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Abstract

Background African swine fever (ASF), caused by African swine fever virus (ASFV), is a fatal disease affecting wild and
domestic pigs. Since China reported the first ASF outbreak in August 2018, ASFV has swept over the neighbouring
Asian countries. However, studies involving experimental pig-to-pig ASFV transmission in Vietnam are lacking. The
main objective of this experimental study was to demonstrate the pathobiological characteristics of ASFV contact-
exposed pigs and estimate their basic reproduction number (R) in Vietnam. Fifteen pigs were randomly divided

into two groups: experimental (n=10) and negative control (n=5) groups. One pig in the experimental group was
intramuscularly inoculated with ASFV strain from Vietnam in 2020 and housed with the uninoculated pigs during the
study period (28 days).

Results The inoculated pig died 6 days post-inoculation, and the final survival rate was 90.0%. We started observing
viremia and excretion of ASFV 10 days post-exposure in contact-exposed pigs. Unlike the surviving and negative
control pigs, all necropsied pigs showed severe congestive splenomegaly and moderate-to-severe haemorrhagic
lesions in the lymph nodes. The surviving pig presented with mild haemorrhagic lesions in the spleen and kidneys.
We used Susceptible-Infectious-Removed models for estimating R,. The R, values for exponential growth (EG) and
maximum likelihood (ML) were calculated to be 2.916 and 4.015, respectively. In addition, the transmission rates ([3)
were estimated to be 0.729 (95% confidence interval [Cl]: 0.379-1.765) for EG and 1.004 (95% Cl: 0.283-2.450) for ML.

Conclusions This study revealed pathobiological and epidemiological information in about pig-to-pig ASFV
transmission. Our findings suggested that culling infected herds within a brief period of time may mitigate the spread
of ASF outbreaks.
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Background

African swine fever virus (ASFV) is a large double-
stranded DNA virus of the Asfarviridae family and Asfi-
virus genus and is a highly contagious pathogen in pigs
[1]. African swine fever (ASF), one of the most important
transboundary swine diseases, has a serious economic
impact on the global pig industry and threatens food
security. Mortality rates in domestic and most wild pigs
infected with ASFV can reach up to 100% [2, 3].

ASF outbreaks have recently been reported in Asia,
with the first case reported in August 2018 in China [4]
and then spreading to other Asian countries [5, 6]. In
Vietnam, the first case was reported in February 2019 in
Hung Yen province, 50 km from Hanoi and 250 km from
the Chinese border [6]. Since then, ASF outbreaks have
been detected in all 63 provinces of Vietnam, and 20-25%
(6—6.15 million) of the pig population has perished due
to ASF and massive depopulation policies [7]. One of
the main risk factors is poor biosecurity and use of food
waste as pig feed in small-scale farms, which account for
60—65% of pig production in Vietnam [8]. In the past 5
years, several in vivo experiments have been performed
to evaluate the pathogenicity of ASFV isolated from Asia
[9-13]. Our previous study revealed that ASFV isolated
from Vietnam induced peracute to acute forms of the
disease, resulting in high mortality (100% death within 8
days post-inoculation [dpi]) with a short incubation time
(3.7£0.5 dpi) [14].

The basic reproduction number (R;) is an important
parameter for describing the transmissibility of infectious
diseases in a population and is useful for better under-
standing the characteristics of pathogens [15]. R, was
defined as the expected number of secondary infections
from an infectious individual in a completely susceptible
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population [16]. It is affected by various biological and
environmental factors as well as social behaviours, which
are estimated using various complex mathematical mod-
els [17]. If R, is greater than 1, the pathogen will continue
to propagate in the susceptible population. The disease
will decline and eventually fade out if R, is less than 1.

In Vietnam, very few studies have calculated R at the
farm level [18, 19]. Additionally, to the best of our knowl-
edge, no studies have estimated R,, for ASF using experi-
mental pig-to-pig transmission in Vietnam. Therefore,
the primary objective of this study was to investigate the
clinical signs and pathological lesions in ASFV contact-
exposed pigs and to estimate R for the first time using an
experimental study.

Results

Clinical assessment and pathological lesions

The survival rate (90%) and onset of death in the experi-
mental pigs are shown in Fig. 1. Experimental inocula-
tion of the pig (no. #1) with ASFV was performed, and
the animal was euthanised at 6 dpi. The first death in the
contact group occurred at 13 days post-exposure (dpe).
Pig no. #10 survived for the entire experimental period
(up to 28 dpe). Excluding the surviving pig (no. #10), the
average death period in the contact group was 16.9+3.1
dpe. Clinical sign scores and rectal temperatures in the
experimental group varied throughout the experimental
period (Table 1). The average clinical sign scores between
the contact and negative control groups were signifi-
cantly different (p<0.001), and intergroup compari-
sons also showed a significant difference between group
and over time (p<0.001) (Fig. 2). All necropsied pigs,
except the surviving and negative control pigs, showed
severe congestive splenomegaly and moderate-to-severe
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Fig. 1 Survival rate of the experimental pigs. Survival rate in the pen with the experimental group [red line; African swine fever virus-infected pig (n=1)

and direct contact pigs (n=9)] and negative control group (black line; n=5)
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Table 1 Time-serial changes in rectal temperature and clinical sign scores in experimental pigs

Dpi Clinical sign scores (rectal temperature, °C) in pig no.”
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10

