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A B S T R A C T

Duck circovirus (DuCV), an immunosuppressive pathogen, causes serious damage to waterfowls worldwide. A
highly efficient vaccine would play a crucial role in preventing DuCV infections in the waterfowl breeding
industry. However, to date, there is a dearth of commercial vaccines owing to the lack of a cell culture system for
propagating the requisite virus amounts in vitro. In this study, we isolated DuCVs from Muscovy ducks, helped
them proliferate using peripheral blood mononuclear cells (PBMCs), and developed an inactivated vaccine.
Muscovy ducks vaccinated with the inactivated vaccine had higher neutralizing antibody titers than the control
ducks and higher protection in the challenge experiment (as assessed by weight measurement). Moreover, the
inactivated vaccine did not cause feather abnormalities, growth repression, and dwarf syndrome; likewise, le-
sions and lymphocyte apoptosis in the bursa of Fabricius, spleen, and thymus were not observed. Significantly
lower virus shedding from the inactivated vaccine was detected up to 42 days post-inoculation. Together, these
results suggest that the inactivated DuCV vaccine can induce a high immune response, is relatively safer for
Muscovy ducks, and thus it is a protective vaccine candidates against DuCV infection.

1. Introduction

Duck circovirus (DuCV) belongs to the Circovirus genus of
Circoviridae family (Hattermann et al., 2003; Todd, 2004). It was first
reported in Germany in 2003 (Hattermann et al., 2003), followed by
infections in Hungary, the USA, South Korea, China, and Poland
(Fringuelli et al., 2005; Banda et al., 2007; Fu et al., 2008; Cha et al.,
2013; Matczuk et al., 2015). To date, approximately 21.9 %–84.15 % of
ducks in these countries have been infected by the virus. In addition,
DuCV can infect several duck species (Muscovy ducks, pekin ducks, and
wild ducks) (Banda et al., 2007; Zhang et al., 2009 ; Niu et al., 2018)
and it is transmitted both horizontally and vertically (Hattermann et al.,
2003; Li et al., 2014). Most of the DuCV-infected ducks exhibit poor
growth and feather loss (Soike et al., 2004; Huang et al., 2013), as well
as multiple secondary infections by pathogens such as Escherichia coli,
Riemerella anatipestifer, and Staphylococcus aureus (Zhang et al., 2009).
Ducks infected with DuCV also exhibit severe lymphocyte apoptosis and

lesions on immune organs (Huang et al., 2010; Hong et al., 2018).
Therefore, this virus causes serious damage to waterfowls and has led to
huge economic losses in the duck breeding industry (Huang et al.,
2010).

The development of efficient vaccines is a crucial strategy for pre-
venting DuCV infection in the breeding industry. In recent years, the
development of such a vaccine has attracted the attention of many re-
searchers (Huang et al., 2018). DuCV, a nonenveloped, single-stranded,
circular DNA virus with 3 major open reading frames (ORFs), is similar
to other circoviruses (Hattermann et al., 2003; Todd, 2004). Among the
ORFs, ORF2 encodes the capsid (Cap) protein, which is the only
structural and major immunogenic protein of the virus (Liu et al., 2010;
Lu et al., 2014; Cui et al., 2017). One research team developed a DuCV
DNA vaccine that carried the Cap-encoding gene and found that it could
induce cellular immune responses and produce partial neutralizing
antibodies (Huang et al., 2018). In addition, a vaccine created with an
infectious clone of DuCV could be the way for development of DuCV
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vaccines in the future (Li et al., 2015).
In clinical practice, although DNA and subunit vaccines provide

protection against infections, they are often inferior in terms of their
immunogenic strength (Hurk et al., 2000; Dhama et al., 2008). In
contrast, a live vaccine can induce a higher immunological response,
but carries the risks of a strong return and leakage of the live virus due
to the necessity of large numbers of pathogenic virus particles for
vaccine production Pong and Sawyer (2013). Thus, the conversion of
vaccine strains into inactivated viruses would be safer than using live
vaccines and would afford effective protection against development of
DuCV-related diseases (Xu et al., 2012).

