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Chicken anemia virus (CAV), which has been reported in many countries, causes severe
anemia and immunosuppression in chickens. In this study, a CAV strain YNO4 belonging
to genotype A was first identified from infected chickens in Yunnan province, China.
Moreover, the animal infection experiments further confirmed that the strain YNO4 is a
highly pathogenic strain, which can cause 86.67% mortality in chickens in the infection
group. The mean death time of infected chickens was 13.1 days post infection (dpi).
CAV infection induced severe anemia with significant decrease in packed cell volume
(PCV), and serious atrophy and lesion of thymus and bursa with high viral load at 14 dpi.
Besides, CAV infection caused a sharp decrease in chicken body weight and immune
organ indices including the ratio of thymus or bursa to body weight at 21 dpi, which
displayed the potential immunosuppression state at this stage. These findings enrich
the epidemiological data on CAV and may provide information for preventing its further
spread in Yunnan province, China.

Keywords: chicken anemia virus, virus isolation, high pathogenicity, immunosuppression, pathogenicity analysis

INTRODUCTION

Chicken anemia virus (CAV) is a member of the genus Gyrovirus, which is a non-enveloped,
icosahedral single-stranded DNA virus (1). The full length of CAV genome consists of 2,298 or
2,319 nucleotides, which contains three overlapping open reading frames (ORFs), and encodes
viral protein 1 (VP1, ORFI, 52kDa), VP2 (ORF2, 24kDa), and VP3 (ORF3, 13kDa) proteins
respectively (2, 3). VP1 is the major viral structural protein playing a critical role in viral growth
and spread, while VP2 is a scaffold protein that in combination with VP1 generates neutralizing
epitopes (4, 5). Molecular characterization of the CAV genome revealed that the VP1 protein had
a hypervariable region (positions 139-151) (6). It was reported that the AA at position 394 in VP1
was a major genetic determinant of virulence. Q394 (glutamic acid at 394 position) presenting in
VP1 protein indicates the potentially highly pathogenic strain of CAV. Instead, H394 (histidine at
394 position) in VP1 protein implies a moderately pathogenic strain of CAV (7-10). VP3 is widely
known as apoptin, as it facilitates apoptosis in the transformed cells, making it a potential agent in
the control of cancer disease (11). All CAV isolates belong to one serotype, but different genotypes
including genotype A, B, and C have been reported (12, 13).
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Chicken infectious anemia (CIA) caused by CAV, is an
economically important disease that affects poultry industry
globally (14-16). Chickens of all ages are susceptible to infection,
but susceptibility to anemia rapidly decreases in immunologically
intact chickens during the first 1-3 weeks of life (17-19). CIA
is an extremely epidemic immunosuppressive disease in young
chickens, which is characterized by severe anemia, weight loss,
aplasia of bone marrow, and generalized lymphoid atrophy
with concomitant immunosuppression (20). CAV can spread
both horizontally and vertically (21, 22). In adult birds, the
virus serves as an important cofactor for establishment of
other viral infections, such as Marek’s Disease virus (MDV),
reticuloendotheliosis virus (REV), infectious bursal disease virus
(IBDV), avian leukosis virus subgroup J (ALV-]), reovirus, and
adenovirus (23, 24).

Previously, CAV has been reported by many countries
including Israel, Egypt, and Cambodia (25-27). Also, in China,
CAV infections have been detected in Guangdong, Shandong,
Beijing, Henan, Hebei, and Taiwan provinces (2, 16, 28,
29). In this study, we first reported the CAV infection in
Yunnan province, China. We also investigated the genetic and
pathogenic characteristics of the isolated YNO4 strain. Our
findings would enrich the epidemiological data on CAV and may
provide information for preventing its further spread in Yunnan
province, China.

MATERIALS AND METHODS
Ethics Statement

All animal research projects were sanctioned by the South
China Agricultural University Institutional Animal Care and Use
Committee (Identification code: 2021005, 1 March 2021). All
animal procedures were performed according to the regulations
and guidelines established by this committee and international
standards for animal welfare.

Virus Isolation

A total of 8 clinical liver samples from chickens showing the
symptoms of anemia, weight loss, atrophy of thymus, and pale
bone marrow were collected from one breeder farm with 5%
mortality, in Yunnan province, in 2020. Total DNA and RNA
were extracted individually from each clinical sample using
a HiPure Viral DNA/RNA Kit (Magen, Guangzhou, China),
and subjected to polymerase chain reaction (PCR) or reverse
transcription PCR for the detection of potential pathogens,
including CAV, ALV, MDYV, REV, avian influenza viruses (AIV),
Newcastle disease virus (NDV), and IBDV.

