
samples collected during a warthog culling operation in 2019 in
Mokala National Park (Mokala NP), plus stored serum samples
that had been collected earlier in the same park and in the
provincial Rolfontein Nature Reserve (Rolfontein NR) that lies
south of Mokala NP (Figure 4). In addition, blood samples from
wild suids hunted or culled on private properties were sought

through negotiation with organizations representing the wildlife
industry, or collected in association with provincial veterinary
officials in the vicinity of past outbreaks of ASF (Figure 4).

Samples
Altogether, 2,469 samples were collected from 546 warthogs in
one provincial and three national nature reserves, including 783
duplicate tissue samples in formalin-fixative (Table 1).

Samples from GKNP consisted mainly of serum collected
from warthogs translocated internally or culled for managerial
purposes from 1999 to 2020 and stored at −80◦C, but included
a few blood samples and a number of lymph node and visceral
organ samples collected from culled animals for an unrelated
study (25) (Table 1).

Samples collected during the culling operations in Addo ENP
and Mokala NP in 2019 comprised clotted blood for serum,
whole blood collected with EDTA, mandibular, mediastinal, and
mesenteric lymph nodes, plus spleen and bone marrow. Thymus
and adrenal samples were collected from two fetuses encountered
in Mokala NP. Samples other than blood or serum were collected
mainly for a subsidiary study on distribution of ASFV in warthog
tissues to be reported separately. A serial number was allocated
to each warthog, and the date of sampling, gender, and age
group estimated from size and dentition (26) were recorded.
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FIGURE 3 | Distribution of 85 outbreaks of African swine fever in South Africa, 2012–2020, for which approximate coordinates (correct to 0.1 degree) were derived

from references cited in the text. The distribution of warthogs outside the controlled area was plotted with QGIS (Penn Libraries, Philadelphia, PA) using data from

Swanepoel et al. (17).

Access was obtained retrospectively to 23 warthog sera that had
been collected during a culling operation in 2017 in Mokala NP
and stored at −80◦C, plus 44 warthog sera collected in 2016
and stored at −20◦C in the provincial Rolfontein NR situated
approximately 100 km south of Mokala NP.

Blood samples from animals hunted or culled on private
properties were intended to include any wild suids that may
be encountered, not just warthogs. In the event, only 48
samples were received from 19 properties (farms or small nature
reserves), 10 of which were situated inside the controlled area
and 9 outside (Table 2). The samples comprised dried blood
collected on Nobuto cellulose strips (NCS) (Advantec, Tokyo,
Japan) or clotted blood from warthogs and Eurasian wild boars
submitted by landowners and hunters from properties 1 to
17, plus clotted blood, mediastinal lymph node, and spleen
samples from 4 warthogs collected in association with provincial
veterinary officials during investigations on properties 18 and 19
in the vicinity of past ASF outbreaks in NCP (Table 2).

Detection of Antibody to ASFV
Tests for antibody to ASFV p72 protein in serum samples were
performed with INgezim PPA Compac R.11.PPA.K3 blocking

enzyme-linked immunosorbent assay (ELISA) kits (Eurofins
Technologies Ingenasa, Madrid, Spain) used according to the
manufacturer’s instructions. Dried blood samples on NCS were
eluted with kit buffer before testing (27).

Nucleic Acid Extraction, ASFV DNA
Detection, and p72 Genotyping
Approximately 10% (w/v) suspensions of warthog tissues were
prepared by homogenizing samples in phosphate-buffered saline,
pH 7.2 (PBS). Automated nucleic acid extraction was performed
with IndiMag Pathogen kits (Indical Bioscience, Leipzig,
Germany) using slight modifications to the manufacturer’s
instructions. Briefly, 200 µl of tissue homogenate supernatant
was added to 300 µl of ATL buffer (Qiagen, Dusseldorf,
Germany) and 40 µl of proteinase K (Qiagen) and incubated at
56◦C for 2 h before 200 µl of the lysed sample was added to 200
µl of AL buffer (Qiagen) and incubated at 70◦C for 10min. For
whole blood samples, 200 µl was added directly to 200 µl of AL
buffer and mixed well. For all samples, 200 µl of the AL lysate
was added to the IndiMag buffer for extraction. Each extraction
included known ASFV-positive controls. Eluates were stored at
−80◦C until further use.
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FIGURE 4 | Sites where samples from warthogs and Eurasian wild boars were obtained and tested for evidence of infection with African swine fever virus, and farms

outside the controlled area where African swine fever outbreaks in domestic pigs were ascribed to contact with warthogs in 2017 and 2019.

TABLE 1 | Samples obtained from warthogs in four nature reserves in South Africa (abbreviations as given in the text).

GKNP Addo ENP Mokala NP Rolfontein NR

Years of sampling 1999–2020 2019 2017 2019 2016

Serum 207 116 23 77 44

EDTA blood 3 114 0 75 0

Spleen 11 36 0 82 0

Miscellaneous organs 14 0 0 0 0

Peripheral LN 95 137 0 82 0

Mediastinal LN 49 134 0 82 0

Mesenteric LN 41 14 0 81 0

Bone marrow 34 50 0 81 0

Fetal thymus 0 0 0 2 0

Fetal adrenal 0 0 0 2 0

Sub-total 454 601 23 564 44

Formalin-fixed duplicates 0 371 0 412 0

Total samples 454 972 999 44

Total warthogs sampled 241 154 107 44

Eluates were tested for ASFV nucleic acid using the real-
time quantitative PCR (qPCR) assay of Zsak et al. (28) with
modifications (29). Briefly, 5 µl of DNA was amplified in 20-µl

reactions using 20 pmol of the published primers and 7 pmol of
probe in Perfecta Fastmix II (Quanta Biosciences, Beverly, MA).
Positive and no template controls (NTC) were included for each
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TABLE 2 | Dried blood samples on Nobuto cellulose strips (Ncs) and clotted blood samples from warthogs or Eurasian wild boars received from hunters or landowners

from 10 properties inside and 9 outside the African swine fever controlled area in South Africa during 2019 and 2020 (abbreviations as given in the text).

Property Municipal area Province Species Sample No. of samples ASF ELISA positive

Properties inside the ASF controlled area

1 Makhado LP Warthog Ncs 3 3

2 Lephalale LP Warthog Ncs 4 4

3 Lephalale LP Warthog Ncs 3 3

4 Thabazimbi LP Warthog Ncs 4 4

5 Thabazimbi LP Warthog Ncs 2 2

6 Thabazimbi LP Warthog Ncs 3 3

7 Modimolle LP Warthog Ncs 1 0

8 Bela Bela LP Warthog Ncs 1 1

9 Bela Bela LP Warthog Ncs 4 4

10 Mbombela MP Warthog Ncs 4 2

Properties outside the ASF controlled area

11 Bela Bela LP Warthog Ncs 2 2

12 Elias Motsoaledi LP Warthog Ncs 1 0

13 Tlokwe NWP Eu wild boar Blood 1 0

13 Tlokwe NWP Warthog Blood 1 0

14 Ekurhuleni GP Eu wild boar Blood 1 0

15 Tshwane GP Warthog Ncs 2 2

16 Ngwathe FSP Warthog Ncs 2 0

17 Ngwathe FSP Eu wild boar Ncs 1 0

18 Dikgatlong NCP Warthog Blood* 2 2

19 Dikgatlong NCP Warthog Blood* 2 2

44 34

*Additionally, mediastinal lymph node and spleen samples were obtained from the same animals.

PCR run. Samples with Cq mean values ≤38 (selected as the
cutoff value based on the analytical sensitivity limits of the qPCR
assay) were considered positive.

To confirm that ASFV was identified in warthog tissues from
Mokala NP, nucleic acid from the qPCR-positive spleen sample
with lowest Cq mean value was amplified using primers p72-D
and p72-U and the cycling conditions of Bastos et al. (30). An
appropriately sized band of amplification product was excised
from the agarose electrophoresis gel, purified, and subjected
to Sanger nucleotide sequencing. The sequence was viewed
and maximum likelihood phylogenetic comparisons made with
representative sequences of the 24 known ASFV p72 genotypes
(31) using MEGA X software (32).

RESULTS

The results obtained in the ELISA for antibody to ASFV in
warthog sera from the four nature reserves are presented in
Figures 4, 5. As expected, a high prevalence of antibody was
found in the sera of warthogs from GKNP, 97.1% (201/207), with
doubtful reactions recorded in a further two juveniles, while no
antibody activity was detected in sera from Addo ENP in ECP
where no ASF outbreaks had ever been recorded. In contrast, a
high prevalence of antibody was detected in sera collected during
the 2019 culling operation in Mokala NP, 98.7% (76/77), some

400 km south of the controlled area, and also in the sera collected
there in 2017, 91.3% (21/23), while no antibody was detected in
the 44 samples collected in Rolfontein NR in 2016.

A high prevalence of antibody, 26/29 (89.6%), was detected
in dried warthog blood samples obtained from 9/10 private
properties within the ASF controlled area (Table 2 and Figure 4).
Outside the controlled area, antibody was detected on only 4/9
properties. These included positive reactions in four warthog
blood samples from properties 11 and 15 (a small nature reserve),
that lie close to each other and to the three farms where ASF
outbreaks occurred in 1996 within 40 km south of the boundary
of the controlled area near Pretoria in northern GP, plus four
warthog sera from properties 18 and 19 that are situated about
100 km north and west of Mokala NP in the vicinity of past
outbreaks of ASF in pigs in NCP. The remaining samples tested
negative despite the fact that two sera from properties 13 and 17
in NWP and FSP came from Eurasian wild boars shot as free-
ranging animals in proximity to free-ranging warthogs. In the
course of the investigations, histories were obtained to confirm
that fresh warthog offal had been fed to pigs on one farm where
an outbreak of ASF had occurred in NCP in 2017, and that
free-roaming pigs had been in contact with warthogs, including
carcasses, on a farm where an outbreak occurred in the adjacent
eastern FSP in 2017, with both locations being over 100 km
distant fromMokala NP (Table 2 and Figure 4) (20). In addition,
an outbreak of ASF in 2019 involved both pigs and Eurasian wild
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FIGURE 5 | Results of blocking enzyme-linked immunosorbent assays (ELISA) for antibody to African swine fever virus performed on warthog sera obtained from four

nature reserves in South Africa (abbreviations as given in the text).

boars that had escaped their pens on a farm where warthogs were
present 10 km south of the controlled area in NWP (Table 2 and
Figure 4) (20).

ELISA is not accredited for detection of ASF antibody in
warthog sera, and in order to confirm the presumptive evidence
for presence of the virus in Mokala NP, all 75 warthog EDTA
blood samples and the 412 other tissue samples collected in
Mokala NP in 2019 were tested for ASFV nucleic acid by
qPCR (28, 29). All EDTA blood samples tested negative but 13
of the other samples from Mokala NP, including mandibular,
mediastinal, and mesenteric lymph nodes plus spleen tested
positive. The sample with the lowest Cq mean value, spleen from
warthog Mokala NP 77, was selected for PCR with the Bastos
et al. (30) p72 primers and the product determined to belong to
the p72 genotype I of ASFV as had been identified in the disease
outbreaks outside the controlled area in 2016 and subsequently
in the same districts (15). The more recent outbreaks of ASF
that occurred in ECP and WCP in 2020 and 2021 subsequent to
the present sampling (Figure 3) were associated with genotype
II virus, also detected in an outbreak in NWP in 2019 on the
boundary of the controlled area, but otherwise associated with
Mozambique, Madagascar, Mauritius, Tanzania, Zambia, and
Zimbabwe (6, 7, 20, 30, 33–35).

DISCUSSION

Bushpigs (Potamochoerus larvatus) are the only indigenous
wild suids present in South Africa apart from warthogs (36).
They are widely distributed in wooded areas and sleep in
lairs. Consequently, they do not have the same exposure to
Ornithodoros ticks in burrows as warthogs. Bushpigs do not
become ill following experimental inoculation with ASFV but
develop viremic infection and can be transiently contagious for
domestic pigs (37–40). Natural infection of bushpigs with ASFV,
presumed to involve environmental contamination, has been
reported in East Africa with some evidence of transmission of
virus to domestic pigs (41–44).

In South Africa, bushpigs were stated to be less commonly
infected with ASFV than warthogs and have never been
implicated in outbreaks of the disease in domestic pigs, although
on occasion warthogs and Eurasian wild boars have been
misidentified as bushpigs (16, 45). They are less frequently
hunted than warthogs and no samples from bushpigs were
received for testing during the present study.

Feral domestic pigs and Eurasian wild boars, Sus scrofa ferus,
are exotic to sub-Saharan Africa. They are susceptible to the
disease and can be involved in spread of infection by contagion.
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A recently discovered mechanism for maintenance of ASFV
involves survival of infectivity in carcasses in the cold climate of
northern Europe and scavenging by wild boars (7, 46).

Eurasian wild boars were introduced into South Africa to
control pine tree moths in WCP where residual populations still
exist, but apparently they did not adapt well to conditions in
that region (47). Attempts were made to farm with Eurasian wild
boars and cross-bred domestic pigs inside the controlled area
in LP and MP, and to utilize them for hunting, but the animals
succumbed to ASFV (16, 18, 20, 48). As mentioned in Results,
an outbreak of ASFV involving domestic pigs and Eurasian
wild boars occurred on a farm where warthogs were present in
NWP in 2019, and three blood samples were received from wild
boars in NWP, GP, and FSP for the present project (Table 2 and
Figure 4). Since Eurasian wild boars usually succumb to ASFV
infection, it was to be expected that the three blood samples
tested negative for antibody to the virus, but the presence of
these animals in NWP, GP, and FSP suggests that there is need
to monitor the distribution and growth of populations in South
Africa, particularly since the species has proved to be a highly
invasive elsewhere.

The present findings confirm that there is circulation of ASFV
in warthogs beyond the controlled area in South Africa (Table 2
and Figures 4, 5), but the full extent of spread of infection and the
mechanisms involved remain largely undetermined. Unbeknown
to the present authors, aliquots of 91 of the same GKNP sera
were included in an unrelated survey with similar ASFV findings
(49), but this is immaterial since the samples were used in the
current study mainly to confirm the validity of the antibody test
for warthog sera. Samples from extralimital warthogs were of
central interest.

Warthog piglets are infected by ticks while confined to
burrows during early life and develop intense viremia that
in turn facilitates infection of ticks (4). Low-intensity viremia
and infection of lymphatic tissues may persist for months but
warthogs are not contagious for domestic pigs or each other
(1, 40). There is controversy about the infectivity of warthog offal
for domestic pigs, but it has recently been confirmed that low
doses of virus are infective for pigs bymouth (7, 50). Themajority
of outbreaks of ASF recorded within the controlled area in South
Africa involved known contact between domestic pigs and live
warthogs, carcasses, or offal (16).

Transmission of ASFV by ticks was discovered in Spain after
introduction of the virus into Europe and involved domestic pigs
and Ornithodoros (Pavlovskyella) erraticus ticks (51). Circulation
of ASFV in domestic pigs and O. (O.) moubata complex ticks
living in crevices of poorly constructed animal shelters was
documented in Malawi and probably occurs elsewhere in Africa,
but has not been reported in South Africa (7, 52). Ornithodoros
ticks generally engorge blood meals in minutes to hours and
detach while animals are at rest but can be conveyed passively on
their hosts between burrows or to the environs of domestic pigs
to transmit infection (53–56). Transport ofOrnithodoros ticks on
live warthogs or carcasses to the environs of piggeries has been
observed in the controlled area (16).

The original warthog translocations in South Africa were
undertaken by officials of national and provincial parks in order

to replace the Cape warthog (P. aethiopicus aethiopicus), formerly
present in the south of the country but extinct after the rinderpest
epidemic of 1896 (57, 58). Warthogs were sourced from the
Hluhluwe-iMfolozi Game Reserve in KwaZulu-Natal Province
considered to be free of Ornithodoros ticks and ASFV at the
time (7, 22). Translocations were made to the ECP in 1976–
1977 and from there to Rolfontein NR in NCP in 1984. From
1991 onwards, Rolfontein NR served as the source for transfers
to other reserves in NCP (24, 59). The lack of antibody to ASFV
in warthog sera collected in Rolfontein NR in 2016 and Addo
ENP in ECP in 2019 (Figure 5) implies that the virus was not
disseminated during the original warthog translocations.

When Mokala NP was established in 2007, many animals
were transferred from the former Vaalbos National Park in NCP,
but warthogs were not included since they were already present
on the farms incorporated into the new park (Mr. J. de Klerk,
Manager, Mokala NP, personal communication, 2019). Hence,
the high prevalence of antibody found in Mokala NP in 2017
and 2019 implies that the virus is endemic in the region, not just
in the park. This is consistent with the detection of seropositive
warthogs on farms 18 and 19 (Table 2) and the histories of
contact of domestic pigs with warthog tissues in the outbreaks
of ASF recorded on farms in NCP and adjacent FSP in 2017
(Figure 4).

Major nature reserves have not been implicated in triggering
outbreaks of ASF in domestic pigs in South Africa, but the
large populations of warthogs present on private land appear
to play a direct role. To what extent multiple unrecorded
translocations of warthogs that accompanied the burgeoning of
game ranches and private nature reserves (24, 60) promoted
dispersal of ticks and ASFV is less important than the potential
threat posed by continued expansion of extralimital warthog
populations and possible utilization without due regard to
biosafety measures. The threat is greater for small-scale pig
farmers who exercise little control on potential introduction of
infection (6, 61, 62) than it is for commercial producers that apply
strict compartmentalization procedures.

The taxonomy of AfrotropicalOrnithodoros ticks was recently
reviewed with description of new species and type localities, but
little is known about ASFV vector competence and distribution
ranges for some species (63). Observations on the occurrence
of Ornithodoros tick species and their ASFV infection status
in relation to a selection of the current study sites will be
presented separately.
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Canine leptospirosis was suspected in 11 dogs in Osaka Prefecture, Japan and 9 dogs

died within a month, from October 12 to November 10, 2017. Eight of the dogs had

been taken on walks along the same riverbed and 4 dogs lived in the same town.

Logistic regression analysis between a comparative group and the incident cases group

showed that the odds of leptospirosis infection was 13.3 times higher (p = 0.044) in

the dogs taken on walks along the riverbed than in the dogs not being walked along

the riverbed. It is suggesting that these walks had been a risk factor. Microscopic

agglutination tests showed that antibody titers against Leptospira interrogans serovar

Australis were 1:2,560 and 1:10,240 in 2 dogs. Therefore, L. interrogans serovar Australis

was suspected to be the causative agent, for which no canine vaccine is available in

Japan. These results suggested that L. interrogans serovar Australis can cause local

outbreaks. The development of a canine vaccine against various serotypes might help

reduce local infections. Leptospirosis is an important infectious disease of dogs and it is

also a zoonotic disease.