Although DuCV has been known and studied for over 15 years, there
is still a lack of an effective vaccine (particularly an inactivated vaccine)
and therapeutic measures against it because of the lack of a cell culture
system for proliferating the isolated virus in vitro (Hattermann et al.,
2003; Todd, 2004). Although the construction of an infectious DNA
clone of DuCV was reported in 2015, its use to develop a vaccine has
not yet been researched (Li et al., 2015). In the present study, we iso-
lated DuCVs from Muscovy ducks, used peripheral blood mononuclear
cells (PBMCs) as a culture system to proliferate the virus particles, and
then used the cultured particles to produce an inactivated vaccine ac-
cording to the methods from a previous study.

2. Materials and methods

2.1. Virus, cells, and animals

2.1.1. Collection of peripheral blood mononuclear cells
Blood from 90-day-old Muscovy ducks was collected in antic-

oagulant tubes, mixed with phosphate-buffered saline (PBS) at a 1:1
ratio, and then slowly added to the upper layer of a lymphocyte se-
parator (Ficoll-Paque™ PREMIUM) to form clear layers. Then, the tube
was centrifuged at 5000× g for 20 min, with the acceleration and de-
celeration of the centrifuge minimized. After centrifugation, the white
cell layer was removed and transferred to a 1.5-mL centrifuge tube,
whereas the supernatant was again centrifuged at 2000 rpm for 5 min.
The cells were resuspended in RPMI 1640 (Gibco-Invitrogen, Carlsbad,
CA, USA) (1:1) medium with 2 % fetal bovine serum (FBS), transferred
to a culture dish, and cultured at 37 °C under 5 % CO2.

2.1.2. Isolation and identification of DuCV
The DuCV strain (FJ1815) was isolated from the pooled spleen,

thymus and bursa Fabricius tissues of 110-day-old Muscovy ducks ob-
tained from a commercial farm raising Muscovy ducks in Fujian
Province, China, in 2018 (The GenBank accession number is
MN052853). Suspected DuCV-positive Muscovy ducks showed typical
feather abnormalities and growth repression symptoms. The tissue of
DuCV-positive Muscovy ducks was triturated with PBS, and the tissue
fluid was mixed with PBS at a 1:5 ratio and then filtered through a 0.45-
micron filter membrane. The filtrate was inoculated into a 12-day-old
duck embryo (SPF) to determine whether it would cause the death of
the duck embryo. Then, the filtrate was added to the cell culture dish
for coculturing, and CPEs were observed. When the CPEs were more
than 80 %, the supernatant of the cell culture was harvested 3 times at
−20 °C for centrifugation. PCR and sequencing identification were
performed according to a previously published protocol ((Shi et al.,
2010).

The viral suspension of DuCV was concentrated by differential
centrifugation, and the virus was separated by short-term ultrasound. A
droplet of the viral suspension was briefly placed on the coated copper
network. Then, filter paper was used to remove the excess specimen
suspension from the side of the copper mesh, and the negative staining
solution was dripped onto the specimen before it dried. After dyeing for
1−2 min, the excess dye solution was absorbed with filter paper, and
the sample was washed with distilled water 1–2 times. Then, the
moisture was absorbed by filter paper, and the viral particles were

observed by electron microscopy after drying.

2.1.3. Muscovy duck for experimentation
One-day-old Muscovy ducks were purchased from a commercial

duck farm in Fujian, China. These ducks did not have any DuCV in-
fection, and all of them were fed under standard conditions.