The CAV-positive samples were frozen and thawed three
times, homogenized in phosphate buffer saline (PBS) containing
penicillin (1,000 U/ml) and streptomycin (1,000 pg/ml), and
then clarified at 1,000 r/min for 5min. These supernatants
were heated at 70°C for 5min and then filtered through a
0.22-pm filter. MDCC-MSB1 cells cultured in RPMI-1640
medium (Gibco, Carlsbad, CA, USA) with 10% FBS (Gibco,
Carlsbad, CA, USA) at 37°C with 5% CO, were kept in our
lab. The filtered supernatants were infected with MDCC-MSB1
in 6-well-plates for 4 days. After three consecutive passages,

the infected cells were harvested, repeatedly frozen and thawed
three times, and centrifuged at 440 x g for 5min, and the
supernatant was collected and stored at —80°C. The DNA
extracted from the supernatant of third-generation infected cells
was tested by PCR using CAV-specific primers, CAV-JC. The
primers CAV-JC sets were 5-GCGGACGGGTCTAAATCA-3'
and 5'- TCTCGCCTTGTGGTGGTT-3' (30).

Indirect Immunofluorescence Assay

Identification

Indirect immunofluorescence assay (IFA) was also used to
confirm that the virus isolated from the infected cells was CAV.
MDCC-MSBI cells were infected with 300 pl viral supernatants
or PBS. At 72h post infection, the MDCC-MSB1 cells were
washed three times with PBS and fixed with cold 95% ethanol
at 4°C for 30 min. A CAV-specific polyclonal antibody (LSBio,
Seattle, USA) was used to detect the VP3 protein. Binding of
the primary antibodies was detected using Alexa Fluor 488-
conjugated goat anti-rabbit IgG (Sangon Biotech, Shanghai,
China) and a fluorescent microscope (Nikon, Japan). The
experiment was performed in triplicate.

Sequencing Analysis

The titer of this CIAV isolate strain was measured by chicken
embryos inoculation using the Reed-Muench method and was
presented as the EID5p/0.1 ml (31, 32). Three pairs of primers
from published literature were used to obtain the genome of the
CAV isolate, named YNO4 strain (Genbank accession number:
MZ540762) (30). All PCRs were carried out using 2 x Taq
Master Mix (Vazyme, Nanjing, China). PCR products were
excised from 1.0% agarose gel, purified using the Gel Extraction
Kit (Omega, USA), and cloned into the TA vector pMD19-
T (Takara, China). Three different clones of each fragment
were confirmed by sequencing (Sangon Biotech, Shanghai,
China). Sequence assembly was carried out using the SeqMan
program of the DNASTAR package (DNASTAR, USA). To more
precisely characterize the genetic origin of the isolated strain,
a phylogenetic tree based on the sequences of new isolate and
45 reference strains available in the GenBank database was
generated using the MEGA program (Version 7.0). Sequences of
isolated strain YNO4 were compared with those of other strains
present in GenBank using the Clustal W method in the MegAlign
program of the DNASTAR package (DNASTAR, USA). The
detailed information of CAV strains downloaded from GenBank
is listed in Supplementary Table 1.

Pathogenicity Experiments

To determine the pathogenicity of this virus in chickens, a
total of 30 one-day-old specific-pathogen-free (SPF) chickens
(Guangdong Da Hua Nong Animal Health Products Co., Ltd.,
Guangdong, China) were randomly allocated into two groups,
namely, CAV infection group and control group, each with 15
chickens per group, which were housed in separate isolators. The
1-day-old SPF chicks were intramuscularly inoculated at the dose
of 0.3 ml (10*°EIDs0/0.1 ml) of strain YNO4. The control group
was injected with 0.3 ml PBS alone. All chickens were observed
for clinical symptoms of mortality until 21 days. The mean death
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time was calculated as [[number of dead chickens at x days post-
infection (dpi)] x x + (number of dead chickens at y dpi) X y]
/ total number of dead chickens. The weight of each chicken in
the control group and infection group was measured at 0 dpi,
7 dpi, 14 dpi, and 21 dpi. Serum samples were collected from
both groups at 0 dpi, 7 dpi, 14 dpi, and 21 dpi for detecting the
virus-specific antibody level using commercially available CAV
antibody ELISA test Kit (IDEXX, Maine, USA). Sera samples
were diluted 10-fold and tested according to the manufacturer’s
recommended protocol.