Keywords: leptospirosis, outbreak, Australis, dog, zoonosis

INTRODUCTION

Leptospirosis is a common zoonotic disease caused by infection with the bacterium Leptospira
interrogans, which has 24 serogroups andmore than 250 known serovars (1–4).When infected with
L. interrogans, animals may exhibit an acute course with symptoms such as jaundice, hemorrhage,
and renal failure, or they might have few symptoms but continue shedding the bacteria (1–4).
In some cases, animals shed the bacteria in their urine for several weeks to several years (2–4).
Humans and dogs can be infected by direct or indirect contact with water and soil contaminated
by the urine of wild rodents and other animals carrying the bacteria (2–4). In Japan, human
infection with L. interrogans is categorized as a Class 4 infectious disease under the Act on the
Prevention of Infectious Diseases and Medical Care for Patients with Infectious Diseases (the
Infectious Diseases Control Law). In addition, the Act on Domestic Animal Infectious Diseases
Control requires veterinarians to report dogs infected with L. interrogans serovars Pomona,
Canicola, Icterohaemorrhagiae, Autumnalis, and Australis, L. kirschneri serovar Grippotyphosa,
and L. borgpetersenii serovar Hardjo, as well as suspected cases. In October and November 2017,
there was a series of notifications of suspected cases of canine leptospirosis based on the Act on
Domestic Animal Infectious Diseases Control in Osaka Prefecture, Japan. An overview of these
canine leptospirosis outbreak cases was previously reported (5). However, there have been few
reports of community-acquired infections in dogs. Therefore, the aim of this study was to further
analyze the outbreak and estimate the risk factors for infection.

236237

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2021.763859
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2021.763859&domain=pdf&date_stamp=2021-12-09
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:j-saeki@ntu.ac.jp
https://doi.org/10.3389/fvets.2021.763859
https://www.frontiersin.org/articles/10.3389/fvets.2021.763859/full


Saeki and Tanaka Canine Leptospirosis Outbreak Survey

METHODS

Cases Investigated
The study population included dogs with suspected canine
leptospirosis and dogs that visited veterinary hospitals in the
northern part of Osaka Prefecture from September to November
2017 for vaccinations or other symptoms not characteristic
for leptospirosis, such as skin diseases. Medical records were
retrospectively evaluated and reported suspected cases of
canine leptospirosis were included for analysis. Obtained data
included breed, sex, age, date of onset, symptoms, basis of
diagnosis, prognosis, vaccination history, dog walking route, and
outing history.

An observational study design was employed to evaluate
factors associated with the suspected leptospirosis.

Statistical Analysis
The Shapiro–Wilk test was performed to evaluate the normality
of the data. Logistic regression analysis was performed to evaluate
the factors associated with suspected leptospirosis cases and
breed, age, sex, vaccination history, type of vaccine, and history
of walking along riverbeds. Stata/IC 16 (StataCorp LLC, College
Station, Texas) was used for all analyses. For statistical inferences,
two-sided hypothesis tests were used with a 5% significance level.

Microscopic Agglutination Test
Sera were obtained from six cases and were tested using the
microscopic agglutination test (MAT) and a panel of seven
reference serotypes, as indicated by the standard method
described by the International Epizootic Office (OIE) Manual
of Diagnostic Tests and Vaccines for Terrestrial Animals
2021 (6). Five serovars were used: L. interrogans serovars
Canicola (L. Canicola), Australis (L. Austlasis), Copenhageni (L.
Copenhageni), Autumnalis (L. Autaumnalis), and Hebdomadis
(L. Hebdomadis). The antibody titers for L. interrogans serovar
Copenhageni were considered as those for L. interrogans serovar
Icterohaemorrhagiae (L. Icterohaemorrhagiae) because both of
them belong to the same serogroup.

RESULTS

Statistical Analysis
Characteristics of the study population are presented in Table 1.
The study included 19 dogs were reported by eight veterinarians
in October to November 2017. Eleven dogs (case No. 4, 5, 7, 9,
10, 11, 12, 14, 16, 17, and 19) with suspected canine leptospirosis,
another eight dogs (case No. 1, 2, 3, 6, 8, 13, 15, and 18)
were included as a comparative group that were brought to the
hospital for vaccination or other symptoms not characteristic
for leptospirosis, such as skin diseases. Age ranged from 1 to 13
years, and seven Dogs were male and 12 Dogs were female. Of
the 11 dogs suspected to be infected, five dogs were diagnosed as
having leptospirosis based on clinical symptoms or clinical course
(case No. 5, 7, 14, 16, and 17), four dogs were IgM antibody
positive (case No. 9, 10, 11, and 12), and two had Leptospira spp.
DNA detected in the blood (case No. 19) and urine (case No. 4)
was analyzed by polymerase chain reaction (PCR). All six dogs

that had been vaccinated with a combination of two or three
Leptospira spp. antigens died (case No. 4, 5, 12, 14, 16, and 19),
including 4 dogs that had been vaccinated within 1 year (case No.
4, 5, 14, and 19). Whereas, neither of two recovered cases had
been vaccinated with Leptospira spp. Antigens (case No. 7 and
11). Eight of the infected dogs lived in the same city (case No.
4, 5, 9, 11, 12, 16, 17, and 19) and four dogs lived within a 100-
m radius of each other (case No. 9, 11, 12, and 17). In terms of
outing history, seven of these eight dogs had been taken on walks
along the same riverbed as their usual walking route (case No. 4,
5, 9, 11, 12, 16, and 19).

There were no significant associations of vaccination within
1 year, the presence of Leptospira spp. antigens in the vaccine,
breed, age, or sex with the occurrence of suspected symptoms of
leptospirosis. The odds of leptospirosis infection were 13.3 times
higher in the dogs that had a history of being taken for walks
along the riverbed than in the dogs not being walked along the
riverbed (p= 0.044).

MAT
Antibody titers against Leptospira spp. antigens in six cases are
shown in Table 2. MAT was able to be performed on six cases in
which the veterinarians cooperated in providing samples.

A titer of 1/100 is taken as a positive titer by the International
Epizootic Office (OIE) Manual of Diagnostic Tests and Vaccines
for Terrestrial Animals 2021 (6). The definitive diagnosis of
infection was set at an antibody titers of 1:800 or higher (2, 11).

Notably, case No. 11 showed clinical signs of jaundice and
hepatic failure, and the anti-L. Australis antibody titer was
1:10,240. Case No. 19 showed jaundice and renal failure, and the
anti-L. Australis antibody titer was 1:2,560.

DISCUSSION

According to the Osaka Prefectural Livestock Hygiene Service
Center, the number of canine leptospirosis cases reported in
accordance with the law in Osaka Prefecture was five cases in
2014, five cases in 2015, and one case in 2016. The cases in the
present study were considered to constitute an outbreak because
the number of notifications was almost double that of previous
years, with 11 cases reported within a month, from October 12 to
November 10, 2017.

In dogs infected with Leptospira spp., bacteremia occurs
within about 4 days of infection, and various clinical symptoms
appear within about 7 days. After about 10 days of infection,
antibody levels rise, and after about 2 weeks, the bacteria are
excreted in the urine (4). Because the course of the disease
depends on the antibody status of the individual (4), diagnoses
in clinical cases should be made by selecting appropriate
test methods, considering vaccination history and timing, and
comprehensively evaluating clinical symptoms (2–4). In the
present study, infection was confirmed in 7 cases by either
MAT, PCR, or IgM antibody detection, but in three cases
resulting in death due to acute progression, diagnosis was
based on characteristic clinical symptoms. In another case,
diagnosis was based on characteristic clinical symptoms and
exclusion diagnosis.
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TABLE 1 | Characteristics of the study population.

No. Reported

date

Breed Age

(years)/sex

Addressa Onset date Symptoms

Purpose of

visit

Evidence of

diagnosis

Prognosis

Condition

Vaccination

historyb

(year/month)

Walk to the

riverbed

Death date Visit date

1 – Toy Poodle 4 y/F 4, K-cho,

J-city

– Panniculitis – Good 6 combination

vaccine

(2014)

Yes – 9/22

2 – Bichon Frise 1/M 2, K-town,

J-city

– Flea parasites – Good 5 combination

vaccine

(2017)

No – 9/26

3 – Shiba 6/F 4, K-town,

J-city

– Combination

vaccination

– Good 5 combination

vaccine

(2017)

Yes – 9/26

4 10/16 Border Collie 3/F 1, K-town,

J-city

9/Late Jaundice, DIC IgM (–) Urine

PCR (+)

Death 8 Combination

vaccine

(2016)

Yes Unknown 9/late

5 10/16 Border Collie 10/M 1, K-town,

J-city

9/late Jaundice, DIC Clinical

symptoms

IgM (–) Urine

PCR (–)

Death 8 Combination

vaccine

(2016)

Yes Unknown 9/late

6 – Shih Tzu 9/M 1, S-town,

J-city

– Dermatitis – Good Unknown No – 10/3

7 10/18 German

Shepherd

5/M 5, M-town,

L-city

10/2 Jaundice,

Hepatic failure

Renal failure

Clinical

symptoms

Urine PCR (–)

Recovery 6 Combination

vaccine

(2017/5)

Yes – 10/5

8 – Papillon 1/F 3, K-town,

J-city

– Rabies

vaccination

– Good 6Combination

vaccine

(2016)

No – 10/6

9 10/15 Mongrel 4/F 1, N-town,

J-city

10/8 Severe, Acute

death

IgM (+) Death Unvaccinated Yes 10/11 10/11

10 10/18 Bulldog 6/F 2, Q-town,

P-city

10/8 Hepatic

dysfunction

IgM (+) Urine

PCR (–)

Death Unvaccinated No Unknown 10/12

11 10/12 Mongrel 5/F 1, N-town,

J-city

10/9 Jaundice,

Hepatic failure

IgM (+) Urine

PCR (–)

Recovery 5 Combination

vaccine

(2016/9)

Yes – 10/11

12 10/19 Mongrel 13/F 1, N-town,

J-city

10/10 Pyrexia,

Jaundice,

Renal failure

IgM (+) Death 9 Combination

vaccine

(2015/12)

Yes Unknown 10/13

13 – Shiba 4/F 3, K-town,

J-city

– Rabies

vaccination

– Good Unvaccinated Unknown – 10/14

(Continued)
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TABLE 1 | Continued

No. Reported

date

Breed Age

(years)/sex

Addressa Onset date Symptoms

Purpose of

visit

Evidence of

diagnosis

Prognosis

Condition

Vaccination

historyb

(year/month)

Walk to the

riverbed

Death date Visit date

14 11/10 Miniature

Schnauzer

8/M 2, S-town,

T-ward, R-city

10/15 Severe, Acute

death

Clinical

progress

Death 8 Combination

vaccine

(2016/7)

Unknown 10/18 10/18

15 – Miniature

Dachshund

5/F 3, K-town,

J-city

– Combination

vaccination

– Good 6Combination

vaccine

(2017)

No – 10/18

16 10/29 Toy Poodle 10/M 1, K-town,

J-city

10/18 Jaundice,

Renal failure

Clinical

symptoms

Urine/Blood

PCR (–)

Death 9 combination

vaccine

(2015/5)

Yes 10/23 10/20

17 10/26 Miniature

Schnauzer

8/M 1, N-town,

J-city

10/22 Hepatic failure

Renal failure,

thrombopenia

Clinical

symptoms

Death Unvaccinated Unknown 10/23 10/23

18 – Mongrel 11/F 1, N-town,

J-city

- Home visit

(cohabitation

dog)

– Good 5 combination

vaccine

(2013)

Yes – 10/23

19 11/9 Mix 11/F 1, R-town,

J-city

11/1 Jaundice,

Renal failure

Urine PCR (–)

Blood PCR

(+)

Death 9 combination

vaccine

(2016/9)

Yes 11/4 11/1

aCity and town names are not shown for privacy and anonymity.
b5 and 6 combination vaccines: did not contain Leptospira spp. antigens; 8 combination vaccine: including serovar Icterohaemorrhagiae and serovar Canicola antigens; 9 combination vaccine: including serovar Copenhageni, serovar

Canicola, and serovar Hebdomadis antigens.

DIC, disseminate intravascular coagulation; F, female; M, male; PCR, polymerase chain reaction.
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TABLE 2 | Antibody titers against Leptospira spp. antigens in six dogs (Microscopic agglutination test).

No. Antigens

L.c L.i L.h L.at L.as

11 <1:10 1:160 <1:10 <1:10 1:10,240

12 <1:10 1:40 <1:10 <1:10 <1:10

14 <1:10 1:320 <1:10 <1:10 <1:10

16 <1:10 1:40 <1:10 1:20 1:20

17 <1:10 <1:10 <1:10 <1:10 <1:10

19 <1;10 1:80 1:20 1:80 1:2,560

L.c, L.Canicola; L.i, L.Icterohaemorrhagiae; L.h, L.Hebdomadis; L.at, L.Autumnalis; L.as, L.Australis.

In diagnosis by MAT, paired sera are used immediately after
and 10 to 14 days after disease onset, and if the antibody titer
increases more than 4-fold, infection with the suspected serovar
is diagnosed (2–4). However, in many cases in the present study,
progress was acute and paired sera collection was difficult, so
the diagnosis was made using a single serum sample. Many
cases of acute leptospirosis die within 2–4 days after disease
onset, before IgG antibodies rise (2–4), and diagnosis by MAT
is limited. Because there is no canine vaccine containing L.
Australis antigens that is currently sold or used in Japan, the high
antibody titers of L. Australis in cases No. 11 and No. 19 might
indicate infection with this serovar. In a single sample, it was
assumed that a high MAT titer (≥800), accompanied by clinical
signs of leptospirosis, is highly suggestive of active infection (2,
11). Even in the cases where the serovar could not be identified,
Leptospira spp. DNA was detected in the urine of case No. 4, and
IgM antibody was positive in cases No. 9, 10, 11, and 12. Although
PCR is a useful method for proving the presence of trace amounts
of bacteria in blood, urine, and tissues, it cannot identify serovars.
In an experimental case of L. Canicola infection, Leptospira spp.
DNA was detected in the blood by PCR on the fourth day after
infection, but not thereafter; however, it was detected in the urine
after 8 days (7). Also, treatment with antibacterial agents might
return a false-negative result (4). The IgM antibody test can detect
antibodies against L. Canicola, L. Autaumnalis, L. Australis, L.
Icterohaemorrhagiae, and L. Hebdomadis, but, similar to PCR,
it cannot identify serovars. It is suitable as a test in the early
stage of infection because IgM antibodies increase within about
3–7 days after infection before decreasing (2–4). Of the 4 dogs
that tested positive for IgM antibodies, cases No. 9, 11 and 12
lived in the same town and developed the disease over 3 days
from October 8 to 10. This finding suggests that they might
have been infected at about the same time by the same source.
Of the 11 dogs with suspected infection, eight dogs lived in the
same city and neighboring cities. Furthermore, seven of these
eight dogs were taken on walks along the same riverbed as
their usual walking route, and epidemiological analysis indicated
that they were infected at this site. Recently, there has been
an increase in the number of feral raccoons (Procyon lotor) in
Japan because of abandonment of pet raccoons imported to Japan
from North America (8). These animals have been implicated
as a source of zoonotic pathogens, including Leptospira spp.

(9). Raccoons living in the vicinity of the outbreak area are
also known to have high antibody titers against Leptospira spp.
(10) and are considered a possible source of infection. There
have been few reports of outbreaks of infectious diseases in
household dogs. Often the number of cases is also small, so
conducting epidemiological studies is difficult. In the present
study, factors associated with an outbreak of canine leptospirosis
were evaluated.

L. Hebdomadis has been documented as the most common
cause of canine leptospirosis in Japan, accounting for 53.3% of
all reported cases (11). Although vaccination is reported to be
effective in preventing onset and reducing the severity of canine
leptospirosis (12), effectiveness is considered serovar-specific
(13). Currently, the Leptospira spp. canine vaccine available
in Japan contains only L. Canicola, L. Icterohaemorrhagiae, L.
Hebdomadis, L. interrogans serovars Pomona and L. kirschneri
serovar Grippotyphosa antigens, and does not contain the
antigens of L. Australis detected in the present study. This
might explain why some dogs died in this outbreak despite
being vaccinated against Leptospira spp. There are known to be
regional differences in the detected serovars (3, 14, 15). Because
L. Australis has been reported to be the second-highest detected
serovar (20.3%) after L. Hebdomadis in dogs in Japan (14), it is
necessary to develop a vaccine containing antigens of this serovar.
It is also desirable to develop vaccines in other countries and
regions according to the outbreak situation.

Limitation of Study
Because this was a field survey of spontaneous cases, the
number of cases was small and most of the dogs were not
available for a long term follow up, some of the dogs died
during the study period due to the illness. In addition, we
were not able to obtain the complete information on the cases
we evaluated.
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United States

Recent spillback events of SARS-CoV-2 from humans to animals has raised concerns

about it becoming endemic in wildlife. A sylvatic cycle of SARS-CoV-2 could present

multiple opportunities for repeated spillback into human populations and other

susceptible wildlife. Based on their taxonomy and natural history, two native North

American wildlife species —the striped skunk (Mephitis mephitis) and the raccoon

(Procyon lotor)—represent a high likelihood of susceptibility and ecological opportunity of

becoming infected with SARS-CoV-2. Eight skunks and raccoons were each intranasally

inoculated with one of two doses of the virus (103 PFU and 105 PFU) and housed in

pairs. To evaluate direct transmission, a naïve animal was added to each inoculated

pair 48 h post-inoculation. Four control animals of each species were handled like the

experimental groups. At predetermined intervals, we collected nasal and rectal swabs

to quantify virus shed via virus isolation and detect viral RNA via rRT-PCR and blood for

serum neutralization. Lastly, animals were euthanized at staggered intervals to describe

disease progression through histopathology and immunohistochemistry. No animals

developed clinical disease. All intranasally inoculated animals seroconverted, suggesting

both species are susceptible to SARS-CoV-2 infection. The highest titers in skunks

and raccoons were 1:128 and 1:64, respectively. Low quantities of virus were isolated

from 2/8 inoculated skunks for up to day 5 post-inoculation, however no virus was

isolated from inoculated raccoons or direct contacts of either species. Neither species

had gross lesions, but recovering mild chronic pneumonia consistent with viral insult was

recorded histologically in 5/8 inoculated skunks. Unlike another SARS-CoV-2 infection

trial in these species, we detected neutralizing antibodies in inoculated raccoons; thus,

future wildlife serologic surveillance results must be interpreted with caution. Due to

the inability to isolate virus from raccoons, the lack of evidence of direct transmission

between both species, and low amount of virus shed by skunks, it seems unlikely
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for SARS-CoV-2 to become established in raccoon and skunk populations and for

virus to spillback into humans. Continued outbreaks in non-domestic species, wild and

captive, highlight that additional research on the susceptibility of SARS-CoV-2 in wildlife,

especially musteloidea, and of conservation concern, is needed.

Keywords: SARS-CoV-2, COVID-19, raccoons, skunks, Mephitidae, zoonoses, wildlife, One Health

INTRODUCTION

As severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) continues to circulate on a global scale, the need to
identify potential animal reservoirs, especially among wildlife,
has become a priority, spurring surveillance and susceptibility
trials of numerous species (1–15). Indeed, the COVID-19
pandemic has highlighted the need for a global One Health
approach to address its solution (16).Wildlife health assessments,
pathogen surveillance, and experimental trials are intrinsic
components of this approach which have been neglected until
recent decades, but have been integral in understanding the
epidemiology of other recent pandemics such as severe acute
respiratory syndrome (SARS) and middle eastern respiratory
syndrome (MERS) (17–19).