0 0(384) 0(384) 0(39.1) 0(39.8) 0(386) 1(39.6) 1(39.6) 1(39.6) 0(39.1) 1(39.0)
1 3(39.6) 2(39.5) 0(39.1) 0(39.3) 0(39.3) 3(39.6) 0(39.3) 0(394) 0(39.3) 3(39.6)
2 2(40.2) 2(39.6) 1(39.1) 0(39.3) 2(39.5) 3(40.0) 2(39.7) 0(39.0) 0(394) 3(39.6)
3 2(40.2) 2(39.6) 2(39.6) 2(39.9) 0(39.3) 0(394) 2(39.8) 2(39.7) 0(39.1) 2(39.7)
4 5(40.8) 2 (40.1) 2(39.9) 3(39.7) 2(39.5) 2(40.2) 2(40.2) 2(39.9) 2(39.6) 2(39.8)
5 12(41.0)  2(403) 3(39.9) 2(39.8) 2(39.7) 2(39.7) 2(39.7) 2(39.8) 0(394) 2(39.7)
6 E 2(39.8) 0(39.3) 2(39.8) 2(39.8) 2(40.1) 2(39.8) 0(394) 2 (40.0) 2(39.7)
7 2(39.6) 0(394) 0(39.3) 0(394) 0(39.2) 1(39.5) 2(39.8) 0(394) 2(39.6)
8 0(394) 1(39.0) 0(39.1) 1(394) 2(39.7) 1(394) 2(39.8) 2(39.6) 2(39.5)
9 0(39.3) 2(39.5) 2(39.7) 3(404) 2(39.9) 3(39.9) 2(39.8) 2(39.5) 2(39.6)
10 0(39.3) 0(394) 2 (40.1) 7(41.6) 2(40.2) 0(394) 2(39.6) 0(39.0) 4 (40.6)
1 2(39.8) 0(39.3) 6 (41.5) 7 (41.3) 8(41.4) 3(39.8) 7 (41.6) 2(39.6) 4 (40.6)
12 6(41.7) 2(39.8) 6(41.3) 15 (41.7) 10 (42.0) 2(39.9) 10 (41.5) 1(394) 5 (40.6)
13 7 (42.3) 3(39.7) 8(41.8) D 9(42.2) 2 (40.0) D 2(40.1) 5(40.7)
14 6(41.8) 2(39.9) 12 (42.0) 14 (41.5) 2(39.5) 2(39.5) 4 (40.7)
15 8(41.8) 2(399) D D 2(40.2) 2(39.5) 4(41.0)
16 6(41.8) 2(39.5) 5(41.4) 2(39.7) 4 (40.7)
17 10 (41.5) 5(39.7) 5(41.3) 2(39.6) 6 (40.5)
18 E 4 (40.0) 7 (41.2) 2(40.2) 3(40.2)
19 6(41.3) D 6(41.7) 2 (40.5)
20 8(41.4) 11 (41.9) 2 (40.1)
21 9(41.8) E 2(40.3)
22 D 2(40.2)
23 2(40.3)
24 1(394)
25 1(39.2)
26 2(39.7)
27 1(39.0)
28 1(39.0)
29 E

* Pig no. #1, inoculated with African swine fever virus; pig nos. #2-10, pigs with within-pen direct contact. Bold text indicates that the pig showed clinical signs of
African swine fever virus infection (>3 scores). Dpi, day post-inoculation; E, euthanasia; D, death
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Fig. 2 Average clinical sign scores in the experimental pigs. Red circles and horizontal line, African swine fever virus-inoculated pig; blue squares and
horizontal line, direct contact-exposed; black triangles and horizontal line, negative control pigs
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haemorrhagic lesions in the lymph nodes (Table 2). How-
ever, the surviving pig (no. #10) only presented with mild
haemorrhagic lesions in the spleen and kidneys. Haema-
toxylin and eosin-stained spleens showed moderate-to-
severe lymphoid depletion (nos. #1 and #5) and follicular
atrophy (nos. #3 and #7), whereas such histopathological
lesions were not observed in the surviving pig (no. #10)
and the negative control (no. #15) (See Supplementary
Fig. 1, Additional File 1). In addition, severe and diffuse
engorgement of the red pulp of the spleen was observed
in two contact pigs (nos. #5 and #7), whereas a mild
engorgement lesion was detected in the surviving pig (no.
#10).

Onset of virus infection

Time-dependent serial changes in viral load in blood
samples from each experimental pig are shown in Fig. 3a.
ASFV DNA was detected in blood samples from pig no.
#1 at 2 dpi (7.6x10° copies/uL), 4 dpi (9.9x10° copies/
uL), and 6 dpi (1.9x10° copies/pL). Five pigs (55.5% of
direct contact pigs) started to develop viremia from 10
dpe. The average onset time of viremia in the contact
group was 12.713.4 dpe. Notably, viremia was detected
in the surviving pigs (no. #10) until the end of the experi-
ment (28 d). Viral load in oral swab samples from pig no.
#1 was 2.7x 10" copies/uL (Fig. 3b) and those from nasal
and rectal swabs were 1.0x10* and 6.1x10% copies/uL,
respectively (See Supplementary Fig. 2, Additional File
1). The average onset time of virus excretion from oral
swab samples in the contact group was 12.31+1.7 dpe. The
mean onset times of virus detection in nasal and rectal
swab samples from the contact group were 11.7+1.3 and
13.9£2.9 dpe, respectively. ASFV DNA was detected in
oral samples from the surviving pig (no. #10) from days
13 to 22. These results indicate that the virus contact-
exposed pigs were infected during 10-15 dpe (average
11.742.1 dpi).
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Estimation of transmission parameters

For the first inoculated pig, the infectious period (T) was
estimated to be 4 days as the virus was first isolated at
2 dpi and death occurred at 6 dpi. The mean and stan-
dard deviation of the generation time (GT) were esti-
mated to be 1.039 and 0.845 days, respectively, using a
log-normal distribution (Table 3). The R,, values for expo-
nential growth (EG) and maximum likelihood (ML) were
2.916 (95% confidence interval [CI]: 1.516-7.059) and
4.015 (95% CI: 1.131-9.801), respectively. In addition, the
transmission rates () were estimated to be 0.729 (95%
CI: 0.379-1.765) for EG and 1.004 (95% CI: 0.283-2.450)
for ML.