To determine the tissue distribution of this virus, 21
chickens were intramuscularly inoculated at the dose of 0.3 ml
(104*°EIDs/0.1 ml) of strain YNO4, while 12 chickens inoculated
with 0.3ml PBS was the control group. At 7 dpi, 14 dpi,
and 21 dpi, 3 chickens of each group were randomly chosen
and euthanized. Samples of thymus, spleen, liver, and bursa
of Fabricius were excised from each chicken. After weighing
the organs, the immune organ indices were calculated as organ
weight (wet weight, mg) / body weight (g) x 100%. The
representative tissue samples including thymus, spleen, and
bursa of Fabricius were collected in 10% buffered formalin.
Formalin-fixed tissues were processed routinely through graded
ethanol, xylene, and paraffin embedding to obtain 5mm thick
sections, and stained with hematoxylin and eosin (H&E) stain for
histopathological examination following the standard technique.

Packed Cell Volume Detection

The packed cell volume (PCV) (hematocrit values) was assessed
with micro-hematocrit capillary tube method. Blood samples
were collected from both the control and infection groups
at 7 dpi, 14 dpi, and 21 dpi. According to the published
paper, chickens can be regarded as anemic when their PCV is
<27% (33).

Real Time-PCR Assay

Viral loads in various tissue organs were analyzed by a
quantitative real-time PCR (qRT-PCR). Total DNA from samples
of tissue organs including thymus, spleen, liver, and bursa
of Fabricius or blood were extracted using HiPure Viral
DNA Mini Kit (Magen, Guangzhou, China) or HiPure Blood
DNA Mini Kit (Magen, Guangzhou, China) according to the
manufacturer’s instructions. qRT-PCR was performed on an
ABI7500 Real-Time PCR system (Applied Biosystems, USA)
using ChamQ Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China). One specific CAV-VP2 primer sets used
for qRT-PCR was 5-ATGGCAAGACGAGCTCGC-3’ and 5'-
TCACACTATACGTACCGGGG-3' (23).

Statistical Analyses

Statistical comparisons were made by GraphPad Prism 8
(GraphPad Software Inc., San Diego, CA, USA). The results were
presented as mean =+ standard error of the mean (SEM). The
unpaired t-test was used for statistical comparison. The survival
rate of chickens was calculated using log-rank (Mantel-Cox) tests
and Gehan-Breslow-Wilcoxon tests. ns indicates not significant.
*p < 0.05, **p < 0.01, **p < 0.001.

A Infected cells B

Uninfected cells

FIGURE 1 | Result of Immunofluorescence assay (IFA). (A) Infected cells. (B)
Uninfected cells. IFA detection of infected MDCC-MSB1 cells and uninfected
MDCC-MSBH1 cells. Specific staining of the infected cells with VP3 monoclonal
antibody was observed by fluorescence microscopy. Scale bar: 200 wm.

RESULTS

Virus Isolation and Identification

Overall, 87.5% (7 out of 8) of the samples were CAV positive
when defected by PCR (Supplementary Figure 1A). Meanwhile,
ALV, MDV, REV, ALV, NDV, and IBDV were detected negative
for all the samples with the virus-specific primers (data not
shown). Besides, we used three pairs of primers to obtain the
complete genome of the CAV (Supplementary Figures 1B-D),
and acquired the same CAV genome sequence from the 7
CAV positive liver tissues. Next, we performed viral isolation
from CAV positive liver tissues on MDCC-MSB1 cells. After
three consecutive passages, the infected cells were harvested
and used for identification. IFA result showed that a green
fluorescent signal was observed in the infected MDCC-MSB1
cells (Figure 1A), but no signal was detected in the uninfected
cells (Figure 1B). PCR and sequencing results further confirmed
the successful isolation of CAV YNO04 strain (Genbank accession
number: MZ540762) from the third-generation infected cell
culture. The virus titer of YNO4 strain was detected as
10*°EIDs0/0.1mL.