Ongoing spillover events from humans to pets (e.g., dogs and
cats), commercial animals (e.g., mink), and captive wildlife (e.g.,
tigers, gorillas) have raised concerns about the ability of SARS-
CoV-2 to become endemic in abundant native wildlife species
(20–22). A sylvatic cycle of SARS-CoV-2 could present multiple
opportunities for repeated spillback into human populations
and susceptible wildlife species. While the role of free-living
wildlife in the emergence of SARS-CoV-2 remains unclear,
the susceptibility and potential of a wildlife species as a
reservoir could hold substantiable implications, not just for
public health, but for the management, research, rehabilitation,
and conservation of other susceptible animal species (23). In
North America, several members of theMusteloidea (Mustelidae,
Mephitidae, and Procyonidae) families are both taxonomically
and ecologically relevant and likely have a high probability of
becoming exposed to, infected with, and developing clinical
disease to SARS-CoV-2 (24–28). In fact, ferrets (Mustela putorius
furo), close relatives to North American Musteloidea, are well-
established animal models for SARS (29–32) and are highly
susceptible to SARS-CoV-2 (8–10, 33–38). Another close relative,
mink (Neovison vison), is also highly susceptible to SARS-CoV-2
in experimental inoculations trials, as well as natural infections
in commercial farms (5, 39–43). Most recently, Asian small-
clawed otters (Aonyx cinereus) in a zoological institution were
infected with SARS-CoV-2 (44). Like ferrets, both mink and
otters experienced varying levels of respiratory disease upon
infection with SARS-CoV-2. Unlike ferrets, both species were
first found to be susceptible after transmission from an infected
human caretaker, highlighting the anthropozoonotic potential of
this virus (45).

Two Musteloidea, striped skunks (Mephitis mephitis,
Mephitidae) and raccoons (Procyon lotor, Procyonidae), range
throughout much of North America, and are abundant,

opportunistic, omnivorous generalists (46). Raccoons are also
well established in regions of Europe and Asia (47). Both species
have become habituated to seek food and shelter near human
homes, resulting in frequent interactions with domestic animals,
humans, and their waste. Figure 1 depicts several hypothetical
pathways from which SAR-CoV-2 can be transmitted from
humans, both directly and indirectly, to species that have ample
ecological opportunity, such as raccoons and skunks, justifying
their importance as potential reservoirs. Skunks and raccoons
are already notorious reservoirs of viruses that have substantial
impacts on other wildlife and humans (i.e., rabies virus, canine
distemper virus, protoparvoviruses) (48, 49). To determine their
role in the epidemiology of SARS-CoV-2, this study evaluated
the susceptibility to infection, seroconversion, transmission
potential between conspecifics, tissue tropism, and pathology
associated with SARS-CoV-2 in striped skunks and raccoons.

METHODS

Animals and Husbandry
Sixteen juvenile (∼10 week old), equal numbers of both
sexes, captive-bred raccoons and skunks were obtained from a
commercial, captive breeding animal facility in June and July
2020, respectively. Animals were either housed at the University
of Georgia either in a Biosafety Level 2 (BSL-2) facility (control
skunks) or in the Animal Health Research Center (AHRC;
experimentally inoculated animals of both species and control
raccoons) which is a high-security biocontainment facility.
All of the experimental infection work was conducted under
Biosafety Level 3 (BSL-3) protocols. All procedures involving the
handling of animals and the SARS-CoV-2 virus were reviewed
and approved by the University of Georgia’s IACUC committee
(A2020 04-016) and Office of Biosafety (2020 0048).

Animals were housed at ∼21◦C and 50% humidity. Both
species were fed daily with commercially available omnivore
diet (Mazuri R© Omnivore Diet, Purina Mills, LLC., USA) and
offered water ad libitum. The diet was supplemented by various
fresh greens and protein items such as boiled eggs. Animals
were identified by purposely shaved patches of fur either on the
left, right, or center of their rump. Prior to inoculations, nasal
swabs, rectal swabs, and blood samples were collected and tested
by microtitration serum neutralization (SN) and virus isolation
(VI) to ensure animals were not currently or previously infected
with SARS-CoV-2.

Experimental Design
Experimental animals (n = 12), excluding the control animals
(n = 4) who were housed separately, were separated into 2
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FIGURE 1 | Conceptual model of the mechanisms of SARS-CoV-2 transmission from infected humans (direct transmission = solid orange arrows; and indirect

transmission = dashed blue arrows) to susceptible wildlife (represented in greyscale). As depicted, SARS-CoV-2 shed by humans can be directly transmitted through

activities that require handling and close contact (e.g., research and wildlife rehabilitation), or commercial operations (e.g., fur farms); however virus shed by humans

could make its way into the environment via garbage (i.e., medical waste and household waste) and sewage. The solid gray arrow represents the establishment of

SARS-CoV-2 in a wildlife species. The hypothesized spillback from this SARS-CoV-2 wildlife reservoir to susceptible human populations and other wildlife species is

demonstrated by the solid green arrows.

identical dosing groups with equal sexes per group. Each dose
group consisted of four animals housed in pairs in two adjacent
stainless-steel wire mesh cages (∼1.5 x 1.5 x 2m). The high
(H) and low (L) dose animals were intranasally inoculated with
103 PFU and 105 PFU of SARS-CoV-2 (n = 4 per dose, per
species), respectively. The 105 PFU dose has produced infections
in ferrets and other species (9, 10). The 103 PFU dose was
used to mimic the amount of virus to which these species
may be naturally exposed (e.g., through consuming human
garbage or potentially animal-to-animal) and has also resulted in
infections and clinical disease in ferrets (31, 37). Each animal was
identified by a unique combination of numbers and letters that
corresponded with their dosage group, their enclosure number,
and the side where a section of their fur was shaved (i.e.,
raccoon H1L equated to high-dose raccoon from group 1 that
shaved on the left side). All four experimental dose groups were
housed in the same BSL-3 Agriculture (BSL-3Ag) room but were
separated by approximately 6 meters and the directional air
flow in the room flowed from the low to the high dose group
(Supplementary Figure 1). The design of the BSL-3Ag facility
does not allow for recirculated air, facilitating 13 to 15 air changes
per hour, thus the likelihood of aerosol transmission between
each group is negligible. To test for direct contact transmission,
a single naïve conspecific was introduced to each pair of directly
inoculated animals 48 h after inoculation. Control animals (n =

4) were housed in either a separate BSL-3Ag room (raccoons) or
BSL-2 facility (skunks).

Virus and Inoculations
The SARS-CoV-2 isolate used was USA-WA1/2020 which was
originally isolated from a middle-aged male inWashington, USA
who traveled to Wuhan China in January 2020. Skunks and
raccoons were inoculated with 5th passage virus. The virus was
grown in vero-E6 cells (American Type Cell Culture [ATCC]
Cat# CRL-1586, RRID:CVCL_0574) which were maintained
in minimal essential medium (MEM, 5 L deionized water,
48 g of Minimal Essential Media Eagle (Sigma-Aldrich, Co.,
USA), 11.11 g bicarbonate) supplemented with 50 mL/L of
iron fortified calf serum (Sigma-Aldrich, Co.) and 20 mL/L
of Antibiotic Antimycotic Solution (10,000 units penicillin,
10mg streptomycin, 25 µg amphotericin per mL). All cultures
and microtitrations were incubated in a 5% CO2 atmosphere
and 37◦C.

For procedures, such as inoculation and venipuncture,

raccoons and skunks were anesthetized with a combination
of dexmedetomidine (0.04 mg/kg) (DexdomitorTM, Orion

Corporation, Finland) and butorphanol (0.2 mg/kg)
(TorbugesicTM, Zoetis Manufacturing and Research, Spain),
intramuscularly (IM), and reversed with atipamezole (0.25
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mg/kg) (RevertindineTM, Modern Veterinary Therapeutics,
Germany) and naloxone (0.02 mg/kg) (Wintac Limited, India)
given IM to return them to pre-anesthetic function as rapidly
as possible.

The intranasal inoculations were performed on anesthetized
animals using a 21-gauge catheter attached to a 1mL luer slip
syringe (BD Syringe, Becton, Dickinson and Company, USA).
Experimental animals that were intranasally inoculated with live
virus (n = 8) will be referred to as the directly inoculated (DI)
animals or groups. A single direct contact (DC) animal was
introduced to each pair of DI animals 48 h post-inoculation to
evaluate direct transmission.

Sampling
Animal health status (i.e., mentation, attitude, physical
appearance, consumption of food) was evaluated twice daily.
All animals were weighed at admission, and additional body
weights were recorded for all animals on the days when they were
fully anesthetized for venipuncture. Rectal temperatures were
collected from all animals when anesthetized for venipuncture,
normothermic was considered 37.2 to 39.2◦C (99.0 to 102.5◦F)
for both species (50, 51). To collect serum, 2mL of blood was
drawn from the jugular vein and added to plain sterile vacutainer
tubes (3mL; CovidienTM, USA).

For the collection of nasal and rectal swabs, animals were
physically restrained and sedated with 30–45 mg/kg trazodone
PO (Cadila Healthcare Ltd., India) suspended in either water
or equal parts of ORA-Plus R© Oral suspending vehicle and
ORA-Sweet R© (Perrigo, USA) in a syringe. The blood and swab
collection scheme for both species is summarized in Figure 2. To
evaluate environmental transmission, swabs of food and water
bowls were obtained each sampling period prior to any animals
being handled. Swabs and blood samples were also collected for
all animals when euthanized.

Nasal swabs were obtained by swabbing both sides of the
nasal passage using a single sterile polyester swab (Puritan, USA).
Rectal swabs were obtained using sterile cotton swabs (Medline
Industries, Inc., China). All swabs were placed in 1.5mL cryovials
(SealRite R©) with 1mL of Dulbecco’s sterile phosphate-buffered
saline (dPBS) (Sigma-Aldrich, Co.) for raccoons and 1mL of
sterile virus isolation medium composed of MEM for skunks.
The blood samples and swabs were maintained in an insulated
container with frozen gel packs until stored, and the whole blood
was centrifuged within 1 h for the collection of serum. All swabs
and serum were then stored at−80◦C until processed.

Animals were anesthetized, euthanized, and necropsied at
predetermined intervals to maximize the chance of detecting
histopathologic changes during the course of infection. All
animals were sampled as described above after humane
euthanasia. Animals were anesthetized with dexmedetomidine
(0.04 mg/kg) (DexdomitorTM), butorphanol (0.2 mg/kg)
(TorbugesicTM), and ketamine (5 mg/kg) (ZetamineTM, OneVet,
USA), and euthanized with an intracardiac dose of sodium
pentobarbital (0.25 mL/kg) (Euthanasia Solution, Med-Pharmex
Inc., USA). All animals were necropsied the day of euthanasia.
Raccoons were euthanized on 9 dpi (n = 5; two DI from each
dose group, and a control), on 11 dpi (n = 3; one DC one from

FIGURE 2 | Sampling scheme and timing for the experimental SARS-CoV-2

infection trials of both raccoons and striped skunks. The black circles represent

days post inoculation (dpi). The orange circles indicate directly inoculated (DI)

animals. The blue circles indicate the direct contact (DC) animals.

each dose group, one control). The remaining experimental
and control raccoons were euthanized and necropsied on 17
and 18 dpi, respectively. The experimental infection trials were
performed first on raccoons. Due to the unremarkable nature of
the raccoon gross necropsies, the necropsy interval was changed
for skunk infection trials. Necropsies were performed earlier to
capture early and subtle pathologic lesions such that skunks were
euthanized on 4 dpi, (n = 3; two DI from each dose group, and
a control), and on 8 dpi, (n = 4; two DI and two DC from each
dose group) similar to Schlottau et al. and Freuling et al. (9, 52).
A control skunk was euthanized on 7 dpi for comparison. The
remaining control and experimental skunks were euthanized
and necropsied on 14 and 15 dpi, respectively (Figure 2).

Sample Analysis
Virus Isolation and Molecular Testing
Swab samples were placed in individual microcentrifuge tubes
containing 1mL of viral media, vortexed, and then centrifuged
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at 10,000 rpm for 10min. Supernatant (100 µL) from each tube
was inoculated into a separate well on a 12-well plate seeded with
3-to-4-day old Vero E6 cell culture monolayers. The plates were
observed daily for cytopathic effect (CPE) for 10 days. If CPE was
evident, the cell culture supernatant was collected and tested for
the presence of SARS-CoV-2. Viral RNA (vRNA) was extracted
from positive samples using the QIAamp Viral RNA Mini Kit
(Qiagen Inc.), following the manufacturer’s protocol. A validated
real-time reverse transcription PCR (rRT-PCR) protocol was
used for detection of SARS-CoV-2 (53, 54). Reactions were
conducted on a Step OnePlus Real-Time PCR System (Applied
Biosystems, Inc.).

The same rRT-PCR protocol was used as described above
to evaluate tissues and nasal, fecal, and environmental swab
samples for the presence of SARS-CoV-2 RNA. A positive rRT-
PCR result was defined as the detection of both the N1 and N2
genes. Both the N1 and N2 primer/probe had to have a cycle
threshold (Ct) of ≤ 35 to be considered positive for the presence
of SARS-CoV-2 RNA. Samples evaluated that resulted in a Ct
of >35 for both probes were considered negative and samples
with a Ct of ≤35 for one probe and a Ct of >35 for the other
probe were also considered negative as reported in Shriner et al.
(41). Viral stock with a titer of 105 pfu/200 ul was used as a
positive control.

Skunk tissues (nasal conchae, tracheobronchial lymph node,
tonsil, mid-length trachea, right middle lobe lung, heart, kidney,
and jejunum) and select raccoon tissues (tracheobronchial lymph
node, tonsil, right middle lobe lung) samples were homogenized
with gentleMACSTM C Tubes (Miltenyi Biotec Inc., Germany)
using a gentleMACSTM Dissociator (Miltenyi Biotec Inc.). Tubes
were then centrifuged at 3,220 rpm for 10min at 22◦C. Then, 100
µL of supernatant from each tube was inoculated into a separate
well on a 12-well plate seeded with 3-to-4-day old Vero E6 cell
culture monolayers. CPE was determined as discussed above. An
additional 140 µL of supernatant from each tube was collected
and tested for the presence of SARS-CoV-2 using the extraction
protocol and rRT-PCR protocol listed above.

Plaque Assays to Quantify Virus
Cell culture supernatant (200 µL) from samples that were
positive for SARS-CoV-2 via VI and rRT-PCR was diluted 10-
fold (with the first well containing no dilution) for a series
of 5 dilutions (10−1, 10−2, 10−3, 10−4, 10−5), inoculated into
a 6-well plate previously seeded with 4-day old Vero E6 cell
culture monolayers, and incubated at 37◦C and 5% CO2 for
1 h. Each well was then overlaid with 4mL of a gum tragacanth
overlay solution (equal parts 2% gum tragacanth & 2XMEM,
supplemented with 2mL of Fetal Bovine Serum (FBS), 5mL
of Antibiotic Antimycotic Solution) and allowed to incubate
as described above for 7 to 10 days. Once plaques were noted
grossly, each cell culture was inactivated with 10% formalin and
crystal violet solution and allowed to fix for 24 to 48 h. Once cells
were fixed, SARS-CoV-2 titers (log10 PFU/mL) were evaluated in
wells for which more than one plaque was present; no plaques
were seen past 10−3 dilution on any sample. As previously
determined, a ½ log is lost for each freeze thaw cycle, and all vials

had been through 2 cycles, presumptively decreasing titers by 1
log (D.G. Mead and E.R. Lafortaine, unpublished data).

Microtitration Serum Neutralization
SARS-CoV-2 neutralizing antibodies were detected and
quantified using serum microneutralization. Serum samples
were heat-inactivated at 56◦C for 30min. Then, samples were
2-fold serially diluted in duplicates from 1:4 to 1:256 and
incubated at 37◦C and 5% CO2 with 100 TCID50 of the same
strain of virus used in the inoculum in 96-well plates for 1 h.
The wells were then overlaid with 150 µL of Vero E6 cells. The
plates were incubated as described above and observed for CPE
daily for 7 to 10 days, after which sample neutralization endpoint
titers were determined.

Necropsy, Histology, and
Immunohistochemistry
All inoculated and control animals were necropsied within 2 h
of euthanasia. Approximately 0.5 cm3 samples of nasal conchae,
tracheobronchial lymph node, tonsil, mid-length trachea, right
middle lobe lung, heart, kidney, and jejunum were placed
in cryovials and stored at −80◦C for subsequent laboratory
analyses. Additional samples collected into 10% neutral buffered
formalin for histopathologic evaluation included nasal sinus,
trachea, left cranial and caudal lung lobes, right cranial and
middle lung lobes, bronchus, lymph nodes (tracheobronchial,
retropharyngeal, prescapular, and mesenteric), tonsil, tongue,
esophagus, duodenum, jejunum, ileum, stomach, large intestine,
left lateral liver lobe, gall bladder, pancreas, spleen, heart, kidney,
thymus, thyroid gland, adrenal gland, gonad, skeletal muscle
(biceps), urinary bladder, bone marrow, cerebrum, cerebellum,
brainstem, and eye.

Once fixed, nasal sinus tissues were transferred to 12.5%
neutral EDTA solution (250 g EDTA disodium salt (J.T. Baker
Inc. USA), 1,750mL distilled water, and 25 g sodium hydroxide)
where they were allowed to decalcify for 14 to 21 days.
Fixed tissues were routinely processed, embedded in paraffin
wax, and 4µm thick sections were stained with hematoxylin
and eosin (HE). Duplicate slides with deep nasal sinus, mid-
trachea, left cranial lung lobe, bronchus, tracheobronchial and
prescapular lymph nodes, tonsil, and jejunum for all raccoons
inoculated with low and high SARS-CoV-2 doses also underwent
immunohistochemistry (IHC) for SARS-CoV-2 antigen. These
same tissues, in addition to frontal nasal sinus, left caudal lung
lobe, right cranial lung lobe, retropharyngeal lymph node, kidney
and heart also underwent IHC for all skunks inoculated with low
and high doses, as well as the two high dose direct contact skunks.

IHC was performed on an automated stainer (IntelliPATH,
Biocare Medical, USA). A rabbit polyclonal antibody for SARS-
CoV-2 (ThermoFisher, PA141098) at a dilution of 1:100 for
60min was used. Antigen retrieval on tissue sections was
achieved using Citrate Solution 10X (BioGenex, Fremont, USA)
at a 1:10 dilution 10 for 15min at 110◦C. A biotinylated goat
anti-rabbit antibody at a 1:100 dilution (Vector Laboratories,
USA) was utilized to detect the target, and immunoreaction was
visualized using Warp Red Chromogen (Biocare Medical) for
10min and counterstained with hematoxylin. A cell pellet with
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TABLE 1 | SARS-CoV-2 virus isolation data for two striped skunks (Mephitis

mephitis) that shed virus after intranasal inoculation.

ID Contact Days post inoculation (dpi)

Skunks* 1 2 3 4 5

H1-L Directly inoculated 2 3.2

H2-R Directly inoculated 2.8 3.3 **0

Values presented in plaque forming units (log10/mL). *Both H1-L and H2-R were

inoculated with a high dose [105 plaque forming units (PFU)] of SARS-CoV-2. No animals

were found to shed virus after 5 dpi. **The culture for H2-R developed cytopathic effect

(CPE) on 5 dpi, however, no plaques were seen after staining.

infected cells was used as a positive control. All histology and
immunohistochemistry were performed at the Athens Veterinary
Diagnostic Laboratory at the University of Georgia and slides
were read blindly by a board-certified veterinary pathologist.