Discussion

The main route of ASFV transmission is direct contact
between infectious and susceptible pigs [20]. Therefore,
it is necessary to establish the clinical characteristics and
transmission rates of contact-exposed pigs for ASF pre-
vention and control. In particular, the Vietnamese gov-
ernment officially changed the ASF control policy with
the option of partial culling on outbreak farms in July
2020 [21]. Therefore, this study aimed to elucidate R, of
ASFV in an experimental environment (ASFV introduc-
tion in viral-free herds) with detailed clinical information
on contact-exposed pigs.

This study showed that the onset of ASFV excretion in
contact-exposed pigs was 10 dpe, which was later than
that reported in previous studies in China (6 dpe) and
Europe (7.612.6 dpe) [12, 22]. Moreover, these stud-
ies reported that the ASFV DNA from contact-exposed
pigs was detected before the death of inoculated pigs
(7-9 and 9 dpi, respectively) [12, 22]. In this study, the
first viral infection in contact-exposed pigs (10 dpe) was
detected 4 days after the death of the ASFV-inoculated
pig (6 dpi). The discrepancy in the time taken to detect
infection in ASFV-inoculated pigs could be explained

Table 2 Presence of major gross pathological lesions in experimental pigs

Major gross lesions Pig no." (death period)

#1 #3 #5 #7 #10 #15

(6 dpi) (22 dpi) (12 dpi) (19 dpi) (Survive) (NQ)
Congestive splenomegaly +++ 4+ 4+ . + i
Haemorrhagic enlargement of submandibular LN +++ +4+ ++ ++ - -
Haemorrhagic enlargement of mesenteric LN +++ +++ ++ e - -
Hyperaemia of tonsil + - - + _ R
Hyperaemia of lung +++ - T+ -
Petechiae or haemorrhages in the liver + + - ++ - _
Petechiae or haemorrhages in the kidney bt o + ++ + -
Petechiae or haemorrhages in the intestine +++ ++ + - - -
Petechiae or haemorrhages in the heart - +++ ++ + . R
Abdomen exudative fluid + ++ + ++ - .
Skin erythema + - ++ - - -

“Pig no. #1, ASFV-inoculated pig; pig nos. #2, #3, #5, #7, and #10, within-pen direct contact pigs; pig no. #15, negative control pig. LN: lymph node, NC: negative

control, -: no lesion, +: mild, ++: moderate, +++: severe
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Fig. 3 Patterns of African swine fever virus (ASFV) detection in pigs (n=10) with experimental pig-to-pig infection. One ASFV-inoculated pig (no. #1) and
nine direct contact-exposed pigs within pen (no. #2—#10). (A) Viral copies/uL from individual blood sample from experimental pigs. (B) Viral copies/pL

from individual oral swab sample from experimental pigs

Table 3 Estimated parameters from the models

Parameters Description Exponential Maximum
growth (EG) likelihood
method (ML) method

Ro Basic reproduc-  2.916 (95% Cl: 4015 (95% Cl:

tion number 1.516-7.059) 1.131-9.801)

T Infectious period 4 4

Removed rate 0.25 0.25

B Transmission rate  0.729 (95% Cl: 1.004 (95% Cl:

0.379-1.765) 0.283-2.450)

Cl, confidence interval

by the differences in the number of inoculated pigs and
overall sample size [12, 22]. The first clinical signs of
ASFV infection in the contact group emerged at 10 dpe,
suggesting that the time of the first death in ASF-infected
pigs was 96 h, which is a reasonable time to prevent
ASFV transmission within herds and in farms. Therefore,
if partial culling could be performed within 96 h of the
first ASFV diagnosis in farms, further spread of ASFV
may be prevented. However, there remain many obstacles
to establishing an effective partial culling policy. In par-
ticular, it is essential to consistently apply the methods
for early detection of ASF in non-culling pig herds. Undi-
agnosed non-culling pigs or survivors in outbreak farms
could serve as silent carriers of ASFV.

We previously reported that the detection of ASFV
genomic DNA in nasal and oral swabs (3 dpi) was later
than that in blood samples (1 dpi) of intramuscularly
inoculated pigs [14]. However, viral DNA in this study
was observed in oral samples from three contact-exposed
pigs (nos. #3, #7, and #9) before the animals developed
viremia. These differences in viral excretion patterns
could be attributed to the fact that ASFV is known to first
replicate in monocytes/macrophages in the lymph nodes
close to the initial site of infection [23]. The most impor-
tant ASFV transmission routes are ingestion of virus-
contaminated feed, drinking contaminated water, and
swallowing of virus particles from infected pigs [24]. As
such, ASFV may replicate in the submandibular lymph
nodes in contact-exposed pigs. Therefore, oral sampling
or rope-based oral fluid collection [14] is a more reliable
method for early detection in ASFV contact-exposed pigs
than blood sampling.