2.2. Preparation of the inactivated vaccine

The inactivated vaccine was prepared according to a method de-
scribed in a previous study (Hu et al., 2011). In brief, the DuCV strain
(106 pfu/mL) was first inactivated with 0.1 % formalin solution at 37℃
for 24 h, and then infected PBMCs with blind passage in three gen-
erations, and use of real-time quantitative PCR to detect the viral nu-
cleic acids to assess whether it is completely inactivated. Then, the
inactivated virus solution and Tween-20 were mixed as an aqueous
phase at a ratio of 96:4 (v:v). An oil phase was prepared using white oil,
Shiban-80, and aluminum stearate at the mass ratio of 92:6:2
(mL:mL:g). Then, the water phase was slowly added to the oil phase at a
1:1.5 proportion (v:v) and stirred. After thorough mixing, the mixture
was transferred to a colloid mill and emulsification was carried out at
the speed of 10000 rpm for 3 min. The obtained suspension represented
the inactivated DuCV vaccine oil emulsion.

2.3. Safety of inactivated DuCV vaccine

Seven-day-old Muscovy ducks (Wenshi Co. Ltd, Fujian, China) were
used for this experiment. The ducks were kept in the Fujian Animal
Disease Control Technology Center and were used with the approval of
the Fujian Academy of Agricultural Sciences Animal Care and Use
Committee. Twenty-one ducks were divided into 3 groups and ad-
ministered with the inactivated DuCV vaccine, with wild-type DuCV (1
× 106 pfu/mL), or with PBS by intraperitoneal injection. The ducks
were observed for 42 days after the inoculation, and the virus was
constantly monitored in cloacal swabs from 1 to 42 days postinfection
by the q-PCR method established in our previous study.

2.4. Measurement of immunogenicity of DuCV vaccine

To evaluate the immune effect of the inactivated DuCV vaccine, 60
Muscovy ducks (1-day-old) were randomly divided into 4 groups of 15
ducks each. The ducks in the first group were immunized sub-
cutaneously with 0.5 mL of double-diluted DuCV inactivated vaccine
(0.5 head portion, 0.5-dose group). The second group was immunized
twice with 0.5 mL of the inactivated DuCV vaccine, each dose injected
subcutaneously (1-dose group). The ducks in the third group were im-
munized twice with 1 mL of inactivated DuCV vaccine within 1 day,
each dose injected subcutaneously (2-dose group). The ducks in the
fourth group were injected subcutaneously with 0.5 mL of sterilized
saline (negative group). The serum neutralizing antibody titers were
then detected on the 14th, 28th, and 35th days. In brief, venous blood
was collected from the ducks via the jugular vein route and maintained
at 37 ℃ for 1 h. The serum was centrifuged at 5000 g for 5 min for
antibody detection, then inactivated at 56 ℃ for 30 min, and finally
diluted with sterilized saline (our laboratory preparation). The same
volume of 200 TCID50/0.2 mL virus solution was then added to each
dilution. After mixing and incubating at 37℃ for 1 h, the obtained duck
serum was again inactivated at 56 ℃ for 30 min. The virus–serum
mixture was inoculated into PBMCs (with each dilution tested in 3
wells) followed by incubation at 37 ℃ for 2 h. Then, the virus–serum
mixture was replaced with RPMI 1640 medium containing 2 % FBS,
100 U/mL penicillin, and 100 g/mL streptomycin, and the culture was
incubated at 37 ℃ under 5 % CO2. At the same time, control wells with
serum and virus-positive vaccination were set up. The CPEs of the cells
were recorded after 5 days of culture. The neutralizing antibody titer
was calculated by the Reed-Muench method.
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2.5. Protective efficacy of DuCV vaccine in Muscovy ducks

Seven-week-old Muscovy ducks (Wenshi Co. Ltd, China) were used
for this experiment (7 per group). The ducks were first inoculated with
intramuscular injections of the experimental vaccine (0, 0.5, 1, and 2
doses at 1 × 106 pfu/mL per dose). After 4 weeks, the ducks were
challenged with an intraperitoneal injection of 0.1 mL wild-type DuCV
strain at 1 × 106 pfu/mL. All ducks were observed, and their weights
recorded for 35 days after the challenge. At 5 weeks post-challenge, the
ducks were sacrificed and the spleen, thymus, bursa of Fabricius, and
Harderian glands were collected and weighed.