RESULTS

None of the experimental animals of either species developed a
fever (e.g., rectal temperature > 39.2◦C), lost weight, changed
behavior or displayed any signs of clinical disease throughout the
study. Viral shedding was only detected on nasal swabs by virus
isolation from two high dose DI skunks (H2R on 3, 4, and 5 dpi
and H1L on 1 and 2 dpi) (Table 1). The highest amount shed was
3.3 log10/mL on 4 dpi. Virus was not isolated from any raccoon
swabs, raccoon tissues, skunk rectal swabs, or skunk tissues.

All skunk and select raccoon samples were evaluated for the
presence of vRNA using rRT-PCR (Ct of ≤35). SARS-CoV-2
RNA was detected in the nasal swabs of 3/8 DI raccoons (H1R,
H2L, L2L) and 4/8 DI skunks (H1L, H1R, H2R, L2R); this
includes two skunks, H1-L and H2-R, from which virus was
isolated as displayed in Table 2. In addition, skunks H1-L and
H2-R were the only animals in this study to have Ct values ≤ 28,
a threshold that coincides with historic human data for obtaining
culturable virus when evaluating the samples for the SARS-CoV-
2N gene via RT-PCR (Supplementary Table 2) (55). Viral RNA
was also detected from one high dose DI skunk (H2R) nasal
turbinate tissue sample from 8 dpi. No vRNA was detected from
skunk or raccoon rectal swabs, skunk environmental swabs, or
raccoon tissues. All directly inoculated animals of both species
seroconverted—defined by a 4-fold increase in antibody titers—
by the end of the study; however, no seroconversion occurred in
any direct contact animals. The highest titer was 1:64 in raccoons
and 1:128 in skunks, and the earliest seroconversion timepoint
was on 9 dpi and 8 dpi, respectively (Supplementary Table 1).

The gross necropsies for all animals were unremarkable.
No microscopic lesions or SARS-CoV-2 specific
immunohistochemical labeling were evident in tissues from
raccoons. The frontal and deep nasal conchae of three DI high
dose skunks (H1R, H2R, H2L) and two DI low dose skunks
(L1R, L2L) had mildly to moderately increased numbers of
widely scattered lymphocytes and plasma cells in the superficial
lamina propria vs. DC and control animals. At least one of
four examined sections of lung, either the left cranial/caudal or

TABLE 2 | SARS-CoV-2 RNA detection in nasal swabs of intranasally direct

inoculated (DI) and direct contact (DC) raccoons (Procyon lotor) and striped

skunks (Mephitis mephitis) by real-time reverse transcriptase PCR (rRT-PCR).

DPI Raccoon* Skunk**

Exposure Direct Contact Direct Contact

1 3/8 2/8

2 0/8 4/8

3 0/8 0/4 3/8 0/4

4 0/8 0/4 2/8 0/4

5 0/8 0/4 2/6 0/4

6 0/4 0/4

7 0/8 0/4 0/7 0/4

8 0/2 0/2

9 0/8 0/4 0/4 0/2

11 0/4 0/2

15 0/4 0/2

17 0/4 0/2

Total seroconversion 8/8 0/4 8/8 0/4

*Of the rRT-PCR positive raccoons, 2/3 belonged to the DI high dose groups and 1/3

belonged to the DI low dose group. **Of the rRT-PCR positive skunks, 3/4 belonged to

the DI high dose group and 1/4 belonged to the DI low dose group.

right cranial/middle lung lobes, of DI high dose skunks (H1R,
H2R, H1L) and DI low dose skunks (L2R, L2L) had mildly
increased numbers of perivascular lymphocytes and plasma cells
randomly scattered throughout the interstitium. There was no
corresponding immunohistochemical labeling in these nor in
any other tissues examined from skunks. Incidentally, all skunks
had moderate to severe, diffuse hepatic lipidosis and one DI
skunk (L1R) had focal, purulent rhinitis in the frontal nasal
conchae. All skunks had robust lymphoid tissue in lymph nodes,
spleen, bronchus-associated lymphoid tissue (BALT; lungs), and
gastrointestinal-associated lymphoid tissue (GALT; intestine).

DISCUSSION

A One Health approach to understand and mitigate the
epidemiology and management of SARS-CoV-2 in a wide range
of hosts calls for a collaborative effort between governmental
agencies, academic and private institutions, and the public (56).
Such efforts must include experimental trials, wildlife health
assessments, and pathogen surveillance (57). In terms of the
number of human infections and deaths and the currently known
animal host range, the COVID-19 pandemic is one of the most
important global emerging zoonoses to date, which will take a
concerted multidisciplinary approach to manage.

Our findings demonstrate that while striped skunks and
raccoons are susceptible to SARS-CoV-2 infection, it is unlikely
that either species is likely to be a competent reservoir for SARS-
CoV-2 in a natural setting. No animals experienced clinical
disease during this study. Raccoons exhibited no pathology,
and skunks had mild evidence of subclinical recovering cellular
response to viral infection in the nasal conchae and lungs.
The lack of virus isolation from raccoons, evidence of direct
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transmission between both species, and low amount of virus shed
by skunks would likely impede the virus’s ability to establish in
wild populations. Similar results of an experimental trial with
skunks were reported by Bosco-Lauth et al. (7). Of 6 striped
skunks that were intranasally inoculated with approximately 105

PFU of SARS-CoV-2, three shed virus up to 7 dpi, the highest
amount of which was 2.3 log10 pfu/swab. They also isolated
virus from the nasal turbinates of 2/3 skunks euthanized on 3
dpi, similar to the vRNA detected in a nasal turbinate tissue
sample of a skunk euthanized on 8 dpi in our study. Also similar
to our study, all inoculated skunks seroconverted. Bosco-Lauth
et al. (7) also inoculated three raccoons, none of which were
positive by VI or RT-PCR. In our study, all of our inoculated
raccoons seroconverted whereas none of the raccoons in Bosco-
Lauth et al. (7) seroconverted. The reason for this difference is
unknown but could be due to the use of different serological
assays. Another important difference between these two studies
is that we included naïve contact animals to test cage-mate
transmission, which provided data on the potential for SARS-
CoV-2 to circulate in striped skunk and raccoon populations.

We describe viral RNA using presence/absence data similar
to methods for SARS-CoV-2 animal reporting by the USDA
(41, 58, 59). We also provide data on the detection of infectious
virus (by plaque assay) to assist in assessing the potential for
transmission of SARS-CoV-2 in nature. In some cases, virus
quantification by PCR is used to estimate or determine virus
quantities; however, this could lead to confusion as to how
results translate to natural infections among wild and captive
animals (55, 60, 61). In our study, virus was isolated from
samples from two skunks (H1-L and H2-R) between 1 and 5
dpi; the corresponding Ct decreased notably between 3 and 4 dpi
before steadily increasing (Supplementary Table 2). This trend
may reflect diminished viral replication as Ct values increased.
While rRT-PCR is a sensitive diagnostic tool to evaluate for the
presence of SARS-CoV-2, it should be used in conjunction with
additional assays such as virus isolation to strengthen inferences
about transmission potential and other epidemiological factors in
wildlife and others.

As with many susceptibility trials with wildlife, especially
those that require high containment housing, availability,
logistical challenges, and animal welfare considerations often
limit sample size (62, 63). Given our studies small sample
size and our animal sourcing, our findings may not readily
translate into the susceptibility of wild populations due to
factors such as senescence, immunocompetence (i.e., parasite
burden, environmental conditions, gestation) and co-infections
(e.g., canine distemper virus, parvovirus, etc.). Also, the rapid
emergence of increasingly infectious SARS-CoV-2 variants
in human populations presents new possibilities, such as
increased transmissibility to previously marginally susceptible
or unsusceptible species (64). Emerging variants of concern,
B.1.1.7 and B.1.617.2, have been isolated from both companion
animals (e.g., domestic dogs and cats) and captive wildlife
(e.g., lions in a zoological institution), respectively (65–67).
However, to date, no variants of concern have been isolated
from free ranging wildlife, nor used in experimental infection
trials of wildlife species, thus it is difficult to infer what impact
these emerging variants will have on free-ranging raccoons and

striped skunks. Despite evidence of poor transmission, care
should be taken to avoid transmission of SARS-CoV-2 to skunks
and raccoons in a captive setting (e.g., zoological institutions,
rehabilitation centers) where close encounter with individuals
shedding different strains and high viral loads may influence
outcomes. In this study, all raccoons and skunks seroconverted
after direct inoculation with SARS-CoV-2, however only a small
subset of these animals shed detectable viral RNA (n = 7), and
even less shed viable virus (n= 2). Moreover, these results suggest
that seroprevalence studies may be the most sensitive large-scale
approach for determining COVID-19 exposure in susceptible
wildlife contrary to current PCR-based animal surveillance in the
US (59). However, the lack of viral shedding in raccoons or select
skunks highlight that future wildlife surveillance studies should
interpret antibody presence with caution, as seroconversion is
not indicative of an animal having a profound role in the
epidemiology of SARS-CoV-2.

While it seems unlikely for SARS-CoV-2 to circulate in
raccoon and skunk populations, other taxonomically related
species, such as several species of mustelids including various
otters, weasels, badgers, and martens; especially species of
particular conservation concern, like black-footed ferrets
(Mustela nigripes), European mink (Mustela lutreola), giant
otters (Pteronura brasiliensis), and sea otters (Enhydra lutris)
have yet to be studied. Infection of highly susceptible species
held in captive breeding programs, could result in outbreaks,
hampering reintroduction efforts. For example, these concerns,
in part, led to the majority of the captive breeding population
of black-footed ferrets at the National Black-Footed Ferret
Conservation Center outside Fort Collins, Colorado to be
immunized with an experimental vaccine early in the COVID-19
pandemic (68). Continued global outbreaks of SARS-CoV-2 in
farmed mink (69), sporadic reports of infection in domestic
animals (36, 70–72), and detected spillover into captive and
free-living wildlife populations [e.g., wild and escaped mink
in Utah; (41, 73), various species including tigers, gorilla, and
otters in zoological collections; (44, 74, 75)] highlight that
additional research including further exploration of the drivers,
ecological pathways, and susceptibility of SARS-CoV-2 in
wildlife, especially Musteloidea, are needed.
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Rift Valley fever virus (RVFV) activity in Southern Africa tends to occur during periods

of sustained elevated rainfall, cooler than normal conditions, and abundant vegetation

cover creating ideal conditions for the increase and propagation of populations of RVFV

mosquito vectors. These climatic and ecological conditions are modulated by large-scale

tropical-wide El Niño–Southern Oscillation (ENSO) phenomena. The aim of this 5-year

study was to investigate climatic conditions during Rift Valley fever “post-epizootic” period

in Free State province of the Republic of South Africa, which historically experienced

the largest RVF outbreaks in this country. We collected satellite-derived rainfall, land

surface temperature (LST), and normalized difference vegetation index (NDVI) data

since 2014 to understand broad environmental conditions in the years following a

period of sustained and widespread large RVF outbreaks (2008–2011) in the region.

We found this post-epizootic/interepizootic period to be characterized by below-normal

rainfall (∼-500mm), above LSTs (∼+12◦C), depressed NDVI (60% below normal), and

severe drought as manifested particularly during the 2015–2016 growing season. Such

conditions reduce the patchwork of appropriate habitats available for emergence of

RVFV vectors and diminish chances of RVFV activity. However, the 2016–2017 growing

season saw a marked return to somewhat wetter conditions without any reported RVFV

transmission. In general, the aggregate vector collections during this 5-year period follow

patterns observed in climate measurements. During the 2017–2018 growing season, late

and seasonally above average rainfall resulted in a focal RVF outbreak in one location in

the study region. This unanticipated event is an indicator of cryptic RVF activity during

post-epizootic period and may be a harbinger of RVFV activity in the coming years.

Keywords: climate variability, ENSO, post-epizootic, Rift Valley fever, mosquito vectors
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INTRODUCTION

Rift Valley fever (RVF) is an acute viral disease predominantly
of domestic animals (cattle, buffalo, sheep, goats, and camels)
and secondarily, of human populations. The endemic region of
RVF covers most of sub-Saharan Africa, the Arabian Peninsula
(Saudi Arabia and Yemen), and Madagascar (1, 2). Epicenters
of epizootics and epidemics located in Eastern and Southern
Africa are driven by persistent and above-normal rainfall
associated with global scale El Niño-Southern Oscillation (ENSO)
phenomena teleconnections (3, 4). Broadly, RVF outbreaks tend
to occur in Eastern Africa during the positive phase of ENSO (El
Niño) and in Southern Africa during the negative phase of ENSO
(La Niña). The two phases describe the periods of persistent
and above normal rainfall in each region leading to flooding of
pan/dambo habitats. Flooding of these ecological niches where
the various primary mosquito vectors of RVF-virus (RVFV)
Aedes species and secondary Culex species emerge in massive
numbers to trigger an outbreak. The impacts of an outbreak
are varied and range from high rates of abortions and deaths in
affected livestock to mild influenza-like illness and severe clinical
symptoms in humans, including hemorrhagic manifestations,
hepatitis, retinitis and encephalitis, and mortality in humans
(∼1–35%) to abortions and mortality in affected livestock (∼80–
100%) (1). The impacts on economies are pronounced, especially
on livestock trade, and were estimated at $60M during the
2006–2007 outbreak in East Africa (5) and $12M (R203.4M)
to the sheep farming sector alone during the 2010 outbreak
in South Africa (6, 7). Due to its prominence as a cross-
over pathogen, RVFV is listed as a biological agent by US
government public health and defense agencies (Department
of Defense, United States Department of Agriculture, Centers
of Diseases Control and Prevention) and international public
and animal health organizations (World Health Organization,
Food Agricultural Organization, and the World Organization
for Animal Health), requiring focused investigations in RVFV-
endemic and neighboring regions.

One such investigation is Understanding Rift Valley Fever in

the Republic of South Africa in which we are comprehensively
studying an array of key facets influencing the RVF disease
system using a One Health approach during the study period
2014–2019, which we refer to here as post-epizootic period. We

interpreted this period to correspond to interepizootic/inter-

epidemic period because of the likelihood of future RVF
epizootics/epidemics. The One Health approach used is a
collaborative, multisectoral, and transdisciplinary approach
involving climate variable observations at regional level,
vegetation, ecology and soil investigation, mosquito vector
surveillance at local level, epidemiological investigations in
livestock, wildlife, and human populations at farm level. The
project therefore recognizes the interconnection between people,
animals, plants, and their shared environment. The project
is organized into eight work packages: 1. Understanding the
effects of climate and weather (this study), 2. Investigating
vegetation ecology (8), 3. Investigating wetland soil properties
(9), 4. Investigating ecological characteristics of RVFV vector
mosquitoes, 5.Determining the seroprevalence of RVFV antibodies

in farm workers (10), 6. Determining the seroprevalence of
RVFV antibodies of farmed and free-ranging wild ruminants and
domestic livestock (11), 7. Investigating changes in RVFV antibody
levels in a sheep cohort, and 8. Comparison of cattle and buffalo
serostatus in the Free State and Limpopo. This paper reports on
findings from Understanding the Effects of Climate and Weather,
which has monitored and analyzed broad-scale satellite-derived
climatic and environmental variables that influence RVFV
mosquito vector populations. Among these variables are rainfall,
considered the primary large-scale driver of RVFV activity,
vegetation [normalized difference vegetation index (NDVI)],
land surface temperature (LST), evapotranspiration, etc., which
are proximate determinants of habitat conditions influencing
survival and propagation of RVF vector populations (12–
14). Climate variability characterized by year-to-year rainfall,
vegetation, and land surface temperature are important broad
scale drivers influencing the distribution in space and time of
Rift Valley fever mosquito populations; therefore, understanding
this component of the RVF disease system is critical to the
implementation of various efforts to prevent, control, and
mitigate potential outbreaks.

MATERIALS AND METHODS

Study Area
The project is being conducted in a ∼200 × 200 km area
[28S−30.45S, 24E−26.65E] covering a large part of the Free
State province and portions of both Eastern Cape and Northern
Cape provinces. Significant epidemics were reported in these
regions of South Africa in 1951, 1975, and 2010 with epizootics
in 1951, 1975, 1984, 1999, 2008, and 2009, 2010, and 2011
(15, 16) with apparently quiescent inter-epidemic periods. Many
of these epidemics had their epicenter in the Free State as can be
observed from the recent epizootics as shown in Figure 1. Annual
long-term rainfall in the region ranges between ∼200mm to
the west and southwest of the region and a maximum of
∼550mm to the eastern and northeastern parts of the region.
The climatological spatial patterns of land surface temperature
with maximum values of ∼35◦C in the west/southwest, and
normalized difference vegetation index with maximum values
of ∼0.45 in the east/northeastern parts of the region reflect the
long-term annual mean patterns of rainfall. The combination of
these climate metrics with the underlying geology has over time
produced landcover patterns dominated by grasslands, savanna,
and Nama-Karoo biomes (17), which includes fynbos elements,
shrubs, and woodland species. Embedded in these three biomes
are the azonal wetlands, which include the study area pan
habitats, with vegetation distinct from the surrounding upland
vegetation (8). Dryland agriculture that is heavily dependent
on variable rainfall is practiced in the east, while locations
in the drier west and southwest use irrigated agriculture to
buffer against low and variable rainfall. The study area receives
on average of ∼96% of rainfall between September and May
and 4% between June and August, considering the southern
hemisphere summer rainfall season. There is, however, high
interannual variability in rainfall producing periods of above
normal rainfall and floods and episodes of very low rainfall and
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FIGURE 1 | Distribution of recent Rift Valley fever activity (2008–2018) over the southern Africa region. Rift Valley fever in the Republic of South Africa study region is

marked by a red square outline [28S−30.45S, 24E−26.65E], centered on Free State and Northern Cape Province border, the epicenter of multiple epizootics. Data

plotted were derived from the World Organization for Animal Health (OIE) World Animal Health Information System (WAHIS) database.

extreme drought. Periods of above-normal rainfall like 2009–
2011 create conditions for outbreaks to occur and propagate.
The study region thus has an approximately east–west ecological
gradient from Bloemfontein to Mokala National Park (MNP)
that can be observed in climate metrics and land cover patterns
(Figure 2).

Data
Climate Data
Three satellite-derived climate data sets are used in evaluating the
patterns of rainfall and land surface conditions over the region
during the study period (2014–2019). The three data sets are
(a) daily/monthly rainfall from the Africa Rainfall Climatology
(ARC) data, (b) monthly normalized difference vegetation index,
and (c) monthly land surface temperature. Details on these
datasets are given below:

(a) African Rainfall Climatology (ARC) dataset is sourced from
the National Oceanic and Atmospheric Administration
(NOAA)—Climate Prediction Center (CPC) archives. ARC
data are derived from several satellites and in situ sources,
including the polar orbiting Special SensorMicrowave/Imager
and Advanced Microwave Sounding Unit microwave
sensors, infrared bands of the geostationary METEOSAT
platforms, and rain gauge measurements from the Global
Telecommunications System daily total rainfall product. The
data are mapped to a spatial resolution of 0.1◦ × 0.1◦ over
Africa and the Middle East. These data are available as a daily
time series from 1983 to present (18).