Although the highly virulent ASFV responsible for the
Asian ASF epidemic is known to cause 100% mortal-
ity in infected pigs, we found that 10% of pigs (one out
of 10 pigs) in the experimental herd survived. Previous
studies have highlighted the importance of the survivors
and convalescent pigs, which might become carriers of
ASFV [25, 26]; however, few studies have experimentally



Oh et al. Porcine Health Management (2023) 9:30

assessed the pathobiological characteristics of surviving
pigs with Asian-epidemic ASFV infection. The surviving
pig (no. #10) showed viremia from 10 dpe until the end of
the experiment (28 dpe); however, ASFV genomic DNA
was not detected in oronasal samples after 24 dpe. More-
over, ASFV antibody positivity was observed in the sur-
viving pig from 26 dpe until euthanasia (data not shown).
Although a long-term experiment is needed to elucidate
the role of ASFV survivors, the present findings suggest
that pigs surviving infection with a highly virulent ASFV
strain would not act as carriers after convalescence. Our
finding was consistent with that of a previous study on
moderately virulent ASFV in Europe, with long-term
monitoring [27]. The gross lesions of contact pigs (except
the surviving pig) showed severe congestive splenomeg-
aly, haemorrhagic enlargement of lymph nodes, petechial
lesions in the kidneys, and the presence of abdominal
exudative fluid, which are commonly observed in ASE-
infected pigs [9, 10, 12, 20]. However, the surviving pig
(no. #10) was intact, except for mild haemorrhagic lesions
in the spleen and kidneys. Histopathological lesions in
the spleens of contact-exposed pigs showed moderate-
to-severe lymphoid depletion, atrophy of follicles, and
engorgement; however, mild haemorrhagic lesions were
observed in the survivor. Although a recent study inves-
tigated the pathological lesions of the survivors (QPCR-
negative in blood and oral samples) in farms with ASF
outbreak [28], the present study is the first to evaluate the
pathomorphological lesions in the surviving pig (ASFV
presence in the blood, but not in oral samples) by expos-
ing the animals to the highly virulent genotype II ASFV.
We found that the estimated infectious period from the
first case was approximately 4 days, which is consistent
with the findings of previous studies (3—4 days) [22, 29,
30]. However, one experimental study suggested that the
minimum infectious period was 6-7 days, whereas the
maximum was between 20 and 40 days [31]. In addition,
the transmission rate parameters (p) using the EG and
ML methods were estimated to be 0.729 (95% CI: 0.379—
1.765) and 1.004 (95% CI: 0.283-2.450), respectively.
These values are slightly similar to those of an experi-
mental study (0.6, 95% 0.3—1.0 per day) conducted in the
UK [30] and higher than those of a recent farm investiga-
tion study (less than 0.37) conducted in Vietnam [19].
Our estimated R, values were slightly higher or similar
to those reported in previous studies in domestic pigs in
the UK (R,: 2.8, 95% CI 1.3-4.8) and Uganda (R, 1.58—
3.24) [30, 32], while some studies reported higher values
in China (R: 4.83-11.90) [33] and in the Netherlands (R
4.9-66.3) [31]. These direct comparisons of R, among
studies have certain limitations, as the study designs and
environmental conditions are different and R, can be
affected by various environmental factors [17, 20, 34]. For
instance, it can be largely dependent on the pig species,
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pig population, and virulence of the ASFV isolates or
strains.

The susceptible-infection-related (SIR) model was used
to calculate Rj, B, and y, which are useful for evaluat-
ing cost-effective control and prevention measures in
the Vietnamese context. In Vietnam, large-scale farms
(accounting for less than 10% of pig production) have a
better biosecurity system, whereas small- and medium-
sized farms are the main source of ASFV infection
because of poor biosecurity. Previous studies in Vietnam
have suggested that ASF transmission can be reduced by
applying strict movement controls and biosecurity [8,
35]. It was assumed that indirect contact (e.g., use of food
waste and movement) contributed to more than 70% of
ASF transmission in small-scale farms in Vietnam [36].
Although the authorities have already prohibited the use
of kitchen waste or swill for domestic pigs since the first
ASF outbreak, it is still widely practiced by small-scale
pig farmers. In addition, it is well known that wild boars
and soft ticks could be the main sources of infection in
several countries [37—-39]. In Asia, wild boars with ASF
have been reported in China, India, Malaysia, and South
Korea [6, 33, 40]; however, no study has been conducted
to evaluate the possible roles of wild boars in the spread
of viruses to domestic pigs in Vietnam. Therefore, it is
necessary to conduct epidemiological investigations into
the transmission route of the ASF virus.

Two techniques (EG and ML) were used to estimate
R, in our experimental study. The ML method showed a
higher R, but it was not significantly different from the
EG method. The recent study in Vietnam conducted by
Mai et al. [19] calculated R, as 1.66 and 1.40 depending
on the farm scale, which were lesser than our estimations
of R, It has already been shown that R, can be influenced
by environmental factors and modelling approaches [17].
Moreover, the previous study used real field data (farm
scale: 100-999), which were more likely to be affected
by other environmental factors (e.g. farmers’ behaviour,
awareness, and control policies). R, is useful for evalu-
ating the effectiveness of disease control measures. For
instance, if R, is less than 1, an infectious disease fades
out in a population. In addition, it can be used to esti-
mate herd immunity (formula: 1 - ), which is defined as
the majority of a population developing immunity against
an infectious disease, either through vaccination or due
to a previous infection [41].

Conclusions

This is the first experimental study on the transmission
of ASFV in a population with detailed pathobiological
information and the first to estimate R, in Vietnam. Our
results indicate that the virus began to spread by contact-
exposed pigs 10 dpe after the death of the first inoculated
pig (6 dpi) within the same pen. This result suggests that
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culling infected herds (pens) on an identical farm within
a short period of time could lessen the impact of the ASF
outbreak. In addition, our transmission experiment dem-
onstrated the possibility of survival in contact-exposed
pigs with intact-to-mild pathological lesions. Although
the survivor did not exhibit clinical signs and excreted
ASFV from oral, nasal, and faecal sources, further long-
term studies are needed to clarify the risk of retransmis-
sion by the surviving pigs. The R, values of ASFV were
estimated to be 2.916 (EG) and 4.015 (ML), indicating
that the virus is contagious in a pig herd. Since a vaccine
is not available, the early detection of ASFV-infected pigs
is important, and enhanced biosecurity measures should
be applied by small-scale farmers to minimise the risk of
transmission to domestic pigs.