2.6. Lymphocyte apoptosis and lesions in virus-challenged vaccinated
Muscovy ducks

The spleen, thymus, bursa of Fabricius, and Harderian glands were
collected after 4 weeks of DuCV challenge. The Click-iT® Plus TUNEL
assay and histopathological assay were used to detected lymphocyte
apoptosis and tissue lesions (detailed protocol provided in Supplement
1).

2.7. Statistical analysis

Statistical analysis was carried out using Student’s t-test and
GraphPad Prism (Version 6.0; GraphPad Software, USA). Significant
differences are indicated as *p< 0.05, *p< 0.01, and ***p< 0.001.

3. Results

3.1. Isolation and identification of DuCV

In this study, samples extracted from the pooled spleen, thymus and
bursa Fabricius tissues were diagnosed and differentiated by PCR and
sequencing methods (as previously reported).The PCR and sequencing
results detected the genomic DNA of DuCV, although duck plaque virus
(DPV), Muscovy duck parvovirus (MDPV) and duck adenovirus type
3(DAV-3) were not detected in here(Fig. 1a). To further assess the ul-
trastructure of the isolated DuCV, the isolated DuCV was inoculated in
PBMCs for 72 h and then purified and concentrated by differential
centrifugation. Subsequently, these concentrated viruses were visua-
lized by transmission electron microscopy (TEM), which revealed many
virus particles with diameters of approximately 17 nm, globular shapes
and clear edges without capsules (Fig. 1b). These results are consistent
with the images of bird circoviruses.

3.2. Safety of the inactivated DuCV vaccine

Seven-day-old Muscovy ducks were subcutaneously inoculated with
the inactivated DuCV vaccine,wild-type DuCV at a titer of 1 × 105 pfu/
mL, or 1 mL of PBS. During the experiment, no deaths were observed
among the ducks in the 3 groups. However, the fold change in body
weight in the group injected with the wild-type virus was significantly
lower than that in the other 2 groups at 21 days post-inoculation (dpi)
(Fig. 2a), and this effect lasted until the end of the experiment. These
infected ducks bore the classic characteristics of feather abnormalities
and dwarf syndrome. On the contrary, no significant difference in the
fold change in body weight was observed between the inactivated
vaccine group and PBS group, and the ducks did not exhibit any classic
clinical symptoms of DuCV-induced disease until the end of the ex-
periment. We also constantly monitored the virus in cloacal swabs from
1 to 42 days post-inoculation, and we could detect the DuCV virus DNA
from 12 to 42 dpi in DuCV infected groups, but immuned group and
control grop not detected the DNA of DuCV from the cloacal swabs
(Fig. 2b).

3.3. Neutralizing antibody induced by the inactivated DuCV vaccine

After immunization with the different doses of the inactivated DuCV
vaccine, the neutralizing antibody titers in the respective duck groups
were tested until 35 days dpi. It was found that virus-neutralizing an-
tibodies were produced 2 weeks after the vaccination. As shown in
Table 2, at 14 dpi, the average neutralizing antibody titer in the im-
munizated 0.5-dose group (virus titer, 200 TCID50/0.2 mL) was more
than 4 at 14 days, whereas that in the immunizated 1-dose and im-
munizated 2-dose groups was 4.6 and 4.67, respectively. After 28 days,
the average titer in the immunizated 0.5-dose group was more than
5.07, and that in the immunizated 1-dose and immunizated 2-dose
groups was 5.53 and 5.67, respectively. After 35 days, the titers in the
immunizated 0.5-dose, immunizated 1-dose, and immunizated 2-dose
groups were 5.2, 5.87, and 6.0, respectively, where the difference in
titers between the immunizated 0.5-dose group and the immunizated 1-
dose and immunizated 2-dose groups was significant (Fig. 1c). Al-
though the single immune effect between the 1 and 0.5 doses was
significantly different on 14, 28, and 35 days of immunization, there
was no significant difference between the immunizated 2-dose and
immunizated 1-dose groups.