(b) Normalized difference vegetation index (NDVI) data are
derived from NASA’s Earth Observing System Moderate
Resolution Imaging Spectroradiometer (MODIS) instrument
aboard the Terra (EOS AM-1) spacecraft. The NDVI and

similar vegetation indices are widely used to infer the
photosynthetic capacity of vegetation and are used as a land
surface input in various weather, climate, biogeochemical,
and hydrological models (19). Applications of normalized
difference vegetation index are numerous and varied and
include agricultural monitoring, famine early warning,
ecological monitoring for habitats indicative of pest and
arthropod vector emergence and survival, and determination
of land use and land cover changes, among others (12, 20–22).
The normalized difference vegetation index is simply the ratio
of the difference between the near-infrared and red reflectance
to their sum; since green leaves with dense chlorophyll are
more reflective in the near-infrared wavelengths than in the
visible, this ratio is higher (approaching one) for healthy
green vegetation and lower (approaching zero) for stressed
vegetation (23). MODIS normalized difference vegetation
index data are derived from the red and near-infrared
bands, centered at 648 nm and 848 nm, respectively. The

reflectance data are atmospherically corrected and masked
for cloud, cloud shadow, and aerosol contamination (24). In
this study we use the global monthly Climate Modeling Grid
(CMG) MOD13C2 product with a spatial resolution of 0.05◦

× 0.05◦ (∼5.5 × 5.5 km) aggregated from nominal 250m
MODIS NDVI.

(c) Land surface temperature (LST) was also derived from

the MODIS instrument. Land surface temperature is a key
parameter in land surface processes affecting climate and

therefore influencing the biology, organisms, and ecosystems
from local to global scales. Changes in land surface
temperatures can induce convection at the boundary layer
and influence air temperature, surface winds, cloudiness,
and precipitation (25). All these variables influence habitat
conditions of mosquito vectors. Land surface temperature
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FIGURE 2 | Climate metrics and land cover characteristic of the study region. In (A) annual long-term rainfall (1983–2019), (B) annual long-term land surface

temperature (2000–2019), (C) annual long-term normalized vegetation index (2000–2019), and (D) land cover classification. The spatial variations and patterning in

(B–D) to a large extent reflect the patterns in long-term rainfall.

has proved useful for agricultural applications in estimating
crop water demands and drought severity assessments (26).
It is also an emerging variable in vector-borne disease
applications (21). We used land surface temperature to infer
temperature conditions on the land surface especially in
vegetated areas, which serve as potential vector emergence
sites during the study period. In this study, we use the global
Climate Modeling Grid (CMG) product MOD11C3 at 0.05◦

spatial resolution. This data set is derived from daytime and
nighttime thermal infrared measurements in bands 31 (10.8–
11.3 nm) and 32 (11.8–12.3 nm) using the day/night land
surface temperature algorithm. Cloud screening is performed
using the MODIS cloud mask product (MOD35_L2), prior to
the land surface temperature calculation.

Mosquito Vector Data
To complement the satellite-based climate observations,
adult floodwater mosquito vectors were sampled by the
vector ecology team at over 21 locations daily (shown in
Supplementary Figure 1). Given the sampling strategy this
amounts to every 2 weeks per site during the growing season
(September–May). Sampling was performed using US Centers
for Disease Control and Prevention (CDC) CO2-baited traps
placed at dusk to lure feeding adult female mosquitoes from
diurnal resting locations. The sampling schedule was designed to
be flexible to allow sampling all sites within the week. However,
due to various issues at project startup, there was no regular
sampling until the 2015–2016 season. In addition, significant
weather events at times, including excessive rainfall or severe
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FIGURE 3 | Continued

winds, made it impossible to access some sites and set traps,
forcing the team to trap at alternate sites. In this paper we
use aggregated adult female mosquito population collection
numbers sampled during the project period to compare to
the 5-year variability in climate conditions. The vector data
presented in this paper are adjusted for trap effort. Trap effort

was summarized as the number of hours the trap was open
multiplied by the number of traps that were set. For instances
where the time the trap was open was not available, the median
of all available data was used. Number of traps was available for
all data. Thus, the adult female mosquito numbers were divided
by this trap effort (hours trap was open multiplied by number of
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FIGURE 3 | Seasonal anomaly patterns of rainfall, normalized difference

vegetation index, and land surface temperatures for epizootic seasons

(2009/2010, 2010/2011) and study post-epizootic/interepizootic period

seasons from 2014–2019. Seasons are defined by early

(September–November: SON), mid (December–February: DJF), and end

(March–May: MAM). Rainfall and normalized difference vegetation index

anomalies are expressed as percentage departures while land surface

temperatures are expressed as absolute departures from the respective

seasonal long-term means.

trap sets) for summary numbers of adult female mosquitoes, and
this trap effort was included as an offset in modeling the adult
female mosquito number.

Data Analysis
Satellite Data Treatment
We processed, mapped, and subset all satellite rainfall, LST,
and NDVI data within the study region extent (28S−30.45S,
24E−26.65E). For each climate variable, we computed both daily
and monthly long-term means and corresponding absolute and
standardized anomalies. We also examined the growing/rainfall
season conditions by calculating seasonal anomalies. For the
growing season we divided the season into early (September–
November; SON), peak (December–February; DJF), and end
(March–May; MAM) to examine the evolution of growing
conditions, classified as below-normal, normal, and above-
normal. For given vector sampling locations we tracked the
seasonal growing conditions of the location using the seasonal
rainfall cumulative metric by comparing the daily cumulative
rainfall against the daily long-term mean. Daily cumulative
rainfall values above the daily long-term mean values are a proxy
for potential flooding of dambos/pans and therefore conducive
to the emergence and propagation of vectors in general, but
RVFV vectors in particular (27, 28). In all cases, at monthly
or seasonal time scale we have calculated anomalies using two
complementary methods as:

(a) Absolute anomalies x′ = x − x

(b) Standardized anomalies z =
x−x
sx

=
x
′

sx

Where x′ is the anomaly for a given month (e.g., January)
or seasonal anomaly (DJF), x the absolute values of a
given month or season, the respective long term means or
climatology values of the respective month and season, z the
standardized anomaly or z-scores for a given month or season,
and sx the corresponding standard deviation. The effect of
standardization is to remove influences of local variability so
we can compare the difference over space and over time from
the different climate measurements (29). Results of absolute
anomalies are presented in Figure 3 and the standardized
anomalies are given in the Supplementary Figure 2. For ease
of interpretation by the reader, we have expressed absolute
anomalies as percentage departures from the long-term mean
for rainfall and normalized difference vegetation index metrics.
Anomalies during the epizootic/period (2009–2010, 2010–2011)
are included for reference purposes representing the most recent
epidemic/epizootic period.

Vector and Climate Data Analysis
To investigate the relationship between vector populations and
climate/environmental data, we employed a negative binomial
regression model of the form,

Mf = Rainfall+NDVI+ LST+Offset

where Mf is the number of adult female mosquitoes and Offset
is the number of hours the traps were open (or median)
∗ number of traps, to compare monthly rainfall, monthly
normalized difference vegetation index, and monthly land
surface temperature with total adult female vector populations
sampled over the entire region. As the outcomemeasure, number
of adult female mosquitoes, is a count variable, we employed
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FIGURE 4 | Contrasting conditions in and around Meadows pan habitat

(location shown in Supplementary Figure 1). [(A)-top] severe drought

conditions in March 2016 at the peak of the growing season (rainfall total:

∼75.82mm, long-term mean: 109.65mm; normalized difference vegetation

index: ∼0.28, long-term mean: 0.44; land surface temperature: 34.6◦C,

long-term mean: 31.9◦C), [(B)-middle], desiccated dambo/plan floor during

the same time period, and [(C)-bottom] March 2018: vegetation growth after

sustained wet conditions (rainfall total: ∼182.80mm, long-term mean:

109.65mm; normalized difference vegetation index: ∼0.51, long-term mean:

0.44; land surface temperature: 28.04◦C, long-term mean: 31.9◦C).

a negative binomial regression approach with an offset for trap
effort. The model structure maintains the data as count data
with the negative binomial approach, and inclusion of the offset
accounts for varying “rates” of mosquito capture—instances in
the field data collection where number of traps or hours the
trap was open might have varied from collection to collection
based on field conditions—which would impact the number
of mosquitoes caught at each collection time point. The offset
employed in this model is a composite of both how long the trap
was open and the number of traps that were set. For records in
which the number of hours the trap was open was not present,
we took the median of available data and multiplied that by the
number of traps that were open during that collection time point.
Complete data were available for number of traps set for all data
collection time points.

RESULTS

Spatial and Temporal Patterns of Climate
Anomalies
We first examined the spatial patterns in climate variable
anomalies. In order to reduce the amount of data to examine
we show the patterns by season: early season (September–
November), mid-season (December–February), and end season
(March–May). Geographic patterns of absolute anomalies for
the study area are presented in Figure 3 (see standardized
anomalies in Supplementary Figure 2 for reference). Anomalies
during 2009–2010 and 2010–2011 are included for reference
purposes, representing the recent epidemic/epizootic period.
The patterns show that the epizootic period was dominated
by an early start (2009–2010) to the season with favorable
conditions for RVFV vectors during SON 2009 (widespread
rainfall, above normal vegetation conditions and cooler than
normal land surface temperature) that propagated into the mid-
season (DJF) and further enhancement of these conditions in
the last quarter of the season (MAM) for both vegetation
and land surface temperature. The 2010–2011 epizootic period
had a delayed start of the season but the rest of the season
from December 2010 to May 2011 had enhanced and favorable
conditions for the emergence of RVFV vectors and subsequent
outbreaks as shown in Figure 1. During the study period 2014–
2019, classified as post-epizootic/interepizootic period, the study
region has been dominated by below normal rainfall, drier
than normal vegetation conditions, and above normal land
surface temperatures. The exceptions to this general pattern
are: early-season during the 2014–15 season (SON2014), mid-
season (DJF) in the 2016-2017 season, and late seasons in 2017–
2018 (MAM2018) and 2018–2019 (MAM2019). The drier than
normal conditions during this period reached a record low
during the mid-season (DJF) 2015–2016 period with rainfall
60–80% below normal, normalized difference vegetation index
∼80% below normal, and land surface temperatures up to
+20◦C above normal over most of region (Figure 3). The
contrasting patterns of land surface conditions during this post-
epizootic period are best illustrated by field work evidence as
shown in Figure 4. In drought years as shown in Figures 4A,B,
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FIGURE 5 | Anomaly time series of rainfall, land surface temperature and normalized difference vegetation index for the period 2009–2019. The Rift Valley fever

epizootic period (2009–2011) is shaded in dark grey and shows predominantly above normal rainfall, lower than normal land surface temperatures, and above

normalized difference vegetation index and opposed to the interepizootic/post-epizootic period (2012–2019) with lower than normal rainfall and normalized difference

vegetation index and persistence of higher than normal land surface temperatures marked by the extreme drought of 2015–2016. The dotted line shows the

approximate timing of the isolated outbreak during 2017–2018 growing season.

due to excessive livestock herbivory, there is no vegetation
cover outside wetlands, and even in certain pan habitats, all
wetlands vegetation, which is generally considered impalatable,
is totally grazed, which would result in NDVI of 0 or near 0
representing bare soil or scant vegetation cover. The amount
of vegetation cover—density, and the type of vegetation—
wetland species adapted to anaerobic conditions, are important
as habitat for mosquito vectors. While NDVI is useful when
correlated with rainfall, it is of specific importance for the

mosquito vectors as they require wetland vegetation which,
in the pans and palustrine habitats in the Free State, is
embedded in the surrounding vegetation, and far more limited
in extent. Because wetland vegetation is so limited in size
in the Free State, green up in vegetation surrounding pan
habitats is prominently detected from background by satellite
measurements of vegetation photosynthetic capacity represented
as high NDVI. Figure 4C illustrates this with the recovery
and vegetation growth after sustained wet conditions in March
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FIGURE 6 | Daily cumulative rainfall time series trajectories for epizootic period

(2010/2011; green) and interepizootic period (average of 2014–2019; blue)

compared to the daily long-term mean rainfall (red) for six selected study sites.

The epizootic season (2010–2011) shown in green, was above the long-term

mean, with a rainfall excess ranging between ∼200 and ∼600mm across

study sites by May. The study post-epizootic/interepizootic period shows

persistently below normal rainfall with a shortfall of ∼100mm by May across all

study sites.

2018 during the 2017–2018 growing season (Figure 3: March–
May 2018).

The area averaged climate anomaly time series for the region
shown in Figure 5 illustrate that the post-epizootic period 2012–
2019 (study period starts in 2014) has been dominated by below
normal rainfall, above normal land surface temperatures, and
below normal vegetation conditions. This is opposed to the
epizootic period 2009–2011 which was characterized by above
normal rainfall, below normal land surface temperatures, and
above normal vegetation conditions. This figure also illustrates
direct correlation between rainfall and NDVI but an inverse
relationship between these two parameters and LST. It is clear
that during the epizootic period (2009–2011), the intensity of

FIGURE 7 | Time series of aggregate mosquito vector counts (of various

floodwater Aedes spp. and Culex spp.) for the study period September

2014–2019 (top) raw mosquito vector counts (bottom), adjusted mosquito

vector counts accounting for trap effort during the study period. The number

of vectors collected shows an increasing trend over time in concert in the

increase in rainfall improving habitat conditions. Taking into consideration the

trapping effort, 2014–2015 and 2015–2016 seasons had no vectors collected

during this period of severe drought conditions.

the amplitudes and the spread of the base months starting
early 2009 until later 2011 they are ∼18/23 months of above
normal rainfall/NDVI and the inverse LST. When compared
with successive periods in the following years, this pattern is
not persistent enough in magnitude nor of the temporal range
required for a large scale outbreak.

The area average growing season absolute rainfall for two
seasons (2009/2010, 2010/2011) was 50.80mm and for the 5 years
of the study period was 39.4mm. In terms of growing season
cumulative rainfall anomalies, the epizootic period had excess
rainfall on the order of∼+367.50mm compared to a deficit of∼-
266.25mm for the entire post-epizootic growing seasons period
(2012–2019). Supplementary Table 1 shows the study area’s
average metrics for rainfall, normalized difference vegetation
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FIGURE 8 | Time series measurements of rainfall, land surface temperatures,

normalized difference vegetation index anomalies, and adjusted mosquito

vector collections during the study period. Vector collections only became

prominent when rainfall and NDVI were trending toward above normal during

the growing seasons from 2017–2019.

index, and land surface temperature for the entire period from
2012–2019. Examining cumulative rainfall trajectories for six
selected study sites (Supplementary Figure 3), we find that only
2016/2017 and 2017/2018 are near normal and slightly above
normal rainfall toward the end of the season. Other than that,
none of the growing seasons during the study period exhibited
persistent above normal rainfall that was sufficient enough to
create ideal conditions to trigger an outbreak as was the case
during the epizootic period in 2010/2011. In totality, the daily
cumulative rainfall trajectories for the selected study sites indicate
that there is a clear and contrasting difference between the
epizootic (2010/2011) and study/post epizootic period (2014–
2019) rainfall conditions (Figure 6) that is also reflected in other
climate metrics.

TABLE 1 | Regression results of female adult vector populations and rainfall,

normalized difference vegetation index (NDVI), and land surface temperature (LST).

Variable Estimate Std. Error p-value

Rainfall −0.00281 0.01419 0.843

NDVI 12.55334 5.53645 0.023*

LST 0.14202 0.05395 0.008*

* indicates a statistically significant result at the 0.05 level.

Adjusted R-squared: 0.273.

Implications for Vector Populations
A time series of the total monthly mosquito vectors collected
and the corrected for trap effort during the study period are
shown in Figure 7 and indicate an increasing trend over the 5-
year period. Low numbers of vector populations were collected
during the 2016–2017 seasons, with the lowest/none during the
2015–2016 period after adjustment for trap effort during the
great desiccation period. However, since the 2016/2017 growing
season there has been an increase in the number of vectors
collected with the highest adjusted numbers during the 2018–
2019 growing season. These patterns mirror the trends in climate
variables shown in Figures 5, 8 especially for rainfall and as
reflected in spatial patterns in Figure 3. A negative binomial
regression analysis of climate variables averaged for the entire
study region (rainfall, normalized difference vegetation index,
land surface temperature as independent variables) and vector
populations (dependent variable) for all growing seasons under
study shows that, at the monthly time scale, both NDVI and LST
are significantly positively correlated with vector populations,
while rainfall is negatively, and not significantly, correlated
(Table 1, adjusted R-squared 0.273). NDVI, LST and Rainfall
were not collinear. To assess whether there was any seasonal
time trend in the data, we incorporated a smooth function
for season into the model of mosquito abundance using the
mgcv package in R statistical software and compared the two
models by AIC. The model without the smooth for season had
the lower AIC and is thus the model we chose. Interestingly,
the estimate for NDVI was substantially higher than the others
in the model, indicating a strong positive relationship between
NDVI and number of adult female mosquitoes. Since NDVI is a
linear function of rainfall in semi-arid areas like the study area
(30), it captures the memory of previous and present rainfall
events including all surface conditions. It has been shown that
environmental temperatures of 25◦C−30◦C are ideal for the
propagation of Rift Valley fever and other disease vectors (31,
32). This is also reflected in land surface temperature shifts
during the Rift Valley fever outbreaks (21). As can be noted in
Figure 9 as an example, comparing the aggregate climate variable
conditions for land surface temperature between the epizootic
(2011 January–March) and the interepizootic (2016 January–
March) periods, temperature distribution shifts leftwards to
∼26◦C–∼33◦C during the epizootic period, while during the
post-epizootic/interepizootic period, the distribution shifts right
of climatology to ∼36◦C−44◦C. We performed a t-test to
determine the significance of the differences in means between
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FIGURE 9 | Climate variable distribution comparisons between Rift Valley fever epizootic period (January–March 2011) (top) and post-epizootic period

(January–March 2016) illustrates clear shift to the right of the long-term mean distribution (in rainfall and normalized difference vegetation index) and to left (land

surface temperature) during the epizootic period. The distribution shifts are reversed during the interepizootic period. The gray bars represent the long-term mean

distribution for each variable.

the peak seasons (January–March) of the two representative
years for epizootic period against the interepizootic year (null
hypothesis H0: means are the same, alternative HA: the means
are different) for all the climate variables. Results indicate that we
reject the null hypothesis, as indeed the means differ significantly
between epizootic (2010, 2011) and post-epizootic/interepizootic
year (2016) at 95% confidence level. The former conditions
favor the emergence and propagation of large populations of
Rift Valley fever vectors. Supplementary Figure 4 also illustrates
that for the entire study region, rainfall is consistently below
or near the long-team mean during this post-epizootic period
unlike the above normal rainfall conditions during the epizootic
period. In addition, peak rainfall is shifted later into the
season and has two peaks in February and April during the
interepizootic period, which differs from the peak of January
for both the climatology and the epizootic period. Accordingly,
the normalized difference vegetation index is consistently below
normal during the post-epizootic/interepizootic period and
only approaches the long-term mean toward the end of the
season in concert with rainfall. Land surface temperatures are

correspondingly consistently above the long-term mean for most
of the entire growing season, conditions only reach below 30◦C
in April and May, and it is therefore no surprise that the bulk of
vectors collected throughout the entire study period are in May
(Supplementary Figure 5). This shift in the combined climate
and ecological conditions may explain the cryptic and localized
outbreak that occurred during this interepizootic period in the
southwest corner of the study region in May 2018 (Figures 1, 5)
(33, 35).