Genomic Sequence

Sequencing of the YNO4 strain revealed a genome of 2,298
bp, and phylogenetic analysis based on the complete genome
sequences indicated that the YNO4 strain belonged to genotype
A, which was mainly epidemic in Asia (Figure 2). Besides, VP1
phylogenetic analysis result also suggested that it was falling
within genotype A (Supplementary Figure 2). Position 394 in
VP1 protein of strain YNO04 was glutamine (Q). Position 157 in
VP1 protein of strain YN04 was Methionine (M) when Position
157 in VP1 protein of most CAV isolate strains was valine (V).
However, no mutations were identified in the VP2 and VP3
proteins of the YNO04 strain.

Body Weights and Immune Organs Indices
A total of 86.67% mortality (13 out of 15) was recorded in the
CAV infection group during the experimentation (Figure 3A).
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FIGURE 2 | Phylogenetic analysis of YNO4 based on whole genome sequence. The genomic nucleotide sequences of the YNO4 strain, along with 45 chicken anemia
virus (CAV) genome sequences downloaded from the GenBank database, were used for phylogenic analysis by the neighbor-joining method, with phylogenetic
distances calculated using MEGA 7.0 software. Bootstrap values obtained from 1,000 replicates are shown at the major nodes. The genogroups are indicated. The
strains isolated in this study are indicated by solid dots.
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FIGURE 3 | Detection of survival rate, body weights, immune organs indices, and packed cell volume (PCV) at various detected time points. (A) Survival rates of the
control group and infection group of chicks (n = 15). Curves are significantly different (p < 0.001) by log-rank test and Gehan-Breslow-Wilcoxon analysis. (B) Chicken
body weights in the control and infection groups. (C) Thymus index (the ratio of thymus to body weight) in the control and infection groups. (D) Bursa index (the ratio
of bursa to body weight) in the control and infection groups. (E) Spleen index (the ratio of spleen to body weight) in the control and infection groups. (F) Detection of
PCV (hematocrit values) at various detected time points. A PCV value below 27% was regarded as anemia. The unpaired t-test was used for statistical comparison.
Statistical significance was assessed at P-values. ns P > 0.05, **P < 0.01, **P < 0.001.
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FIGURE 4 | Gross lesions and histopathological changes. (A) Representative images of the macroscopic appearance of the spleen, bursa, thymus, and bone in the
control group and infection group. (B) Thymus, bursa, and spleen tissues from an uninfected chicken (14 dpi) and CAV-infected chickens (14 dpi and 21 dpi).
Histopathological changes are indicated by blue arrows. Hematoxylin and eosin (HE) staining, scale bar: 200 wm.

Moreover, the mean death time of infected chickens was 13.1
dpi. The body weights of chickens in the infection group
were significantly decreased (p < 0.001) at 14 dpi and 21 dpi
compared to that of chickens in the control group (Figure 3B).
Besides, the thymus index (the ratio of thymus to body weight)

sharply decreased from 7 dpi to 21 dpi (p < 0.001) in the
infection group (Figure 3C). Also, the bursa index (the ratio
of bursa to body weight) obviously declined in the infection
group at 21 dpi (p < 0.05) (Figure 3D). However, there was
no significant change in the spleen index (the ratio of spleen
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to body weight) between the infection group and control group
(Figure 3E).

Hematological Changes

The PCV was measured using heparinized blood collected from
chickens at 7 dpi, 14 dpi, and 21 dpi. Compared to the control
group, the PCV of chickens in the infection group showed
a significant decrease (p < 0.05) at 14 dpi, even lower than
27%, which indicated anemia in chickens of the infection group
(Figure 3F).

Gross Lesions and Histopathological
Changes

In CAV-infected chickens, severe atrophy of thymus and bursa
of Fabricius, mild to moderate atrophy of spleen, and pale
bone marrow were observed (Figure4A). Histopathological
analysis of organ tissues showed that characteristic tissue lesions
appeared at 14 dpi and gradually returned to normal at 21
dpi. Histopathology of the spleen indicated that the number of
lymphocytes decreased at 14 dpi. Histopathology of the thymus
indicated that the structure of thymus lobules was vague. Many
thymocytes of thymus were missing in the thymus lobule at 14

dpi. Histopathology of the bursa indicated that mucosal epithelial
cells were necrotic and exfoliated at 14 dpi (Figure 4B).