Fig. 1. PCR and ultrastructure identified the isolate of DuCV-positive Muscovy
ducks in vitro.
(a) PCR assay to demonstrated the isolates. M:DNA Marker DL2000;1: Duck
plaque virus (DPV); 2:Muscovy duck Parvovirus (MDPV); 3: duck Adenovirus
type 3(DAV-3);4:Duck Circovirus-FJ1815. (b) The electron microscopy to ver-
ified the ultrastructure of isolates in vitro.
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3.4. Protection in immunized Muscovy ducks after virus challenge

To evaluate the protective capability of the inactivated vaccine, the
clinical symptoms of the immunized ducks after DuCV challenge were
recorded. The fold change in body weight at 4 weeks after DuCV
challenge and the virus DNA load in the spleen, bursa of Fabricius, and
thymus from 6 to 42 days after virus challenge was quantified. In the
vaccinated ducks, there were no feathering and vegetative disorders
during the DuCV challenge period. In contrast, ducks in the PBS group
showed a significant loss of their feathers on the back from 3 weeks
after virus infection. Moreover, the ducks in the non-immunized groups
showed distinct weight loss during the virus challenge period (Fig. 2d).

The DuCV DNA load in the spleen, bursa of Fabricius, and thymus
was detected using a previously described qPCR protocol at 4 weeks
after virus challenge. As shown in Table 1, the DuCV could be detected
in all ducks from the PBS group at 4 weeks after the virus challenge. In
the inactivated vaccine group, the spleen and thymus from 2 ducks
were DuCV positive at 15 and 18 dpi, and the virus was detectable in 2
other ducks at 19 dpi.

We also constantly monitored the virus in cloacal swabs from 1 to
42 days post-infection, and we could not detect the DuCV virus from 1
to 42 dpi in 3 inactivated vaccine groups. However, the PBS group after

challenge with the DuCV virus had excreted the highest viral load from
the cloacal cavity at 21 dpc (Fig. 2e).

3.5. Lymphocyte apoptosis and lesions in tissues from virus-challenged
vaccinated Muscovy ducks

To compare the protective ability of different doses of the in-
activated vaccine, Muscovy ducks were immunized with one of several
vaccine doses for 4 weeks and then challenged with the DuCV for an-
other 4 weeks. The spleen, bursa of Fabricius, and thymus were col-
lected for observations of lymphocyte apoptosis and lesions. As shown
in Fig. 3, the immunized ducks had a few detectable apoptotic signals,
mainly distributed in the bursa of Fabricius and the thymus. In contrast,
the PBS group showed massive apoptotic signals distributed throughout
the spleen, bursa of Fabricius, and thymus. Additionally, the PBS group
had obvious inflammation in and around the bursa, partial cortical, and
medullary lymphocytic defects in the bursa of Fabricius, and condensed
and fragmented medullary lymphocytes. In contrast, the inactivated
vaccine (immunizated 1-dose and immunizated 2-dose) group did not
show any distinct lesions in the spleen, bursa of Fabricius, and thymus
(Fig. 4).