Methods

Animal experiments

The ASFV strain used in this study was obtained from
pig’s blood collected during an ASF outbreak farm in
2020 in Thanh Hoéa province, Vietnam (GenBank acces-
sion no. OP615344). The virus was cultured and quan-
tified as previously described [14]. Fifteen healthy,
6-week-old pigs (Yorkshire x Landrace X Duroc) were
obtained from the same herd on a commercial pig farm
in Vietnam. All pigs were tested and confirmed to be
seronegative for endemic pathogens in Vietnam, includ-
ing foot-and-mouth disease virus, porcine respiratory
and reproductive syndrome virus, classical swine fever
virus, porcine circovirus 2, ASFV, and Mycoplasma spp.
The pigs were randomly divided into two groups: an
experimental group (n=10) and a negative control group
(n=5). To investigate the pathobiological characteristics
in ASFV contact-exposed pigs and estimate R;, one pig
(no. #1) in the experimental group was intramuscularly
inoculated with 1 mL of the 10*® 50% hemadsorption
dose (HADg,/mL) ASFV and housed with non-inocu-
lated pigs (nos. #2—#10; contact group). The pigs were
euthanised according to endpoint criteria described pre-
viously [42].

Sampling and clinical assessment

The daily clinical signs and rectal temperatures of all
pigs were recorded until the end of the experiment (28
dpe). Clinical sign scores were estimated and calculated
based on a previous study [14]. Every 2 days, blood and
daily swab (oral, nasal, and rectal) samples were collected
from individual pigs to detect ASFV DNA via quantita-
tive PCR (qPCR) using a VDx ASFV qPCR kit (Median
Diagnostics, Chuncheon, South Korea). Necropsies were
performed on five representative pigs (nos. #1, #3, #5, #7,
and #10) in the experimental group, and one in the con-
trol group (no. #15). Gross and histopathological lesions
(spleen) were analyzed as described in our previous study
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[9]. To evaluate the time series changes in clinical sign
scores between the contact group (n=9) and the negative
control group (n=5), a linear mixed effect model with
repeated measures was used by SPSS version 26.0 (IBM,
Armonk, NY, USA).

Estimation of the basic reproduction number (R0) and
transmission rate (f)

R, was defined as the average number of secondary cases
caused by a single infection in a susceptible population.
We used SIR models to estimate R, from our transmis-
sion experiment. A susceptible animal (S) becomes infec-
tious (/) and is then removed (R) by depopulation or
death at time ¢. The main assumption is that the entire
population at the beginning is susceptible, which can be
described by an equation based on time (£):

ds — —psi

dt N
dl  pSI
Y
dt N
dR
AT
a
In the equation model, B is the transmission rate, which
is the probability of disease transmission between sus-
ceptible and infectious individuals, while y is the removal
rate. Based on the calculation of R, the transmission rate
(B), the daily rate that infectious cases cause new cases in

a population, was calculated using the following formula
[43]:

_ Ry
Infectiousperiod (T)

B

In our study, the infectious period was estimated to be
4 days. The best-fitting GT distribution for a series of
serial intervals was estimated using the est.GT func-
tion in the RO package in R version 4.2.1. Subsequently,
the mean and standard deviation of GT were calculated.
Next, we constructed EG and ML models to estimate R,
with 95% CI. R, can be estimated at different times dur-
ing an epidemic and several methods have been proposed
by researchers [44, 45]. In our study, we employed two
methods: EG and ML. EG was summarised by Wallinga
et al. (2007) [44] and they stated that the EG rate during
the early phase of an outbreak can be linked to the ini-
tial reproduction ratio. ML estimation was proposed by
White et al. (2009) [45] and they stated that the number
of secondary cases caused by an index case exhibits a
Poisson distribution with an expected value of R,
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Abbreviations

ASF African swine fever

ASFV African swine fever virus

Ro Basic reproduction number
EG Exponential growth

GT Generation time
HAD50/mL  50% hemadsorption dos

T Infectious period

ML Maximum likelihood

qgPCR Quantitative PCR

SIR Susceptible-infection-related
B Transmission rate

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540813-023-00330-0.

[ Supplementary Material 1

Acknowledgements
The authors would like to thank the National Institute of Veterinary Research,
Ministry of Agriculture and Rural Development, Vietnam.

Author contributions

Conceptualization, SIO and HSL; Methodology, SIO, NAB, and HSL; Software,
SIO and HSL; Validation, SIO, AC, HGL, YHJ, YJD, EK, EYB, and TYH; Formal
analysis, SIO, NAB, VNB, DTD, and HSL; Investigation, SIO, NAB, VNB, DTD,
and HSL; Resources, NAB, VNB, and DTD; Data curation, SIO, NAB, VNB, DTD,
and HSL; Writing—original draft preparation, SIO and HSL; Writing—review
and editing, SIO and HSL; Visualization, SIO; Supervision, HSL; Project
administration, SIO and HSL; Funding acquisition, SIO and HSL. All authors
have read and agreed to the published version of the manuscript.

Funding

This work was supported by the RDA-ILRI International Cooperative Research
Project (title: Analysis of African swine fever virus spread model and immune
response to warthog against viral infection, Project No. PJO1651701), Rural
Development Administration, Republic of Korea.