SUMMARY AND CONCLUSIONS

The post-epizootic period has been characterized to a large extent
by below normal rainfall, poor vegetation conditions, and above
normal land surface temperature during the growing/rainfall
season (September–May). These conditions are dramatically
exemplified by the nadir during the 2015/2016 growing
season with low rainfall, depressed vegetation conditions, and
abnormally high land surface temperatures. For the entire
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study period, rainfall and normalized difference vegetation index
have peaked later in the season in April; a month or two
later than average. The conditions have implications for vector
abundance both through space and time: a small population
of vectors was collected in 2014–2016/17 seasons; only until
later in the study period have we had an increased number
of collections. Also given that conditions have been peaking
later in the season, thermal conditions have not been favorable
for propagation of large numbers of vectors with early and
mid-season land surface temperatures measuring above 30◦C.
This aspect may partly account for the localized outbreak in
April 2018 late in the growing season. As a whole; during
the post-epizootic period, we can conclude that conditions
have not been favorable for large scale regional Rift Valley
fever activity.

Field observations have also shown us that the Free State
region is a complex landscape, with numerous potential
habitats—land of 10 000 pans (34)—both natural and artificial.
In this respect, large-scale monitoring of drivers of climate
variability such as ENSO and monitoring of proximate regional
environmental indicators (rainfall, NDVI, soil moisture, etc.)
to detect specific shifts in patterns can support targeted vector
surveillance in high-risk areas and concurrent vaccination
campaigns. This will be an effective method to prevent and
control RVF and minimize the scale of costs and damage such
as those during and after the 2009–2011 epizootic period. Under
large-scale flood conditions, it would be impossible to manage
or control an outbreak; most farmers will not be reached due
to unnavigable road networks. Given the critical importance
of agriculture and livestock farming, in particular to South
Africa’s economy and to rural livelihoods, it is imperative that
the livestock agricultural industry, in partnership with the South
African government, strategizes on a consistent farmer support
plan of annual vaccination of the young animals using Smithburn
vaccine (provided there are no cold chain issues). This will
eliminate the chance of devastating outbreaks. If this were
to become standard practice, it would improve and enhance
the prospects of animal production to the advantage of South
Africa’s domestic and export markets and reduce the chance of
a large-scale devastating outbreak event.
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High Occurrence Among Calves and
Close Phylogenetic Relationships
With Human Viruses Warrants Close
Surveillance of Rotaviruses in
Kuwaiti Dairy Farms
Mohammad A. Alotaibi 1*, S. Al-Amad 1, Ali Chenari Bouket 2, H. Al-Aqeel 1, E. Haider 1,

A. Bin Hijji 1, Lassaad Belbahri 3 and Faizah N. Alenezi 4

1 Biotechnology Program, Environmental and Life Sciences and Research Center, Kuwait Institute for Scientific Research,

Kuwait City, Kuwait, 2 East Azarbaijan Agricultural and Natural Resources Research and Education Center, Plant Protection

Research Department, Agricultural Research, Education and Extension Organization (AREEO), Tabriz, Iran, 3 Laboratory of

Soil Biology, University of Neuchatel, Neuchatel, Switzerland, 4 Jaber Al-Ahmad Armed Forces Hospital, Kuwait City, Kuwait

Rotavirus, one of the main pathogens causing morbidity and mortality in neonatal dairy

calves worldwide, is responsible for 30–44% of cattle deaths. It is considered to be

the most common etiologic agent of diarrhea in neonatal dairy calves and children,

the dominant type being group A. Two hundred seventy animals from 27 farms from

2 regions of Kuwait were tested for the presence of Rotavirus serogroup A (RVA)

using latex agglutination test (LAT) and reverse transcription–polymerase chain (RT-PCR)

testing. RVA non-structural proteins NSP1-2, NSP4-5 and capsid protein genes VP1-7

were characterized by next generation sequencing. LAT was positive in 15.56% of the

animals, and RT-PCR in 28.89%. Using RT-PCR as a reference method, LAT was 100%

specific but only 83.33% sensitive. ANOVA analysis showed correlation only with the

location of the farms but no significant correlation with the age and sex of the animals.

Although there was a tendency of clustering of RVA positive animals, it did not reach

statistical significance (p= 0.035 for LAT). The phylogenetic analysis showed that Kuwaiti

isolates of group A rotavirus clustered with human rotaviruses. Taken together, it seems

that rotavirus was present in most of the dairy farms in Kuwait. The high occurrence

of the virus in calves in Kuwaiti dairy farms and the close phylogenetic affinity with

human isolates warrants urgent action to minimize and control its spread between calves

in farms.

Keywords: rotavirus, Kuwait, calves, RNA, phylogenetic RVA
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INTRODUCTION

Neonatal and young calve’s diarrhea (NCD) is a common
syndrome and major health issue in the livestock industry,
worldwide, resulting in both short- and long-term economic
consequences that stem from increased morbidity and mortality.
Decreased growth rate, increased caring needs, prolonged calving
time, and incidental death are the main causes of the substantial
increase in the overall costs of treatment and present a serious
obstacle for a sustainable livestock industry. Given that in many
countries this industry is amajor economic resource, the constant
monitoring of livestock health is of paramount importance.
Moreover, as the industry is constantly growing due to the high
demand for cattle meat, milk, andmilk products, the requirement
for verified, consistently healthy animals is increasing.

The main etiological agent for bovine diarrhea is rotavirus
A (RVA), a species of a double stranded RNA virus family, the
Reoviridae, that acts and transmits through the gastrointestinal
route. Full genomic classification has revealed a common origin
for porcine, bovine and human rotavirus strains (1, 2). As with
all zoonoses, the virus moves back and forth from the human
caregivers to the animals and vice versa, creating a constant open
pool of new infections (3). Furthermore, the transmission within
the same farm imposes the immediate and timely sequestration
of the infected animals, before creating viral outbreaks that
affect the whole herd. Moreover, there is evidence of interspecies
transmission, such as from goat to cattle (4).

RVA infections are a constant health issue across the cattle
farming industry, worldwide. A decade-long study, in Brazil,
revealed that the RVA cattle infection rate remains constant
through the years, despite the progress in our understanding
of health epidemiology, the worldwide compliance clauses and
the rigorous animal testing (5). In Uruguay, a large dairy
and beef producer, RVA infection occurrence in calves reaches
57%. Additionally, there was a statistically significant difference
between dairy (59.5%) and beef calves (28.4%), while diarrhea
was associated with higher viral load (6). In Northwest Argentina
the reported occurrence was 63% in dairy farms, while in beef
herds the occurrence was 40% (7). In Bangladesh, RVA RNA was
detected in only 6.2% of all cattle tested (8), while in India the
reported RT-PCR positivity was 10.19% (9).

In Kuwait, the Public Authority of Agriculture and Fisheries
(PAAF), reports approximately 9,004 dairy cattle, with a
production rate of 19.78 liters/cow (10). RVA infection has been
constantly impacting severely the Kuwaiti livestock, with a mean
calf mortality of almost 44% (11). Indeed, in previous RVA
outbreaks, the mortality rate reached almost 90% in some farms
(12, 13), with a cost of $252 per year per dead calf (14).

The present study aims to assess the current occurrence of
rotavirus A infection in Kuwaiti cattle livestock, using the routine
diagnostic tools that are used in real life situations (namely
agglutination and RT-PCR), as well as novel next generation
sequencing (NSG). We believe that this study will update the
current situation of livestock in the country, help promote
RVA surveillance and awareness campaigns and assist animal
health authorities and policy makers draw up relevant guidelines
and recommendations.

MATERIALS AND METHODS

Sampling
Fecal samples (triplicates) from 10 random calves, each <1-year
old, were collected from 27 randomly selected farms from
two regions, namely 25 from Sulaibiya (north) and 2 from
Kabed, during a period of 12 months (January-December 2016),
resulting in a total of 810 samples. Sulaibiya is a major livestock
region, where 47 dairy farms and the Kuwait Cattle Research
Centre of the Public Authority for Agricultural Affairs, and Fish
Resources are located.

Samples of calve’s feces were collected, randomly, regardless
of the calf health condition or the presence/absence of any
symptoms. The total number of calves in dairy farms was 852.
Upon which the samples size was calculated to be around 265
and was rounded to 270 to test 10 calves from each farm so that
we could achieve a statistical accuracy of 95% and a confidence
interval of+/−3.45%, was calculated (15, 16).

Latex Agglutination
Approximately 10 g of calf feces was suspended in 5ml of
phosphate buffered saline solution, mixed by vortexing 30 sec,
then 2 drops of fecal suspension were placed into a specific well,
in order to perform latex agglutination (LAT) RVA detection,
using the LTA kit Virotect-Rota, (Omega Diagnostics Ltd, UK),
according to supplier instructions.

RNA Extraction
RNA was extracted using QIAamp Viral RNA Mini Kit
(QIAamp Viral RNA Mini Kit, 52906, Qiagen, UK). Viral RNA
extraction was performed according to the manufacturer and
has been previously reported (17). The total extracted viral RNA
was quantified spectrophotometrically by Nano-drop (18) to
determine purity and concentration, then aliquoted and stored
at−80◦C, until further use.

RT-PCR
RT-PCR amplification was performed to detect RVA capsid VP7
RNA sequences, using the primers previously described. RT-PCR
was first optimized to ensure the highest sensitivity (17). Briefly,
2 µl of RNA extract were reverse transcribed and amplified in a
25 µl one-step reaction for 35 cycles. The resulting amplicon was
expected to be 257 bp, and it was visualized by gel electrophoresis,
using 1.2% gel agarose with 0.05% ethidium bromide.

NGS of the RVA
For NGS, the non-structural proteins NSP1-2, NSP4-5 and
capsid protein genes VP1-7 were selected. RNA sample
concentration was adjusted to 100 ng. An RNA library was then
generated using NEBNext R© Ultra RNA Library Prep Kit for
Illumina (New England Biolabs, UK) following manufacturer
recommendations. After library quality assessment using a
Bioanalyser (Agilent Technologies, UK), sequencing was carried
out on a MiSeq sequencer (Illumina, UK). MiSeq reporter
software (Illumina, UK) was then used to mine the generated
data. Reads were aligned with the sequence of targeted rotavirus
non-structural proteins NSP1-2, NSP4-5 and capsid protein
genes VP1-7 and consensus sequences of the protein genes used
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as reference sequences in CLC Genomics Workbench (CLC bio,
UK). The assembled gene sequences were compared to reference
rotavirus gene sequences using the ClustalW program within
MEGA 5.05 package (19). Using PhyML version 3.0, phylogenetic
trees were constructed (20) and p-distances were calculated in
MEGA 5.05 to determine the similarities of the genes to reference
strains in GenBank.

Statistical Analysis
Sensitivity, specificity, positive (PPV) and negative (NPV)
predictive values were calculated as described at https://www.
medcalc.org/calc/diagnostic_test.php.

The data were analyzed using the free access statistical
software Jamovi 1.8.2.

RESULTS

Study Population
The characteristics of the participating animals are summarized
in Table 1. The animal’s ages ranged from 7 to 150 days with a
mean of 45.03 days. Since these are dairy farms, most animals
were female (n= 209) with only 61 males.

Presence of RVA Viral Infection
Out of the 270 animals 42 were positive for LAT (15.56%),
almost double were positive for RT-PCR (28.89%). All LAT
positive samples were RT-PCR positive, accounting for a strong
correlation (p < 0.001), but the reverse does not apply. All
triplicates showed the same result; thus, reproducibility of both
LAT and PCR is 100%. Figure 1 illustrates an example of RT-PCR
for 12 samples.

Considering PCR as a reference method, the LAT sensitivity
was 83.33% (73.62 to 90.58%) and specificity is 100.00% (97.97
to 100.00%). The PPV was 100.00%, while the NPV was 93.66%.
Therefore, the accuracy of LAT was 95.19%.

Another observation from Table 1 is that RVA positive cattle
are clustered in specific farms at least as far as the LAT test
is concerned. However, there seems to be no correlation with
individual farms (p = 0.035 for LAT; p = 0.264 for RT-PCR),
although it seems that the farm location is significant (p < 0.001
for both LAT and RT-PCR), with Kabed being associated with
higher viral presence (Table 2). The small number of Kabed farms
mandates that this correlation should be further tested and not be
generalized. Moreover, sex is not correlated with RVA infection
(p = 0.027 for LAT; p = 0.446 for RT-PCR). Age also does not
correlate with RVA infection (p = 0.129 for LAT; p = 0.133
for RT-PCR).

Phylogenetic Analysis of Kuwaiti RVA
Strains
All generated sequences have been submitted to GenBank
(MH717372, MH717373, MH717374, MH717375, MH717366,
MH717367, MH717368, MH717369, MH717370 and
MH717371) (Table 3). Blast analysis of rotavirus non-structural
proteins NSP1 clearly showed strong similarity with RVA NSP
1 sequences from Ireland (GQ428136), Turkey (KX212886),
Thailand (LC367320) among numerous other matches.

TABLE 1 | RVA infection in male and female calves, by LTA and RT-PCR.

Age (days)

Farm no Range Mean F/M Ratio LTA (+) RT-PCR (+)

1 25–90 42.0 8/2 0 3

2 30–90 51.0 8/2 0 3

3 20–120 51.0 8/2 0 0

4 20–90 54.5 8/2 1 5

5 10–150 57.0 10/0 2 4

6 20–150 72.0 10/0 1 3

7 20–25 22.0 10/0 7 10

8 8–60 25.5 5/5 10 10

9 20–60 32.0 9/1 0 1

10 20–60 34.5 9/1 0 2

11 20–75 37.0 7/3 0 0

12 7–75 36.7 7/3 0 1

13 20–75 35.5 6/4 0 0

14 15–69 44.6 6/4 1 1

15 15–75 55,0 8/2 0 0

16 7–150 38.8 9/1 0 0

17 30–120 68.0 6/4 0 0

18 20–50 37.0 10/0 0 0

19 30–90 68.0 10/0 0 0

20 30–75 54.5 10/0 0 0

21 15–30 23.7 3/7 0 0

22 15–45 25.5 9/1 0 0

23 15–90 53.5 7/3 0 0

24 25–45 36.0 6/4 0 6

25 10–30 21.5 8/2 4 8

26 20–150 61.5 8/2 9 10

27 30–120 77.5 4/6 7 10

Total 209/61 42 78

Phylogenetic analysis of Kuwaiti isolates of rotavirus group
A gene sequences using either non-structural protein NSP4 or
capsid protein genes VP4, 6 and 7 in single gene trees allowed
confirmation that Kuwaiti isolates of rotavirus group A cluster
with rotavirus group A isolates collected around the world.
NSP4, VP4 and VP7 sequences showed close relationships with
bovine isolates of the rotavirus, while NSP4, VP4, VP6 and VP7
additionally suggest close relationships with rotavirus isolates
of simian, porcine, avian and human origins. Phylogenetic
analysis using concatenated NSP4, VP4, VP6 and VP7 gene
sequences unambiguously documented the close relationship of
the Kuwaiti isolates with rotaviruses of human origin (Figure 2).
The sequencing was performed for 10 samples from the 2 farms
in Kabed and the 8 from the Saulibiya were sequenced, that
covered all locations.

DISCUSSION

Rotavirus in calves in Kuwait represents a major challenge to
dairy producers, since it is one of the contributing reasons that
leads to a high rate of economic losses, e.g., in Kuwait $252
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FIGURE 1 | Agarose gel electrophoresis of RT-PCR DNA product of calve’s fecal samples following RNA extraction and controls. Lane M: DNA ladder 100 bp, Lanes

1–12: samples; (+ve) RT-PCR RVA positive control; (−ve) RT-PCR negative control. RT-PCR dsDNA product size 257 bp.

TABLE 2 | Non-parametric ANOVA correlation statistics (Kruskal-Wallis).

LTA (+) RT-PCR (+)

x2 p-value x2 p-value

Age 2.30 0.129 2.261 0.133

Sex 4.88 0.027 0.581 0.446

Farm Code 4.45 0.035 1.245 0.264

Farm Site 68.04 <0.001 52.972 <0.001

per year per dead calf (14). The livestock industry is growing in
Kuwait due to high domestic demand for cattle meat, milk and
milk products. The annual production of milk is 4,500 l/cow and
the total number of cattle in Kuwait is 27,000 (12). Calf mortality
is one of the major limiting factors for the sustainable growth of
livestock industry, and sometimes the mortality rate could reach
up to 90% in some farms in Kuwait (12). Infectious diseases are a
major cause of mortality. Rotavirus is a high-risk pathogen if not
treated well in advance, and calf mean mortality in Kuwait was
found to be 44% (11, 14).

In Kuwait, a study of calf mortality was performed in 2001 by
Razzaque et al. (14) who reported high mean calf mortality rates
as follows: 44% in preweaned calves, while in some improperly
managed farms, the mortality rate reached 90%. The high
mortality rate of calves, which led to a livestock and financial
loss for the farmers, was shown to be due to pathogens, detected
using immunological methods, causing diarrhea, pneumonia,
and dehydration in calves. The detected pathogens included
rotavirus as well as bacteria (Salmonella, E. coli, and Pasteurella).
The calculated financial loss in Kuwait per dead calf was $252

(14). The study also indicated that the farmers do not provide
proper protection for their calves, such as vaccination, or use
biosecurity measures, such as the isolation of infected calves.
The lack of these measures has led to a major problem in the
management of cattle farms in Kuwait. If the infected calves
recover from rotavirus infection, they will suffer from health
problems, e.g., loss of weight and deficiency in providing milk
(12). In addition to the significant losses through calves dying, the
farmers lose even more by importing replacement heifers from
outside Kuwait to compensate for their shortage (12).

The present study focuses on the presence of RVA in the dairy
farms of Kuwait. The occurrence of RVA in cattle is an ongoing
process, because of its paramount importance for the livelihood
of the cattle industry. Our study was based on the random
selection of the calves, regardless of symptoms, and therefore the
observed occurrence is a screenshot of the actual virus occurrence
in the country.

A recent study from India showed 20.34% of diarrhoeic cattle
aged 0–3 months were RVA positive (21). In another Indian
study, from a different area, the diarrhoeic animals showed an
RVA occurrence of 13.11% (9). In the same study the percentages
of LAT and RT-PCR are comparable, which is not the case in our
study. Our results show an RVA occurrence of 15.56 and 28.89%,
for LAT and RT-PCR testing, respectively. The discrepancy of
these methods has been observed previously (22). Most studies
report a higher percentage for the LAT test and the highest
specificity for the RT-PCR (23), whilst in our study LAT positive
results were all confirmed by viral genome detection, resulting in
a very high specificity.

Despite the known shortcomings of LAT testing, it is a useful
approach because of its convenience, low price, and possibility of
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FIGURE 2 | Neighbour-joining phylogenomic tree of veterinary important viruses including KWT-KISR-MHMD isolate (A) using NSP4, VP4, VP6 and VP7 genes

separately and (B) concatenated (NSP4+VP4+VP6) genes. DQ005115, D13394.1, AY947543, D82979 and RVA/Human-wt/BEL/B4106/2000/G3P14 were used as

outgroups, respectively. Supports for branches were assessed by bootstrap resampling of the data set with 1000 replications.
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TABLE 3 | Rotavirus group A Kuwaiti isolate gene sequences and their accession

numbers.