Fig. 2. Safety and immunogenicity of DuCV inactivated vaccine in Muscovy ducks.
(a).The weight fold change of the ducks were measured after their inoculation with phosphate-buffered saline (control group), inactivated vaccine (immune group),
or wild-type duck circovirus (infected group). Data are shown as the mean weight± standard deviation (n = 15 Muscovy ducks per group). (b). The virus DNA from
the cloacal swabs after hypodermic injection of the ducks with phosphate-buffered saline (Negative group), inactivated vaccine (immune group), or wild-type duck
circovirus (infected group) (n = 7 Muscovy ducks per group). (c).The results show 1.65 log virus neutralizing (VN) titers (1:45), which indicate protection. Muscovy
ducks (n = 15). (d).The weight fold change of the ducks vaccinated with inactivated vaccine was analyzed at 4 weeks after duck circovirus challenge. Data are shown
as the mean weight± standard deviation (n = 15 Muscovy ducks per group).(e).The virus shedding in the duck vaccinated with different doses of DuCV inactivated
vaccine after DuCV challenge. Saline water (Negative group), immunizated with 0.5 dose group, immunizated with 1 dose group, immunizated with 2 dose group
(inactivated vaccine) (n = 15 Muscovy ducks per group).*p<0.05; **p< 0.01; ***p< 0.001.
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4. Discussion

Despite DuCV being prevalent in ducks for over 15 years
(Hattermann et al., 2003; Todd, 2004), its pathogenicity among the
various duck populations remains poorly understood. Moreover, there
is a lack of commercial vaccines for this virus because of the lack of a
culture system for producing the requisite amounts of the virus in vitro
(Hong et al., 2018). In this study, the FJ1815 strain of DuCV was iso-
lated from Muscovy ducks and cultured using PBMCs; inactivated ac-
cine manufacture followed current standards of good manufacturing
practice guidelines for the production of biologicals and inactivated
vaccines (Milstien et al., 2009; Hu et al., 2011). Experiments conducted
to evaluate the inactivated vaccine showed that it had excellent im-
munogenicity and afforded efficient protection to the Muscovy ducks
against DuCV. In addition, the inactivated DuCV vaccine provided
higher safety in its protection as opposed to a live vaccine.

As a nonenveloped, single-stranded, circular, small DNA virus,
DuCV elicits no noticeable CPEs in general cells and has no suitable
culture medium in vitro (Hattermann et al., 2003; Todd, 2004; Huang
et al., 2010; Hong et al., 2018). Therefore, its vaccine has not yet been
made available in the avian industry. In this study, we found that the
isolated DuCV could be accumulated to high levels in PBMCs. Our re-
sults also showed that co-cultivation of the DuCVs with PBMCs for 48 h
prompts some of the cells to accumulate and aggregate, form giant cells,
and then die. Although we did not determine the PBMC type that had
CPEs in this study, our results indicate that PBMCs are a suitable culture
system for propagating adequate number of virus particles to produce
an inactivated vaccine in vitro.

Inactivated vaccines have good immunogenicity and offer higher
safety as opposed to live vaccines, making them the best selection to
effectively control infections and minimize any side effects that may
occur in birds after vaccination Gendon (2004); Levin et al., 2008). In
this study, the inactivated DuCV vaccine exhibited good im-
munogenicity for Muscovy ducks, wherein the average neutralizing
antibody titer induced in the 1-dose group was more than 5(log10),
affording high protection against the DuCV challenge. In a previous
study, ducks vaccinated with a pcDNA3.1-tPA-CapΔNLS DNA vaccine
also showed a high protection ratio and low viral titer (Huang et al.,
2018). However, this DNA vaccine relied mainly on the Cap protein of
DuCV, which was a fatal weakness, as the expression of the transfected
secretory Cap protein on the pcDNA3.1-tPA-CapΔNLS vaccine plasmid
was relatively low and needed further improvement to induce a higher
immune response (Xu et al., 2015). Therefore, these DNA vaccines have
relatively lower immunogenicity. In addition, the Cap protein is the

only structural protein of DuCV and although the previous study had
shown that it has good immunogenicity and potential for application in
vaccine protection against DuCV, further research is needed to find a
suitable plasmid for its expression. It is noteworthy that the vaccine
based on the Cap protein of porcine circovirus type 2 virus (PCV2) has
been effective in controlling PCV2-induced diseases in the swine in-
dustry (Fan et al., 2008).