Data availability
The data presented in this study are available on request from the first and
corresponding authors on reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval

This study was approved by the Institutional Animal Care and Use Committee
of the National Institute of Animal Science, Republic of Korea (approval
numbers: NIAS2022-556, 2022.5.12).

Consent to participate
Not applicable.

Consent for publication
Not applicable.

Author details

'Division of Animal Diseases & Health, Rural Development Administration,
National Institute of Animal Science, Wanju 55365, Republic of Korea
2Bio-Safety Research Institute and Laboratory of Veterinary Pathology,
College of Veterinary Medicine, Jeonbuk National University, Iksan

54596, Republic of Korea

3Virology Department, National Institute of Veterinary Research, Hanoi,
Vietnam

“International Livestock Research Institute, Hanoi, Vietnam

Page 8 of 9

>College of Veterinary Medicine, Chungnam National University,
Daejeon 34134, Republic of Korea

Received: 17 February 2023 / Accepted: 26 June 2023
Published online: 29 June 2023

References

1.

20.

Ravaomanana J, Michaud V, Jori F, Andriatsimahavandy A, Roger F, Albina E,
et al. First detection of african swine fever virus in Ornithodoros porcinus in
Madagascar and new insights into tick distribution and taxonomy. Parasit
Vectors. 2010;3:115. https://doi.org/10.1186/1756-3305-3-115.

Blome S, Gabriel C, Beer M. Pathogenesis of african swine fever in domestic
pigs and european wild boar. Virus Res. 2013;173:122-30. https://doi.
org/10.1016/j.virusres.2012.10.026.

Blome S, Franzke K, Beer M. African swine fever — A review of cur-

rent knowledge. Virus Res. 2020,287:198099. https://doi.org/10.1016/j.
virusres.2020.198099.

Zhou X, LiN, LuoYY, Liu Y, Miao F, Chen T, et al. Emergence of african swine
fever in China, 2018. Transbound Emerg Dis. 2018,65:1482-4. https://doi.
org/10.1111/tbed.12989.

Dixon LK, Sun H, Roberts H. African swine fever. Antiviral Res. 2019;165:34-41.
https://doi.org/10.1016/j.antiviral.2019.02.018.

FAQ. African swine fever (ASF) situation update in Asia & Pacific. ; 2022.
https://www.fac.org/animal-health/situation-updates/asf-in-asia-pacific/en
Accessed 20 May 2022.

FAO. ASF situation in Asia update. ; 2020. https.//www.fao.org/animal-health/
situation-updates/asf-in-asia-pacific/en.

Lee HS, Thakur KK, Pham-Thanh L, Dao TD, Bui AN, Bui VN, et al. A stochastic
network-based model to simulate farm-level transmission of african swine
fever virus in Vietnam. PLoS ONE. 2021;16:¢0247770. https://doi.org/10.1371/
journal.pone.0247770.

Oh SI, Nguyen TTH, Yang MS, Nga BTT, Bui VN, Le VP, et al. Blood parameters
and pathological lesions in pigs experimentally infected with Vietnam's first
isolated african swine fever virus. Front Vet Sci. 2022a;9:978398. https://doi.
0rg/10.3389/fvets.2022.978398.

Oh SI, Bui VN, Dao DT, Bui NA, Yi SW, Kim E, et al. Clinical characterization

of 3-month-old pigs infected with african swine fever virus from Vietnam.
Korean J Vet serv. 2022b:45:71-7.

Sun E, Zhang Z,Wang Z, He X, Zhang X, Wang L, et al. Emergence and
prevalence of naturally occurring lower virulent african swine fever viruses in
domestic pigs in China in 2020. Sci China Life Sci. 2021;64:752-65. https://doi.
0rg/10.1007/511427-021-1904-4.

Zhao D, Liu R, Zhang X, Li F, Wang J, Zhang J, et al. Replication and virulence
in pigs of the first african swine fever virus isolated in China. Emerg Microbes
Infect. 2019;8:438-47. https://doi.org/10.1080/22221751.2019.1590128.

Cho KH, Hong SK, Jang MK, Ryu JH, Kim HJ, Lee YR, et al. Comparison of

the virulence of korean African swine fever isolates from pig farms during
2019-2021. Viruses. 2022;14:2512. https://doi.org/10.3390/v14112512.

Lee HS, Bui VN, Dao DT, Bui NA, Le TD, Kieu MA, et al. Pathogenicity of an
african swine fever virus strain isolated in Vietnam and alternative diagnostic
specimens for early detection of viral infection. Porcine Health Manag.
2021b;7:36. https://doi.org/10.1186/540813-021-00215-0.

Matthews L, Woolhouse ME, Hunter N. The basic reproduction number

for scrapie. Proc Biol Sci. 1999;266:1085-90. https://doi.org/10.1098/
1sph.1999.0747.

Hethcote HW. The mathematics of infectious diseases. SIAM Rev.
2000;42:599-653. https://doi.org/10.1137/50036144500371907.

Delamater PL, Street EJ, Leslie TF, Yang YT, Jacobsen KH. Complexity of the
basic reproduction number (R0). Emerg Infect Dis. 2019;25:1-4. https://doi.
0rg/10.3201/eid2501.171901.

Le VP, Lan NT, Canevari JT, Villanueva-Cabezas JP, Padungtod P, et al. Estima-
tion of a within-herd transmission rate for african swine fever in Vietnam.
Animals. 2023;13:571. https://doi.org/10.3390/ani13040571.

Mai TN, Sekiguchi S, Huynh TML, Cao TBP, Le VP, Dong VH, et al. Dynamic
models of within-herd transmission and recommendation for vaccination
coverage requirement in the case of african swine fever in Vietnam. Vet Sci.
2022;9:292. https://doi.org/10.3390/vetsci9060292.