Viral Loads in Various Immune Tissues

At 7 dpi, 14 dpi, and 21 dpi, samples of the liver, thymus,
spleen, bursa of Fabricius, and blood were excised for DNA
extraction from 3 chickens randomly chosen from the infection
group, to measure the CAV viral loads in various tissues. CAV
was positive in each detected tissue organ from 7 dpi to 21
dpi (Figure 5A). The highest virus copy number was found in
thymus (logjo 8.76 £ 0.18) compared to other tissues (Figure 5A,
Supplementary Table 2). A general downward trend of the viral
copy number in thymus and bursa was observed from 7 dpi to 21
dpi (Figure 5B).

CAV Antibody Levels in Serum

Chicken anemia virus-specific antibodies were monitored from 0
to 21 dpi. In the control group, the CAV antibody level was all
negative throughout the experiment. In the infection group, the
CAYV antibody level was 100% negative at 7 dpi, 100% positive at
14 dpi or 21 dpi, and displayed an upward trend from 0 to 21 dpi
(Figure 5C).
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DISCUSSION

After its first report in 1979, in Japan (34), CAV has been detected
worldwide. The diversity of CAV strains in different countries has
been reported previously (35-37). In recent years, CAV infections
have been detected in Guangdong, Shandong, and Heilongjiang
provinces of China (2, 16, 28, 38, 39). CAV was reported to attack
erythroblastoid cells and thymocytes, and could cause severe
anemia and immunosuppression (13). In this study, we first
identified a highly pathogenic CAV strain YNO4 from infected
chickens in Yunnan province, China.

Here, we successfully isolated a CAV strain YN04 from CAV-
positive specimens collected from one breeder farm in Yunnan
province. To analyze the genetic variation of this strain and track
its possible origin, we sequenced its whole genome. Phylogenetic
analysis results showed that the YNO4 strain belonged to
genotype A, which was mainly epidemic in Asia. It was reported
that Q394 (glutamic acid at 394 position) presenting in VP1
protein indicates the highly pathogenic strain of CAV. Instead,
H394 (histidine at 394 position) in VP1 protein is present in a
moderately pathogenic strain of CAV (7-10). Remarkably, YN04
strain had Q394 AA in VP1 protein, indicating that it is a highly
pathogenic strain.

It was reported that most CAV isolate strains usually caused
around 30% mortality (2, 6). Conversely, the YN04 strain isolated
in this study could cause 86.67% mortality in the infection group
with almost the same animal infection model, which indicated
that the YNO4 strain was a highly pathogenic strain. In the
infected chickens, characteristic clinical signs such as weakness,
anemia, and stunted growth were observed. All these changes
were characteristic to CIA and were in agreement with the earlier
reports (40). The obvious decrease of body weight at 14 and 21
dpi, thymus index from 7 to 21 dpi, and bursa index at 21 dpi was
observed (41). Furthermore, marked changes were also observed
in the hematological parameters and histopathological changes
at 14 dpi. Specifically, there was a significant decrease in the PCV
of infected chickens at 14 dpi (22). Severe atrophy of thymus and
bursa, mild to moderate atrophy of spleen, and pale bone marrow
were observed in infected chickens at 14 dpi. Besides, CAV was
positive in each detected tissue organ from 7 to 21 dpi. Moreover,
our study found that the viral load in thymus was highest in the
infection group compared with other organ tissues (16, 22). The
above results suggested that CAV is highly susceptible to infection
of central immune organs including thymus and bursa.

At 14 dpi, the severe pathological damage and anemia
may be related to the high viral loads in the tissue organ
and blood. The tissue organs and PCV of infected chickens
returned to normal at 21 dpi, which was mainly due to the
increasing CAV-specific antibodies and recovery of immune
organs. However, we could still detect obvious viral load at 21
dpi. It was also reported that the virus can persist in chickens
even long after flock seroconversion (7, 10, 40-42). Besides, we
found that the body weight, thymus, and bursa indices were
significantly decreased at 21 dpi, which indicated that CAV
infection may induce immunosuppression in infected chickens at
this stage. The immunosuppression caused by CAV increases the
susceptibility of infected chickens to other diseases such as NDV,

fowl adenovirus type 4, AIV (HIN2), and infectious bronchitis
virus (26, 43, 44).