In this work, the inactivated vaccine demonstrated high protective
capacity in the DuCV-challenged immunized Muscovy ducks, where no
classic feather abnormalities and dwarf syndrome were evident and no
significant difference in the fold change in body weight was observed
relative to that in the unchallenged PBS group. Moreover, when all the
ducks were challenged with the wild-type virus for 3 weeks, the PBS
group showed clear clinical symptoms of DuCV-induced disease as well
as massive cell apoptosis and lesions in the spleen, bursa of Fabricius,
and thymus. In contrast, the vaccinated ducks showed only a few de-
tectable apoptotic signals in these 3 organ tissues. In addition, com-
pared with the use of the live virus, the use of the inactivated virus also
mitigated the risk of leakage of the live virus due to the requisite pro-
duction of large amounts of the pathogen for vaccine development Pong
and Sawyer (2013). This reduced the risk of some of the attenuated
vaccine returning to the wild-type virus state or other variant virus,
thus rendering the inactivated vaccine safer than the existing vaccines
being used.

In conclusion, the inactivated vaccine developed with DuCVs that
were propagated using PBMC culture in vitro induced higher neu-
tralizing antibodies in Muscovy ducks and successfully afforded them
protection against DuCV challenge. Thus, it would be a good vaccine
candidate for the duck breeding industry.
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Table 1
Virus detection in the immunized inactivated vaccine after DuCV challengea.

spleen bursa of Fabricius thymus

0.5 dose
group

1 dose
group

2 dose
group

Negative
group

0.5 dose
group

1 dose
group

2 dosegroup Negative
group

0.5 dose
group

1 dose
group

2 dose
group

Negative
group

6dpib 0/7 0/7 0/7 0/7 0/7 0/7 0/7 0/7 0/7 0/7 0/7 0/7
9dpi 0/7 0/7 0/7 4/7 0/7 0/7 0/7 1/7 0/7 0/7 0/7 3/7
12dpi 0/7 0/7 0/7 7/7 0/7 0/7 0/7 5/7 0/7 0/7 0/7 6/7
15dpi 1/7 1/7 0/7 7/7 0/7 0/7 0/7 7/7 2/7 0/7 0/7 7/7
18dpi 1/7 1/7 0/7 7/7 1/7 1/7 0/7 7/7 1/7 1/7 0/7 7/7
21dpi 0/7 0/7 0/7 7/7 1/7 1/7 0/7 7/7 1/7 1/7 0/7 7/7
24dpi 0/7 0/7 0/7 7/7 0/7 0/7 0/7 7/7 0/7 0/7 0/7 7/7
27dpi 0/7 0/7 0/7 7/7 0/7 0/7 0/7 7/7 0/7 0/7 0/7 7/7
30dpi 0/7 0/7 0/7 4/7 0/7 0/7 0/7 7/7 0/7 0/7 0/7 7/7
33dpi 0/7 0/7 4/7 0/7 0/7 0/7 0/7 7/7 0/7 0/7 0/7 6/7
36dpi 0/7 0/7 2/7 0/7 0/7 0/7 0/7 3/7 0/7 0/7 0/7 4/7
39dpi 0/7 0/7 2/7 0/7 0/7 0/7 2/7 0/7 0/7 0/7 1/7 0/7
42dpi 0/7 0/7 1/7 0/7 0/7 0/7 2/7 0/7 0/7 0/7 1/7 0/7

c: number of duck circovirus nucleic acid-positive ducks/ number of test ducks.
a detection of viral nucleic acid in an immune organ by PCR.
b number of days after challenge of dpi.
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Fig. 3. In situ detection of cell apoptosis in Muscovy ducks vaccinated with different doses of inactivated DuCV vaccine oil adjuvant. (a) Bursal tissue from the DuCV
group at 21 DPC. (b) Cell apoptosis in spleen tissue from the DuCV group at 21 DPC. (c) Cell apoptosis in thymus tissue at 21 DPC. DuCV = duck circovirus; DPC =
days post-challenge. Magnification, ×400.
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