GenBank accession number Gene location

MH717372 NSP1 gene, partial cds

MH717373 NSP2-like gene, complete sequence

MH717374 NSP4-like gene, partial sequence

MH717375 NSP5-like gene, complete sequence

MH717366 VP1 capsid protein gene, partial cds

MH717367 VP2 capsid protein gene, partial cds

MH717368 VP3 capsid protein gene, partial cds

MH717369 VP4 capsid protein gene, partial cds

MH717370 VP6 capsid protein gene, partial cds

MH717371 VP7 capsid protein gene, partial cds

use in the field by non-specialized personnel (24). Nevertheless,
our results showed a lot of missed animals, and thus reveal
potential sources of viral spread and farm contamination. ELISA
is another alternative with a good correlation to RT-PCR testing
(25), but requires a laboratory setting to be conducted.

Another observation of our study was that if one animal is
found positive with either technique, the possibility of having
more infected animals within the same herd is quite large.
It was obvious from our results that there were clusters of
infection, while very few farms were virus free. We also found
that one region had significantly higher occurrence of the
virus than the other, however, the under-representation of the
second region might account for skewed results. Overall, the
detected RVA presence within our farms is quite high and further
measures to contain the viral spread should be implemented (17).
Vaccination of cattle has been proven to be beneficial against
RVAG6 as this genotype does not appear in calves born by
vaccinated mothers. Additionally, it is known that vaccination
against RVA reduces the incidence of diarrhea independent of
infection genotype (26). Current research has demonstrated a
possible way of passive immunization of cattle with anti-bovine
RVA immunoglobulin yolks (IgYs) from hens immunized with
the two RVAs with different genotypes [G6P (5) and G10P
(11)]. If it is confirmed, it will provide another tool against
RVAs (27).

Phylogenetic analysis using concatenated NSP4, VP4, VP6
and VP7 gene sequences showed that they were all clustering
within the RVA strains, having a 94% nucleotide sequence
similarity. The presence of only one strain may be explained
by the small size of the country and the relatively small
cattle population, compared to bigger exporters and breeders
worldwide. Moreover, there was a sequence affiliation with
rotaviruses of human origin, suggesting a zoonotic transmission.
Rotaviruses are known to have wide host range, infecting
many animal species as well as humans. RVA groups A to
C have been shown to infect both humans and animals.
A study in Iran also highlighted the possibility of mixed
rotavirus infections, in a percentage as high as 30.4% (28).
A study in India, using human rotavirus specific primers,
found that 2 / 230 sheep, goats and neonatal lamps fecal

samples were positive for group A rotavirus (29). Given
that the region with the highest occurrence in our study
is known for sheep farming, we cannot exclude interspecies
transmission. In Turkey, 55.33% of sheep have tested positive
for RVA (30), while a similar study in Spain showed 42.6
% to harbor a mixed infection (31). The most commonly
detected strains in both human and animals are G2, G3, G4,
and G9, P (3).

Whilst we made sure to have a statistical validation of our
sampling, nevertheless we were not able to collect samples from
all dairy farms of Kuwait. Therefore, we cannot generalize our
findings to the whole country. However, our results provide
enough proof that rigorous preventive screening of cattle,
nationwide, is imperative. Another limitation is that Kuwait is
a rather small country, thus the livestock population is also
limited. Big studies are therefore limited by the size of the
state. The proximity of Kuwait to other large international cattle
producers (e.g., India) makes our findings valuable, as trans-
border infections are possible.

The present study provides baseline data for occurrence
of group A rotavirus in calves under 1 year of age in
Kuwait. Further in-depth studies are required to determine
any correlation of the calve’s viral strain with the human
viral strain.

CONCLUSION AND RECOMMENDATIONS

Rotavirus is highly present all the year in calves regardless of the
animal’s location in Kuwait, and the virus should be included in
detection and control programs by farmers and Public Authority
of Agriculture and Fisheries Resources (PAAFR).

LAT could be used by farmers because of its
simplicity, rapidity, and low cost when compared with
molecular techniques.

Since there are advantages of LAT, it is recommended to use it
for initial screening of rotavirus in dairy farms, and if there is a
positive sample(s) in a farm, extend the detection using RT-PCR
in all calves in the same farm to determine the precise number of
calves infected with the virus.

Rotavirus screening is recommended to be in the list of
pathogens by PAAFR for all dairy farms in Kuwait.
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Targeted sampling reduces the
uncertainty in force of infection
estimates from serological
surveillance

Kiyeon Kim and Kimihito Ito*

Division of Bioinformatics, International Institute for Zoonosis Control, Hokkaido University,

Sapporo, Japan

Age bins are frequently used in serological studies of infectious diseases in

wildlife to deal with uncertainty in the age of sampled animals. This study

analyzed how age binning and targeted sampling in serological surveillance

a�ect the width of the 95% confidence interval (CI) of the estimated force

of infection (FOI) of infectious diseases. We indicate that the optimal target

population with the narrowest 95% CI di�ers depending on the expected FOI

using computer simulations andmathematicalmodels. In addition, our findings

show that we can substantially reduce the number of animals required to

infer transmission risk by tailoring targeted, age-based sampling to specific

epidemiological situations.

KEYWORDS

serological surveillance, wildlife, catalytic model, force of infection, confidence

intervals, targeted sampling

Introduction

Serological surveillance monitors how fractions of individuals in a population have

been infected with a specific infectious disease in the past or present. Serological

tests analyze the level of pathogen-specific antibodies in the serum of individuals.

Seroprevalence, the relative frequency of seropositive individuals in the population, helps

us understand the epidemiology of the infectious disease, especially when the disease is

asymptomatic or mildly symptomatic (1, 2). The data from serological surveillance are

used to study the epidemiology of infectious diseases in humans (3), livestock (4), pet

animals (5), and wildlife (6).

With mathematical models, seroprevalence data are analyzed to make an

epidemiological inference. The basic reproduction number (R0) is one of the most vital

epidemiological quantities, defined as the average number of secondary cases arising

from a single infectious individual when it is exposed to a susceptible population (7). The

force of infection (FOI) is another key epidemiological quantity, defined as the per capita

rate at which susceptible individuals acquire infection (7). Various approaches have been

applied to evaluate the FOI of endemic infectious diseases. Examples include the catalytic

model assuming constant FOI within a homogeneously mixed population (8) and linear
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infection model with FOI changing linearly with age (9),

the polynomial infection model that generalizes the linear

infection model (10), and the exponentially damped linear

model assuming an initially increasing FOI and an exponentially

damping FOI with age (11). Using these models, the calculation

of FOI requires the numbers of seropositive and seronegative

individuals coupled with their age.

Currently, the age of domestic animals can be obtained

in most countries. In contrast, the age of animals is inferred

from age-dependent characteristics. For example, the age can be

estimated by assessing animals’ teeth (12–16). These approaches

are applied after anesthetizing or killing the animals, and it is

challenging to apply them to endangered animal species for

their conservation. Some of their ages were obtained by tracking

the animals from birth (17). Furthermore, measurement of

size, weight, gum line recession, wear of a tooth, and tail

length (18, 19) can be used to estimate the age of animals.

Some studies have inferred animal age using the length of

telomere (20) or the percentage of methylated DNA in specific

genes (21).

Age binning is used in epidemiological studies of wildlife.

It can be considered stratified sampling, which divides the

population into homogeneous groups called stratum and

collects samples from the strata (22). It is known that the

variances of estimated quantities from stratified sampling

are smaller than that from random sampling, especially

when each stratum becomes homogeneous concerning the

quantities under study. D’ Amato et al. indicated that stratified

sampling could reduce uncertainty in the mortality projections

under a log bilinear Poisson Lee-Carter model (23). Age

groups in wildlife studies are designed so that animals in

the same age group share the same characteristics, such

as physiology, behavior, and feeding, which affect disease

transmission. The stratification of animals using their age

may reduce the uncertainty in FOI since animals in the

same bin are expected to have the same seroprevalence.

Many studies use stratified sampling across animal ages

for serological surveillance (24–27). Nevertheless, there

is no preceding theoretical work studying the effect of

stratified sampling on the confidence interval of FOI in

serological surveillance.

This study analyzed how age binning and targeted sampling

in serological surveillance affect the width of 95% CIs of

the FOI of infectious diseases. We optimized the age group

from which samples were drawn to minimize the width of

95% CI of the FOI. We assumed a situation where the

exact ages of sampled animals are unknown and/or the age

group from which sampling is allowed is limited. We show

that using computer simulations and mathematical models,

the optimal target population with the narrowest CI differs

depending on the FOI. Moreover, we concluded by discussing

the situations where surveillance targeting a specific age group is

most beneficial.

Materials and methods

Model of seroprevalence

This study used a simple catalytic curve to model the

seroprevalence of infectious diseases under endemic equilibrium

(28). The catalytic model may not be common in the serological

study of wildlife infection. Since our purpose is to investigate

the effect of age binning on the CI of estimated FOI, we

used this model to keep our mathematical model simple. The

model assumes that (1) the population is homogeneously mixed,

(2) FOI λ is constant over all age groups, and (3) infected

individuals acquire a lifelong immunity (28). The proportion

of seropositive individuals at age a, p (a), is approximated by a

simple catalytic curve,

p (a) ≈ 1− exp (−λa) . (1)

Let L be the lifespan of the target animal under surveillance. An

age group of animals can be represented by G (qL, rL), where qL

and rL are the lower and upper bound ages of the age group,

such that 0 ≤ q ≤ r ≤ 1. We set lifespan L to 150 weeks

for the simulations and numerical analysis in this study. We

assumed that all infected animals recover from their infections

and none of them die of the infection. We also assumed that all

animals die at an expected lifespan, called the Type 1 survival

model. Therefore, the ages of animals in the population are

uniformly distributed from 0 to L. Although these assumptions

do not hold for wildlife populations, this simple model provided

an analytically tractable means to evaluate the effect of targeted

sampling on the CIs of estimated FOI.

Simulation of serological surveillance

Serological surveillance focusing on an age group G (qL, rL)

was simulated using samples made up of N animals whose

ages were randomly chosen from a uniform real distribution

ranging from qL to rL. Animal i at age ai was set to be positive

with probability p (ai) and negative with probability 1 − p (ai)

according to Eq. (1). We assume no error in diagnosis, that is,

there is no false-positive or false-negative detection of pathogen-

specific antibodies.

Estimation of λL

From the ages of seropositive and seronegative animals,

FOI λ can be estimated by maximizing the following

likelihood function,

L
(

λ ; a1, . . . , ak, ak+1, . . . , aN
)

=

k
∏

i=1

p (ai)

N
∏

i=k+1

(

1− p (ai)
)

(2)
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where a1, . . . , ak are ages of seropositive animals and

ak+1, . . . aN are ages of seronegative animals.

Let p (qL, rL) be the probability that an animal in G (qL, rL)

is seropositive. From the uniform assumption on the age

distribution, p (qL, rL) is given by

p
(

qL, rL
)

=

∫ rL
qL p (t) dt
(

r − q
)

L
= 1+

exp (−rλL) − exp
(

−qλL
)

(

r − q
)

λL
.(3)

Let k be the number of seropositive samples among a total of

N samples. The FOI λ can be estimated by maximizing the

likelihood function of λ given by

L
(

λ ;N, k
)

=

(

N

k

)

(

p
(

qL, rL
))k (

1− p
(

qL, rL
))N−k

. (4)

In the case we draw samples from m age groups, the likelihood

function is represented as a product of Eq. (4) as follows:

L
(

λ ;N1, . . . ,Nm, k1, . . . , km
)

=

m
∏

i=1

(

Ni

ki

)

(

ppos
(

qiL, riL
))ki (1− ppos

(

qiL, riL
))Ni−ki (5)

where, qi and ri are the ratios of the lower and upper bound ages

of the ith age group to L.

When we assume that all samples are collected at the age of

lifespan L, Eq. (1) can be used instead of Eq. (3), and we get

p (L, L) = 1− exp (−λL) . (6)

The likelihood function is represented by Eq. (4).

Note that the basic reproduction number, R0, can be

calculated from the estimate of λ according to the formula given

by Anderson and May (7) as follows:

R0 =

λL

1− exp (−λL)
. (7)

If λL is large enough, Eq. (7) can be reduced to R0 = λL.

Sampling strategies

To investigate how age binning and targeted sampling affect

the width of 95% CIs of FOI in serological surveillance, we

compared CIs of λ estimated under seven different sampling

strategies (Table 1). We assume that the ages of animals in

the target population do not affect the probability of animals

being sampled for each strategy. Strategies 0, 1, and 2 collect

samples randomly from the entire population, and q and r are

set to zero and one. Strategy 0 represents the ideal surveillance,

under which the exact age of each sampled animal is provided.

Since the likelihood function in Eq. (2) needs the result of the

serological test of animals coupled with their ages, Eq. (2) can be

used to estimate λ from samples only for Strategy 0. In strategies

1 and 2, samples are drawn from the entire population, but the

results of serological tests of sampled animals are summed up

in the age group they belong. Strategy 1 divides the population

into two groups at half of their lifespan. This strategy can be

considered the standard approach using two age bins adopted

for serological surveillance in wildlife. The likelihood function

in Eq. (5) gives the likelihood function for Strategy 1 because

it collects samples from two age groups. Strategy 2 treats the

entire population as a single age group and does not provide age

information for the animals sampled. Equation (4) with q = 0

and r = 1 gives the likelihood function for Strategy 2.

Strategies 3, 4, 5, and 6 collect samples only from animals

with a specific age or a specific age group. Strategy 3 samples

only animals with an age range from zero to 0.5L. Strategy 4

samples only animals at the age of 0.5L. Strategy 5 samples only

animals whose age ranges from 0.5L to L. Strategy 6 samples only

animals at the age of L, animals that are dying. Values of q and r

for each strategy are shown in Table 1. Equation (5) with q = 0

and r = 0.5 gives the likelihood function for Strategy 3, and Eq.

(5) with q = 0.5 and r = 1 gives that for Strategy 5. Equation (2)

with ak = 0.5 for 1 ≤ k ≤ N gives the likelihood function for

Strategy 4 and Eq. (2) with ak = 1 for 1 ≤ k ≤ N gives that for

Strategy 6.

For each strategy, 1,000 simulations of serological

surveillance were conducted for λL = 1.5, 3.0, and 6.0.

Values of λL at 1.5, 3.0, and 6.0 are selected to represent a

slightly transmissible infectious disease, for example, hepatitis E

virus (29), moderately transmissible one, for example, African

swine fever (30), and a highly transmissible one, for example,

Bovine herpes virus 1 (31). The value of λL and its 95% CI was

estimated from the numbers of seropositive and seronegative

samples drawn from target age groups. The estimates of λL were

calculated by maximizing the likelihood, and their CIs were

calculated using profile likelihood method (32). More precisely,

we calculated the intervals by finding λL of which profile

likelihood is log
(

maximum likelihood
)

− (χ2(1 − 0.05))/2

where the degrees of freedom of χ2 statistic is one. The width of

CI was calculated by subtracting the lower bound of CI from the

upper bound of CI. The width of 95% CI can be infinity and CI

width of infinity were excluded from the calculation of average.

We used three values for λ, 0.01, 0.02, and 0.04, of which λL

were 1.5, 3, and 6, respectively, to investigate the effect of λ on

CI width of estimation.

E�ects of the target age group on
estimation

We simulated serological tests using different values of q and

r to examine the effect of q and r on the estimation of λ. We

changed q from zero to one and r on q to one by a step of 0.02,
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TABLE 1 Seven sampling strategy models.

Strategy q* r† Age category N Sampling target and age information

0 0 1 ∞ 100 Animals of all ages, exact age provided

1 0 1 2 100 Animals of all ages, two age bins, no exact age provided

2 0 1 1 100 Animals of all ages, no exact age provided

3 0 0.5 1 100 Young animals, no exact age provided

4 0.5 0.5 1 100 Animals whose age is half of the lifespan

5 0.5 1 1 100 Old animals, no exact age provided

6 1 1 1 100 Animals at dying

*q, ratio of lower boundary age of the sampled age group to lifespan.
†r, ratio of upper boundary age of the sampled age group to lifespan.

TABLE 2 Three constraints for calculating the expected width of 95%

CI of λL.

Constraint Minimum

sampling age

Maximum

sampling age

Constraint 1 qL qL

Constraint 2 0 rL

Constraint 3 qL L

where 0 ≤ q ≤ r ≤ 1. Estimates of λL and their 95% CI

width were estimated from samples and averaged over the 1,000

simulations. The upper and lower bounds of the 95% CI of λL

are calculated using the profile likelihood technique. The average

width of the 95% CI was set to be undefined when more than 5%

of 95% CI contained infinity.

Age group that minimizes the expected
width of 95% CI of λL

Parameter q or r was modified under the three constraints in

Table 2 to evaluate the link between λL and the target age group

that minimizes the breadth of the 95% CI. The first constraint

restricts the age of the target population to the animal at a

specific age by q = r and changes q(= r). The second constraint

fixes the lower bound q at zero and changes the upper bound r.

The third constraint changes lower bound q under fixed upper

bound r. Under constraints 1 and 3, we looked for the value of q

having the narrowest width of 95% CI of λL for 0 ≤ λL ≤ 10.

Under constraint 2, we looked for the value of r having the

narrowest width of 95% CI.N is the number of animals sampled,

and it is set to 50, 100, or 200.

Analytical approach to the expected
width of 95% CI

Under the three constraints in Table 2, we can calculate the

expected values of the 95% CI width of estimated λL using the

normal approximation of the binomial distribution. Suppose the

number of seropositive animal observations follows a binomial

distribution with sample size N and seroprevalence p. Assuming

that N is the number of samples and large enough, the number

of seropositive animals, k, can be approximated by a normal

distribution with a mean of Np and variance of Np (1 − p). In

total, 95% of k will be within the following range:

Np− 1.96
√

Np
(

1− p
)

≤ k ≤ Np+ 1.96
√

Np
(

1− p
)

. (8)

Let p̂ = k/N be empirical seroprevalence estimated from

samples, and then we obtain the following relationship:

p− 1.96
√

p
(

1− p
)

/N ≤ p̂ ≤ p+ 1.96
√

p
(

1− p
)

/N. (9)

If Inequality (9) is rearranged for p, we obtain the

following relationship:

p̂− 1.96

√

p̂
(

1− p̂
)

N
≤ p ≤ p̂+ 1.96

√

p̂
(

1− p̂
)

N
. (10)

The seroprevalence, p, at a specific age (an age group under

Constraint 1) is calculated from Eq. (1). The estimated value of

λL can be calculated as follows:

λL = −

ln
(

1− p
)

q
. (11)

From Inequality (10) and Eq. (11), we get the

following relationship:

−

1

q
ln



1− p̂+ 1.96

√

p̂
(

1− p̂
)

N



 ≤ λL

≤ −

1

q
ln



1− p̂− 1.96

√

p̂
(

1− p̂
)

N



 . (12)
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TABLE 3 Estimated values of λL and their 95% CIs for seven sampling

strategies.