In conclusion, the present study is the first report of an
isolation of CAV from infected chickens in Yunnan province,
with the determination of the complete genomic sequence. The
strain YNO4 is a highly pathogenic strain and clearly pathogenic
to chickens. The strain YNO4 can cause severe anemia and
immunosuppression in infected chickens. This work enriches the
epidemiological data and provides information for preventing its
further spread in Yunnan province, China.
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Supplementary Figure 1 | Result of polymerase chain reaction (PCR). (A) PCR
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1~7, CAV-positive liver tissues; NC, negative control. (C) PCR detection of
primers CIAV-2 from CAV-positive liver tissues. M, marker (DNA ladder 2000);
1~7, CAV-positive liver tissues; NC, negative control. (D) PCR detection of
primers CIAV-3 from CAV-positive liver tissues. M, marker (DNA ladder 2000);

were used for phylogenic analysis by the neighbor-joining method, with
phylogenetic distances calculated using MEGA 7.0 software. Bootstrap values
obtained from 1,000 replicates are shown at the major nodes. The genogroups
are indicated. The strains isolated in this study are indicated by solid dots.

1~7, CAV-positive liver tissues; NC, negative control.

Supplementary Figure 2 | Phylogenetic analysis of various CAV strains based on
VP1 amino acid (AA) sequences. The VP1 AA sequences of the YNO4 strain,
along with 45 CAV VP1 AA sequences downloaded from the GenBank database,

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Ducatez

. Rosario K, Breitbart M, Harrach B, Segales J, Delwart E, Biagini P, et al.

Revisiting the taxonomy of the family Circoviridae: establishment of the
genus Cyclovirus and removal of the genus Gyrovirus. Arch Virol. (2017)
162:1447-63. doi: 10.1007/s00705-017-3247-y

. Li Y, Yan N, Wang Y, Liu A, Liu C, Lan X, et al. Molecular evolution and

pathogenicity of chicken anemia virus isolates in China. Arch Virol. (2021)
166:439-49. doi: 10.1007/s00705-020-04909-8

. Noteborn MH, de Boer GE, van Roozelaar DJ, Karreman C, Kranenburg

O, Vos JG, et al. Characterization of cloned chicken anemia virus DNA
that contains all elements for the infectious replication cycle. J Virol. (1991)
65:3131-9. doi: 10.1128/jvi.65.6.3131-3139.1991

. Noteborn MH, Verschueren CA, Koch G, Van der Eb AJ. Simultaneous

expression of recombinant baculovirus-encoded chicken anaemia
virus (CAV) proteins VP1 and VP2 is required for
of the CAV-specific neutralizing epitope. J Gen Virol.

79:3073-7. doi: 10.1099/0022-1317-79-12-3073

formation
(1998)

. Renshaw RW, Soine C, Weinkle T, O’Connell PH, Ohashi K, Watson S,

et al. A hypervariable region in VP1 of chicken infectious anemia virus
mediates rate of spread and cell tropism in tissue culture. J Virol. (1996)
70:8872-8. doi: 10.1128/jvi.70.12.8872-8878.1996

. Swayne DE. Diseases of Poultry. Hoboken, NJ: Wiley-Blackwell (2020). p.

284-320.

. Yamaguchi S, Imada T, Kaji N, Mase M, Tsukamoto K, Tanimura N, et al.

Identification of a genetic determinant of pathogenicity in chicken anaemia
virus. ] Gen Virol. (2001) 82:1233-8. doi: 10.1099/0022-1317-82-5-1233

ME Owoade AA, Abiola JO, Muller CP. Molecular
epidemiology of chicken anemia virus in Nigeria. Arch Virol. (2006)
151:97-111. doi: 10.1007/500705-005-0609-7

. Natesan S, Kataria JM, Dhama K, Rahul S, Bhardwaj N. Biological and

molecular characterization of chicken anaemia virus isolates of Indian origin.
Virus Res. (2006) 118:78-86. doi: 10.1016/j.virusres.2005.11.017

Todd D, Scott AN, Ball NW, Borghmans BJ, Adair BM.
Molecular basis of the attenuation exhibited by molecularly cloned
highly passaged chicken anemia virus isolates. ] Virol (2002)
76:8472-4. doi: 10.1128/JV1.76.16.8472-8474.2002

Natesan S, Kataria JM, Dhama K, Bhardwaj N, Sylvester A. Anti-
neoplastic effect of chicken anemia virus VP3 protein (apoptin) in Rous
sarcoma virus-induced tumours in chicken. J Gen Virol. (2006) 87:2933—
40. doi: 10.1099/vir.0.82085-0

McNulty MS. Chicken anaemia agent: a review. Avian Pathol. (1991) 20:187-
203. doi: 10.1080/03079459108418756