Guinat C, Gogin A, Blome S, Keil G, Pollin R, Pfeiffer DU, et al. Transmission
routes of african swine fever virus to domestic pigs: current knowledge and


https://doi.org/10.1186/s40813-023-00330-0
https://doi.org/10.1186/s40813-023-00330-0
https://doi.org/10.1186/1756-3305-3-115
https://doi.org/10.1016/j.virusres.2012.10.026
https://doi.org/10.1016/j.virusres.2012.10.026
https://doi.org/10.1016/j.virusres.2020.198099
https://doi.org/10.1016/j.virusres.2020.198099
https://doi.org/10.1111/tbed.12989
https://doi.org/10.1111/tbed.12989
https://doi.org/10.1016/j.antiviral.2019.02.018
https://www.fao.org/animal-health/situation-updates/asf-in-asia-pacific/en
https://www.fao.org/animal-health/situation-updates/asf-in-asia-pacific/en
https://www.fao.org/animal-health/situation-updates/asf-in-asia-pacific/en
https://doi.org/10.1371/journal.pone.0247770
https://doi.org/10.1371/journal.pone.0247770
https://doi.org/10.3389/fvets.2022.978398
https://doi.org/10.3389/fvets.2022.978398
https://doi.org/10.1007/s11427-021-1904-4
https://doi.org/10.1007/s11427-021-1904-4
https://doi.org/10.1080/22221751.2019.1590128
https://doi.org/10.3390/v14112512
https://doi.org/10.1186/s40813-021-00215-0
https://doi.org/10.1098/rspb.1999.0747
https://doi.org/10.1098/rspb.1999.0747
https://doi.org/10.1137/S0036144500371907
https://doi.org/10.3201/eid2501.171901
https://doi.org/10.3201/eid2501.171901
https://doi.org/10.3390/ani13040571
https://doi.org/10.3390/vetsci9060292

Oh et al. Porcine Health Management

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

(2023) 9:30

future research directions. Vet Rec. 2016b;178:262-7. https://doi.org/10.1136/
vr.103593.

Bui TTN, Padungtod P, Depner K, Chuong VD, Duy DT, Anh ND et al. Implica-
tions of partial culling on african swine fever control effectiveness in Vietnam.
Front Vet Sci. 2022;1289.

Guinat C, Reis AL, Netherton CL, Goatley L, Pfeiffer DU, Dixon L. Dynamics of
African swine fever virus shedding and excretion in domestic pigs infected
by intramuscular inoculation and contact transmission. Vet Res. 2014;45:93.
https://doi.org/10.1186/513567-014-0093-8.

Sanchez-Vizcaino JM, Laddomada A, Arias ML. African swine fever virus. In:
Zimmerman JJ, Karriker LA, Ramirez A, Schwartz KJ, Stevenson GW, Zhang

J, editors. Diseases of swine. Hoboken, NJ: John Wiley & Sons, Inc,; 2019. pp.
443-52.

LiuY, Zhang X, QiW,Yang Y, Liu Z, An T, et al. Prevention and control strate-
gies of african swine fever and progress on pig farm repopulation in China.
Viruses. 2021;13:2552. https://doi.org/10.3390/v13122552.

Gallardo C, Soler A, Nieto R, Sénchez MA, Martins C, Pelayo V, et al. Experi-
mental transmission of african swine fever (ASF) low virulent isolate NH/

P68 by surviving pigs. Transbound Emerg Dis. 2015,62:612-22. https://doi.
org/10.1111/tbed.12431.

Mur L, Igolkin A, Varentsova A, Pershin A, Remyga S, Shevchenko |, et al.
Detection of african swine fever antibodies in experimental and field samples
from the Russian Federation: implications for control. Transbound Emerg Dis.
2016;63:2436-40. https://doi.org/10.1111/tbed.12304.

Petrov A, Forth J, Zani L, Beer M, Blom S. No evidence for long-term carrier
status of pigs after african swine fever virus infection. Transbound Emerg Dis.
2018;65:21318-1325. https://doi.org/10.1111/tbed.12881.

Pornthummawat A, Truong QL, Hoa NT, Lan NT, Izzati UZ, Suwanruengsri M,
et al. Pathological lesions and presence of viral antigens in four surviving pigs
in african swine fever outbreak farms in Vietnam. J Vet Med Sci. 2021;83:1653—
60. https://doi.org/10.1292/jvms.21-0409.

LiJ, Jin Z, Wang Y, Sun X, Xu Q, Kang J, et al. Data-driven dynamical modelling
of the transmission of african swine fever in a few places in China. Trans-
bound Emerg Dis. 2022;69:e646-58. https://doi.org/10.1111/tbed.14345.
Guinat C, Gubbins S, Vergne T, Gonzales JL, Dixon L, Pfeiffer DU. Experimen-
tal pig-to-pig transmission dynamics for african swine fever virus, Georgia
2007/1 strain. Epidemiol Infect. 2016;144:25-34. https://doi.org/10.1017/
50950268815000862.

de Carvalho Ferreira HC, Backer JA, Weesendorp E, Klinkenberg D, Stege-
man JA, Loeffen WL. Transmission rate of african swine fever virus under
experimental conditions. Vet Microbiol. 2013;165:296-304. https://doi.
0rg/10.1016/j.vetmic.2013.03.026.

Barongo MB, Stahl K, Bett B, Bishop RP, Févre EM, Aliro T, et al. Estimating the
basic reproductive number (R0) for african swine fever virus (ASFV) transmis-
sion between pig herds in Uganda. PLoS ONE. 2015;10:e0125842. https://doi.
0rg/10.1371/journal.pone.0125842.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 9 of 9

LiL,Ren Z,Wang Q, Ge S, Liu Y, Liu C, et al. Infection of african swine fever in
wild boar, China, 2018. Transbound Emerg Dis. 2019,66:1395-8. https://doi.
0rg/10.1111/tbed.13114.