λL Strategy q* r† Age

category

Estimated λL

(95% CI)

CI width

1.5 0 0 1 ∞ 1.512 (1.112, 2.007) 0.895

1 0 1 2 1.510 (1.102, 2.026) 0.924

2 0 1 1 1.514 (1.078, 2.105) 1.027

3 0 0.5 1 1.512 (1.009, 2.191) 1.182

4 0.5 0.5 1 1.512 (1.136, 1.973) 0.837

5 0.5 1 1 1.512 (1.159, 1.942) 0.784

6 1 1 1 1.525 (1.186, 1.936) 0.751

3.0 0 0 1 ∞ 3.049 (2.300, 3.994) 1.694

1 0 1 2 3.082 (2.288, 4.136) 1.848

2 0 1 1 3.054 (2.174, 4.378) 2.204

3 0 0.5 1 3.026 (2.154, 4.206) 2.052

4 0.5 0.5 1 3.048 (2.370, 3.871) 1.500

5 0.5 1 1 3.050 (2.334, 3.979) 1.645

6 1 1 1 3.096 (2.310, 4.229) 1.920

6.0 0 0 1 ∞ 6.194 (4.477, 8.610) 4.133

1 0 1 2 6.270 (4.328, 9.717) 5.389

2 0 1 1 6.334 (4.116, 10.724) 6.609

3 0 0.5 1 6.173 (4.390, 8.862) 4.472

4 0.5 0.5 1 6.149 (4.592, 8.388) 3.796

5 0.5 1 1 5.850 (4.030, 9.231)§ 5.200

6 1 1 1 4.548 (3.112, 7.319)z 4.207

Simulations were repeated 1,000 times for each sampling strategy, and the estimated

values, their 95% CIs, and the width of 95% CIs were averaged over repeated simulations.
*q: ratio of the minimum boundary age of the sampled age group to lifespan.

†r: ratio of the maximum boundary age of the sampled age group to lifespan.

§The estimation of 95% CI was averaged only for 767 successful simulations out of 1,000.
zThe estimation of 95%CI was averaged only for 201 successful simulations out of 1,000.

The width of 95% CI of λL can be estimated by subtracting the

lower boundary of 95% CI of λL from the upper boundary of

95% CI of λL below:

1

q



ln





1− p̂+ 1.96
√

p̂
(

1− p̂
)

/N

1− p̂− 1.96
√

p̂
(

1− p̂
)

/N







 . (13)

Since the expected value of p̂ is p, then the expected value of 95%

CI width of λL is as follows:

1

q



ln





1− p+ 1.96
√

p
(

1− p
)

/N

1− p− 1.96
√

p
(

1− p
)

/N







 . (14)

Substituting p with 1 − exp
(

−λLq
)

the expected width of 95%
CI is represented as

1

q



ln





exp
(

−λLq
)

+ 1.96
√

(

1− exp
(

−λLq
))

exp
(

−λLq
)

/N

exp
(

−λLq
)

− 1.96
√

(

1− exp
(

−λLq
))

exp
(

−λLq
)

/N







 .

(15)

The seroprevalence, p, at a specific age group under constraints

2 and 3 is calculated from Eq. (3). However, the analytical

derivation of an explicit form of λL from Eq. (3) is complicated,

and we get λL using numerical analysis of Eq. (3). The expected

width of 95% CI of λL was estimated using Eq. (10) in the same

way as Constraint 1.

Results

Estimation by di�erent strategies

Table 3 displays estimates of over 1,000 repeats of serological

surveillance simulations, estimations of λL with 95% CIs, and

the width of 95% CIs. When λL is 1.5, all strategies estimated λL

close to the true value of 1.5. However, the average width of their

CI showed variations among strategies. Strategies 0, 1, and 2,

all sampled from the entire population, had different CI widths.

This difference is attributed to the difference in information

given to each strategy. Strategy 0, given the complete age

information of samples, had the narrowest CI width among

the three. Strategy 2, given no age information of samples,

had the widest CI width. Strategy 1 was given incomplete age

information, whether each animal was younger (or older) than

half of their lifespan, and ranked the second of the three.

Among all strategies, Strategy 6, which takes samples only

from animals at the age of death, had the narrowest 95% CI of

0.751. The second narrowest value was 0.784 with Strategy 5,

which takes samples only from animals whose ages are older

than half of their lifespan. These results are counter-intuitive

because CI estimated from a subpopulation was narrower than

Strategy 0; random sampling from the entire population with

complete age information resulted in a width of 0.895. The

maximum average width of CI of λL was 1.182 with Strategy 3,

which takes samples only from animals whose ages are younger

than half of their lifespan. When λL = 3.0, the seven tested

strategies estimated λL close to the true value of 3.0. Again, the

average widths of their CI were different depending on strategies

(Table 3), but the tendency was different from when λL = 1.5.

Among strategies, Strategy 4, which takes samples only from

the animal at the age of half of the lifespan, had the narrowest

95% CI of 1.500. The second narrowest is Strategy 5, which takes

samples only from old animals older than half of their lifespan.

Again, these findings are counter-intuitive because the CIs are

narrower than those of Strategy 0. In sampling Strategy 2, the

largest average width of CI of λL was 2.204.
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When λL = 6.0, all strategies except Strategy 6 estimated

λL close to the true value of 6.0 (Table 3). Among all strategies,

Strategy 4, which takes samples only from the animal at half

of the lifespan, again had the narrowest 95% CI of 3.796.

The second narrowest is Strategy 0, which takes samples

from animals at any age with complete age information.

Seroprevalence in the old population is close to one, and

the information from animals in the old population becomes

uninformative. For this reason, the FOI estimated by Strategy

6 became inaccurate. Moreover, the width of CI of λL of the

Strategies 5 and 6 was not available for some simulations because

λL is estimated to be infinity when only seropositive animals

are sampled.

E�ect of target age group on estimation

Figure 1 shows the estimates and widths of 95% CI of λL

estimated from samples drawn from different age groups in

serological surveillance simulations. The top left corner, where

q = 0 and r = 1 in each panel, represents Strategy 2 in Table 1.

The point at the middle of the left edge, where q = 0 and r =

0.5, represents Strategy 3, and the point at the center of the top

edge, where q = 0.5 and r = 1, represents Strategy 5. The top

right corner, where q = 1 and r = 1, represents Strategy 6, and

the point in the center of the panel, where q = 0.5 and r = 0.5,

represents Strategy 4.

Figures 1A,B indicates that the estimates have the narrowest

95% CI in the area around the top right corner when λL is 1.5.

This indicates that sampling from an old population is reliable

when λL is 1.5. The reliable area changes when λL is 3.0 or 6.0.

Estimates have the narrowest 95% CI in the area around the

center of the diagonal line when λL is 3.0 (Figures 1C,D). The

reliable area shifts to the lower left when λL is 6.0 (Figures 1E,F).

The width of 95% CI became large for some combinations

of q and r (black cells in Figures 1B,D,F. The widths of 95%

CI were not available for other combinations (white cells in

Figures 1B,D,F). These points are addressed in the discussion.

Table 4 shows the combination of q and r, which resulted in

the minimum width of 95% CI of λL when λL is 1.5 or 3.0 or 6.0

in serological surveillance simulations. These results suggested

that the narrowest 95% CI can be achieved by surveillance

targeting the old population when λL is small and surveillance

targeting the young population when λL is large. Estimations

and 95% CI for combinations of q and r when λL were 1.5, 3.0,

and 6.0 are provided in Supplementary Tables 1–3, respectively.

Figure 2 shows the relationship between λL and the

sampling age parameter that resulted in the narrowest 95% CI.

We call such a parameter value an optimum age parameter value.

The optimum age parameter values for all three Constraints

were one when λL is small (Figures 2A–C). The range of λL

at the height of one indicates that the inclusion of the oldest

members of the population is needed to minimize the width of

95% CI of λL when λL is small. For all Constraints in Table 2,

the optimum age parameter values decreased as λL increased

(Figures 2A–C). Table 5 shows the values of λL and their widths

of 95% CI when the optimum age parameter value is 0.5 for

each Constraint. The optimum age parameter value for each

Constraint is older than half of the lifespan if λL is less than the

value indicated in Table 5 and vice versa.

Figure 3 shows the relationship between λL and the

narrowest width of 95% CI of estimated λL. The narrowest

95% CI of λL monotonically increases as λL increases for

all Constraints regardless of the sample number N (Figure 3).

Among the three constraints, Constraint 1 (solid line) has the

narrowest width of 95%CI for all λL regardless ofN. Comparing

Constraints 2 (dashed line) and 3 (dotted line), Constraint 2 has

a narrower width of 95% CI than Constraint 3 when λL ≤ 3.43,

λL≤ 4.05, and λL≤ 4.52 for N = 50, 100, and 200, respectively.

Constraint 3 has a narrower width of 95% CI than Constraint 2

when λL > 3.43, λL > 4.05, and λL > 4.52 for N = 50, 100, and

200, respectively. The slope of the curve of Constraint 3 increases

by a large amount compared with that of constraints 1 and 2.

This result indicates that Constraint 3, where r = 1, should be

carefully selected to estimate λL when λL > 3.43, λL > 4.05,

and λL > 4.52 for N = 50, 100, and 200, respectively.

Supplementary Figure 1 shows the relationship between the

age parameter q [panels (A–C) and (G), (H), and (I) ]or r [panels

(D), (E), and (F)] and the expected width of 95% CI of λL. The

narrowest width of 95% CI of λL decreases as λL decreases.

Supplementary Figure 1 shows how the sample number affects

the width of 95% CI of λL. The expected width of 95% CI of

estimated λL decreased as the number of samples increased.

Discussion

This study analyzed how age binning and targeted sampling

affected the accuracy of the estimation of the FOI, λ. Assuming

that infectious diseases are endemic in a homogeneously mixed

population with constant λ over age under lifelong immunity,

we found that the age group that minimizes the width of 95% CI

of λL was different depending on the value of λ and the number

of samples N.

Using simulations of serological surveillance, we found that

surveillance targeting a specific age or age group resulted in

a narrower 95% CI of estimated λL than the standard age-

binned sampling from the entire population (Strategy 1) in

particular situations (Table 3). Surveillance targeting animals

older than half of their lifespan (Strategy 5) had a narrower

95% CIs than not only a standard wildlife surveillance approach

targeted the entire population using two age bins (Strategy

1) but also well-informed surveillance that targeted the entire

population with precise age (Strategy 0) and when λL = 1.5

(Table 3). Surveillance targeted animals younger than half of

their lifespan (Strategy 3) had a narrower 95% CIs than Strategy
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FIGURE 1

E�ect of the target age group on the estimate of λL and its 95% CI width. The color of a cell in (A,C,E) represents the value of λL estimated from

samples of the target age group defined by age parameters q and r on the x- and y-axis. A cell in (B,D,F) represents the width of 95% CI of λL

estimated from the samples as (A,C,E), respectively. Values of λL and 95% CI width were estimated from 100 samples drawn from the target

population. Serological surveillance was simulated 1,000 times under settings where λL = 1.5 (A,B), λL = 3.0 (C,D), and λL = 6.0 (E,F). The color

of a cell represents the averaged value in 1,000 repetitions, and the color key next to each panel shows colors associated with the values. The

black cells in (B,D,F) represent widths above the 95th percentile of all widths of CI. The white cells represent the combination of sampling age

parameters. The results are not available to estimate 95% CI of λL by the profile likelihood method in more than 5% of repetitions.
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TABLE 4 Combinations of q and r resulted in the narrowest 95% CI of

λL.

λL q r Width of 95% CI of λL

1.5 0.98 0.98 0.741

3.0 0.48 0.48 1.485

6.0 0.22 0.26 2.974

1 when λL= 6.0 (Table 3). These results indicated a chance to

narrow down the 95% CI by serological surveillance targeting a

particular age group.

Even when animals’ actual ages were provided (Strategy

0), surveillance targeting the entire population did not always

guarantee the calculation of the narrowest width of the 95% CI

of λL (Table 3). These results are related to the properties of

stratified sampling. Targeted serological surveillance sampling

can be considered a special case of stratified sampling. Stratified

sampling can reduce uncertainty compared with a random

sampling of the entire population (22). Seroprevalence in the

young population is mostly zero, and seroprevalence in the

old population is more informative than that in the young

population when FOI is small. When FOI is large, on the

other hand, the seroprevalence in the old population is close to

one, and the seroprevalence in the young population is more

informative than that in the old population. Therefore, more

samples from the old population can be used by Strategies 5

and 6 than by Strategy 0 or 1. This is why, when FOI is modest,

tailored sampling outperforms fully informed sampling from the

entire population.

Constraint 1, surveillance targeting animals at a given age,

was found to have the smallest 95% CI of λL regardless of

λL and three tested N among the three constraints in Table 2.

Nevertheless, it is difficult to conduct surveillance targeting

only animals of a specific age in wildlife. When Constraint 2,

surveillance targeting animals younger than specific age, and

Constraint 3, surveillance targeting animals older than specific

age, are compared, the choice between Constraints 2 and 3

depends on the value of λL. For example, when the sample

number N = 100, surveillance based on Constraints 2 and 3

intersects at λL = 4.05. Constraint 3 has a narrower 95% CI

than Constraint 2 when λL is less than the intersection and vice

versa. Moreover, note that the width of the narrowest 95% CI

of Constraint 3 is much wider than that of Constraint 2 in the

right area of Figure 3B. These findings showed that surveillance

targeting animals older than a specified age (Constraint 3) is a

good choice when the value of λL is less than the intersection

point. Still, it is not a good decision when the value of λL is

greater than the intersection point.

Extremely broad confidence intervals, including ones with

infinite breadth, are produced by some combinations of λL and

target age groups. The estimate of λL becomes infinity when

FIGURE 2

The relationship between λL and the optimum age parameter

value for Constraints 1 (A), 2 (B), and 3 (C). In each panel, the

solid line represents N = 50, the dashed line represents N =

100, and the dotted line represents N = 200. The horizontal line

in (A) represents r = q = 0.5 for Constraint 1. The horizontal line

in (A) represents r = 0.5 for Constraint 2. The horizontal line in

(A) represents q = 0.5 for Constraint 3. The open circles in (A–C)

denote the points where the optimum sampling age parameters

are 0.5. Vertical panel lines (A–C) are drawn at λL = 1.5, λL =

3.0, and λL = 6.0, which are the values used in the sampling

simulation in Table 3.

all samples are seropositive in a surveillance simulation. As a

result, the 95% CI of estimated λL can have an infinite width.

This phenomenon was observed as white cells in the upper right

corner in Figure 1F, where old animals were sampled when λL

= 6.0. Alternatively, most samples can be seronegative when

λL is small and surveillance targets the young age group. As a

result, the 95%CI of estimatedλL becomes wide. The confidence

interval can also be wide; this phenomenon was observed as

black cells at the lower left corner in Figures 1B,D, where young
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TABLE 5 The value of λL and the width of 95% CI of estimated λL

when the optimum age parameter values are 0.5.

Constraints N λL Width of 95% CI

Constraint 1 (q = 0.5, r = 0.5) 50 2.46 1.846

100 2.76 1.408

200 2.95 1.041

Constraint 2 (q = 0, r = 0.5) 50 3.22 3.183

100 3.54 2.397

200 3.73 1.756

Constraint 3 (q = 0.5, r = 1) 50 2.08 1.649

100 2.43 1.320

200 2.67 1.008

animals were sampled when λL = 1.5 or λL = 3.0. These

phenomena can also be observed in Supplementary Figure 1.

Generally, the width of 95% CI of λL can be narrowed down

by increasing the number of samples. However, collecting serum

samples from wildlife is limited, particularly for endangered

species. Our results indicated that the width of the 95% CI

of FOI can be narrowed down by increasing the number of

samples in specific age ranges. Setting the age group to be

sampled at the design step of surveillance can reduce the number

of sampled animals in particular situations. For example, the

standard sampling strategy using two age bins from the entire

population (Strategy 1) with 100 serum samples had a 95% CI

width of λL of 0.924 on average under λL = 1.5 (Table 3).

Surveillance only from animals older than half their lifespan

(Strategy 5) with 73 samples resulted in a 95% CI of 0.924

(Supplementary Figure 2). Switching the sampling strategy from

strategies 1 to 5 can decrease the number of sampled animals in

this situation.

In this study, we assumed that the age distribution in the

population was uniform, which is rarely true for wild animals.

A non-uniform age distribution can affect Eq. (3) and its

subsequent derivations. However, we think the uniform age

assumption does not affect our main results, as long as the

seroprevalence remains similar. In addition, we assumed that all

animals recovered from the infectious disease without dying of

infection. The model can be used to analyze infectious diseases

in which the lethality is limited if the seroprevalence is not

affected by fatal infections. This non-fatal assumption may be

critical if a fatal infectious disease is analyzed because the

seroprevalence of old animals does not increase in the same way

as a non-fatal infectious disease. This is a common difficulty in

analyzing seroprevalence data of a fatal infectious disease, and

our presented method does not apply to serological surveillance

of fatal infectious diseases.

We used the simplest model of seroprevalence called the

catalytic model, which assumes that FOI is constant over age in a

FIGURE 3

The relationship between λL and the narrowest 95% CI of λL for

each constraint is shown in Table 2 under di�erent N = 50 (A),

N = 100 (B), and N = 200 (C). In each panel, the solid line

represents Constraint 1, where q = r; the dashed line represents

Constraint 2, where q = 0; and the dotted line represents

Constraint 3, where r = 1. The filled circles in (A–C) denote the

point where the narrowest 95% CI of λL under Constraints 2 and

3 has the same value. Vertical panel lines (A–C) are drawn at λL

= 1.5, λL = 3.0, and λL = 6.0, which are the values used in the

surveillance simulations in Table 3.

homogeneously mixed population acquiring lifelong immunity

(8). However, several models assume that the FOI can depend

on age. Among them are the catalytic linear infection model

(11), the catalytic polynomial infection model (10), and the

exponentially damped linear model (9). Furthermore, FOI could

be represented using the Who Acquires Infection From Whom

matrix, which represents transmissibility among age groups (7,

33, 34). Optimizing targeted sampling in serological surveillance

under these models remains our future work.
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The results in this study are based on computer simulations

of serological surveillance. Justifying our method using real

datasets of serological surveillance is another direction of our

future work. When applying our technique to real datasets, the

number of samples, sampling times, and types of pathogens,

such as bacteria and viruses, are all significant considerations.

In the serological surveillance of endemic disease, we

discovered that tailored sampling could lower the width of the

95% CI of FOI. To take full advantage of the targeted sampling,

however, it is necessary to know the expected value of FOI of

the target infectious disease in advance. Estimating FOI itself

is the purpose of serological surveillance, and it is difficult to

know the expected value of FOI. One realistic solution to this

problem is to apply targeted sampling after estimating FOI

using preliminary serological surveillance with few samples. FOI

estimated from previous research can be used for deciding the

target range of samples for current surveillance. This approach

can be considered adaptive surveillance (35), where surveillance

is designed based on the results of previous modeling studies.

Annual serological surveillance of infectious diseases would take

advantage of the targeted sampling if we can assume that the FOI

of target diseases remains similar over time.

To summarize, the optimal target population with the

narrowest 95% CI differs depending on the expected FOI.

Therefore, sampling should be targeted at the younger age

groups to minimize the 95% CI in estimating large FOI.

However, sampling should be targeted at the old age groups in

estimating small FOI. Our future study will be to justify our

strategy using an actual dataset of serological surveillance.
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