Koch G, van Roozelaar DJ, Verschueren CA, Eb AJ,
Noteborn MH. Immunogenic and protective properties of chicken
anaemia virus proteins expressed by baculovirus. (1995)
13:763-70. doi: 10.1016/0264-410X(94)00034-K

Rosenberger JK, Cloud SS. Chicken anemia virus. Poult Sci. (1998) 77:1190-
2. doi: 10.1093/ps/77.8.1190

Fatoba AJ, Adeleke MA. Chicken anemia virus: a deadly pathogen of poultry.
Acta Virol. (2019) 63:19-25. doi: 10.4149/av_2019_110

Tan C, Wang Z, Lei X, Lu J, Yan Z, Qin J, et al. Epidemiology,
molecular characterization, and recombination analysis of chicken anemia
virus in Guangdong province, China. Arch Virol. (2020) 165:1409-
17. doi: 10.1007/500705-020-04604-8

van der

Vaccine.

Supplementary Table 1 | Details about the chicken anemia virus (CAV) reference
strains from GenBank.

Supplementary Table 2 | CAV viral load in various tissues of chickens in the
infection group.

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31.

32.

. Yuasa N,

. Rosenberger JK, Cloud SS. The effects of age, route of exposure, and

coinfection with infectious bursal disease virus on the pathogenicity and
transmissibility of chicken anemia agent (CAA). Avian Dis. (1989) 33:753-
9. doi: 10.2307/1591156

. Van Dong H, Tran G, Van Nguyen G, Dao TD, Bui VN, Huynh L, et

al. Chicken anemia virus in northern Vietnam: molecular characterization
reveals multiple genotypes and evidence of recombination. Virus Genes.
(2019) 55:643-53. doi: 10.1007/511262-019-01686-8

Imai K. Pathogenicity and antigenicity of
isolates of chicken anaemia agent (CAA). Avian Pathol.
15:639-45. doi: 10.1080/03079458608436327

Miller MM, Schat KA. Chicken infectious anemia virus: an example
of the ultimate host-parasite relationship. Avian Dis. (2004) 48:734-
45. doi: 10.1637/7271-090304R

Hoop RK. Persistence and vertical transmission of chicken anaemia agent
in experimentally infected laying hens. Avian Pathol. (1992) 21:493-
501. doi: 10.1080/03079459208418867

Tongkamsai S, Lee MS, Tsai YL, Chung HH, Lai GH, Cheng JH, et al. Oral
inoculation of specific-pathogen-free chickens with chicken anemia virus
induces dose-dependent viremia and transient anemia. Pathogens. (2019)
8:141. doi: 10.3390/pathogens8030141

Wani MY, Dhama K, Malik YS. Impact of virus load on
immunocytological and histopathological parameters during clinical
chicken anemia virus (CAV) infection in poultry. Microb Pathog. (2016)
96:42-51. doi: 10.1016/j.micpath.2016.05.003

eleven
(1986)

. Zhang J, Ma L, Li T, Li L, Kan Q, Yao X, et al. Synergistic pathogenesis of

chicken infectious anemia virus and J subgroup of avian leukosis virus. Poult
Sci. (2021) 100:101468. doi: 10.1016/j.psj.2021.101468

Davidson I, Loeb E, Lublin A, Perk S, Shkoda I, Schat KA. Assessment
of various criteria to determine the chicken anemia virus pathogenicity in
embryonated eggs and in day-old chicks. Curr Opin Virol. (2007) 6:95-111.
Erfan AM, Selim AA, Naguib MM. Characterization of full genome
sequences of chicken anemia viruses circulating in Egypt reveals distinct
genetic diversity and evidence of recombination. Virus Res. (2018) 251:78-
85. doi: 10.1016/j.virusres.2018.05.008

Kye SJ, Kim JY, Seul HJ, Kim S, Kim SE, Lee HS, et al. Phylogenetic
analysis and genetic characterization of chicken anemia virus isolates
from Cambodia. Poult Sci. (2013) 92:2681-6. doi: 10.3382/ps.2013-
03204

Li Y, Fang L, Cui S, Fu J, Li X, Zhang H, et al. Genomic characterization
of recent chicken anemia virus isolates in china. Front Microbiol. (2017)
8:401. doi: 10.3389/fmicb.2017.00401

Ou SC, Lin HL, Liu PC, Huang HJ, Lee MS, Lien YY, et al. Epidemiology
and molecular characterization of chicken anaemia virus from commercial
and native chickens in Taiwan. Transbound Emerg Dis. (2018) 65:1493-
501. doi: 10.1111/tbed.12886

Li Y. Pathogenicity and genominc sequence comparison of a chicken
infectious anemina virus field isolate (in Chinese). Master’s Thesis. Shandong:
Shandong Agricultural University (2007).