Gulenkin VM, Korennoy FlI, Karaulov AK, Dudnikov SA. Cartographical analysis
of african swine fever outbreaks in the territory of the Russian Federation
and computer modeling of the basic reproduction ratio. Prev Vet Med.
2011;102:167-74. https://doi.org/10.1016/j.prevetmed.2011.07.004.

Lee HS, Thakur KK, Bui VN, Pham TL, Bui AN, Dao TD, et al. A stochastic simula-
tion model of african swine fever transmission in domestic pig farms in the
Red River Delta region in Vietnam. Transbound Emerg Dis. 2021¢;68:1384-91.
https://doi.org/10.1111/tbed.13802.

Long NV. African swine fever in Vietnam-Lessons learnt; 2020. https:.//www.
maff.go.jp/j/syouan/douei/asf/attach/pdf/kaigi-23.pdf Accessed 17 May
2022.Tokyo.

De laTorre A, Bosch J, Iglesias |, Mufioz MJ, Mur L, Martinez-Lépez B, et al.
Assessing the risk of african swine fever introduction into the European
Union by wild boar. Transbound Emerg Dis. 2015;62:272-9. https://doi.
org/10.1111/tbed.12129.

Galindo |, Alonso C. African swine fever virus: a review. Viruses. 2017,9:103.
https://doi.org/10.3390/v9050103.

Jo'YS, Gortézar C. African swine fever in wild boar. South Korea 2019 Trans-
bound Emerg Dis. 2020;67:1776-80. https://doi.org/10.1111/tbed.13532.
Kim SH, Kim J, Son K, ChoiY, Jeong HS, Kim YK, et al. Wild boar harbouring
african swine fever virus in the demilitarized zone in South Korea, 2019.
Emerg Microbes Infect. 2020;9:628-30. https://doi.org/10.1080/22221751.202
0.1738904.

Fine P, Eames K, Heymann DL. Herd immunity”: a rough guide. Clin Infect Dis.
2011;52:911-6. https://doi.org/10.1093/cid/cir007.

Galindo-Cardiel |, Ballester M, Solanes D, Nofrarias M, Lopez-Soria S, Argi-
laguet JM, et al. Standardization of pathological investigations in the frame-
work of experimental ASFV infections. Virus Res. 2013;173:180-90. https://doi.
0rg/10.1016/j.virusres.2012.12.018.

Korennoy Fl, Gulenkin VM, Gogin AE, Vergne T, Karaulov AK. Estimating the
basic reproductive number for african swine fever using the ukrainian histori-
cal epidemic of 1977. Transbound Emerg Dis. 2017;64:1858-66. https://doi.
org/10.1111/tbed.12583.

Wallinga J, Lipsitch M. How generation intervals shape the relationship
between growth rates and reproductive numbers. Proc R Soc B: Biol Sci.
2007;274:599-604. https://doi.org/10.1098/rspb.2006.3754.

White LF, Wallinga J, Finelli L, Reed C, Riley S, Lipsitch M. Estimation of the
reproductive number and the serial interval in early phase of the 2009
influenza A/HIN1 pandemic in the USA. Influenza Other Respir Viruses.
2009;3:267-76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1136/vr.103593
https://doi.org/10.1136/vr.103593
https://doi.org/10.1186/s13567-014-0093-8
https://doi.org/10.3390/v13122552
https://doi.org/10.1111/tbed.12431
https://doi.org/10.1111/tbed.12431
https://doi.org/10.1111/tbed.12304
https://doi.org/10.1111/tbed.12881
https://doi.org/10.1292/jvms.21-0409
https://doi.org/10.1111/tbed.14345
https://doi.org/10.1017/S0950268815000862
https://doi.org/10.1017/S0950268815000862
https://doi.org/10.1016/j.vetmic.2013.03.026
https://doi.org/10.1016/j.vetmic.2013.03.026
https://doi.org/10.1371/journal.pone.0125842
https://doi.org/10.1371/journal.pone.0125842
https://doi.org/10.1111/tbed.13114
https://doi.org/10.1111/tbed.13114
https://doi.org/10.1016/j.prevetmed.2011.07.004
https://doi.org/10.1111/tbed.13802
https://www.maff.go.jp/j/syouan/douei/asf/attach/pdf/kaigi-23.pdf
https://www.maff.go.jp/j/syouan/douei/asf/attach/pdf/kaigi-23.pdf
https://doi.org/10.1111/tbed.12129
https://doi.org/10.1111/tbed.12129
https://doi.org/10.3390/v9050103
https://doi.org/10.1111/tbed.13532
https://doi.org/10.1080/22221751.2020.1738904
https://doi.org/10.1080/22221751.2020.1738904
https://doi.org/10.1093/cid/cir007
https://doi.org/10.1016/j.virusres.2012.12.018
https://doi.org/10.1016/j.virusres.2012.12.018
https://doi.org/10.1111/tbed.12583
https://doi.org/10.1111/tbed.12583
https://doi.org/10.1098/rspb.2006.3754

	﻿Pathobiological analysis of African swine fever virus contact-exposed pigs and estimation of the basic reproduction number of the virus in Vietnam
	﻿Abstract
	﻿Background
	﻿Results
	﻿Clinical assessment and pathological lesions
	﻿Onset of virus infection
	﻿Estimation of transmission parameters

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Animal experiments
	﻿Sampling and clinical assessment
	﻿Estimation of the basic reproduction number (R0) and transmission rate (β)

	﻿References