Reed L] Muench H. A simple method of estimating fifty percent endpoints.
Am ] Epidemiol. (1938) 27:493-7. doi: 10.1093/oxfordjournals.aje.a118408

Li Q, Zhang Y, Meng F Jiang H, Xu G, Ding J, et al. A new strategy
for the detection of chicken infectious anemia virus contamination in
attenuated live vaccine by droplet digital PCR. Biomed Res Int. (2019)
2019:2750472. doi: 10.1155/2019/2750472

Frontiers in Veterinary Science | www.frontiersin.org

May 2022 | Volume 9 | Article 860134


https://doi.org/10.1007/s00705-017-3247-y
https://doi.org/10.1007/s00705-020-04909-8
https://doi.org/10.1128/jvi.65.6.3131-3139.1991
https://doi.org/10.1099/0022-1317-79-12-3073
https://doi.org/10.1128/jvi.70.12.8872-8878.1996
https://doi.org/10.1099/0022-1317-82-5-1233
https://doi.org/10.1007/s00705-005-0609-7
https://doi.org/10.1016/j.virusres.2005.11.017
https://doi.org/10.1128/JVI.76.16.8472-8474.2002
https://doi.org/10.1099/vir.0.82085-0
https://doi.org/10.1080/03079459108418756
https://doi.org/10.1016/0264-410X(94)00034-K
https://doi.org/10.1093/ps/77.8.1190
https://doi.org/10.4149/av_2019_110
https://doi.org/10.1007/s00705-020-04604-8
https://doi.org/10.2307/1591156
https://doi.org/10.1007/s11262-019-01686-8
https://doi.org/10.1080/03079458608436327
https://doi.org/10.1637/7271-090304R
https://doi.org/10.1080/03079459208418867
https://doi.org/10.3390/pathogens8030141
https://doi.org/10.1016/j.micpath.2016.05.003
https://doi.org/10.1016/j.psj.2021.101468
https://doi.org/10.1016/j.virusres.2018.05.008
https://doi.org/10.3382/ps.2013-03204
https://doi.org/10.3389/fmicb.2017.00401
https://doi.org/10.1111/tbed.12886
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1155/2019/2750472
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Dai et al.

Isolation of CAV From Yunnan

33.

34,

35.

36.

37.

38.

39.

40.

41.

Schat KA. Chicken anemia virus. Curr Top Microbiol Immunol. (2009)
331:151-83. doi: 10.1007/978-3-540-70972-5_10

Yuasa N, Taniguchi T, Yoshida I. Isolation and some characteristics of an agent
inducing anemia in chicks. Avian Dis. (1979) 23:366. doi: 10.2307/1589567
Ganar K, Shah M, Kamdi BP, Kurkure NV, Kumar S. Molecular
characterization of chicken anemia virus outbreaks in Nagpur
province, India from 2012 to 2015. Microb Pathog. (2017)
102:113-9. doi: 10.1016/j.micpath.2016.11.017

Erfan AM, Selim AA, Helmy SA, Eriksson P, Naguib MM. Chicken
anaemia virus enhances and prolongs subsequent avian influenza (HON2)
and infectious bronchitis viral infections. Vet Microbiol. (2019) 230:123—
9. doi: 10.1016/j.vetmic.2019.01.024

Huynh L, Nguyen GV, Do LD, Dao TD, Le TV, Vu NT, et al. Chicken infectious
anaemia virus infections in chickens in northern Vietnam: Epidemiological
features and genetic characterization of the causative agent. Avian Pathol.
(2020) 49:5-14. doi: 10.1080/03079457.2019.1637821

Fang L, Li Y, Wang Y, Fu J, Cui S, Li X, et al. Genetic analysis of
two chicken infectious anemia virus Variants-Related gyrovirus in stray
mice and dogs: the first report in china, 2015. Biomed Res Int. (2017)
2017:6707868. doi: 10.1155/2017/6707868

Yao S, Tuo T, Gao X, Han C, Yan N, Liu A, et al. Molecular epidemiology
of chicken anaemia virus in sick chickens in China from 2014 to 2015. PLoS
ONE. (2019) 14:€210696. doi: 10.1371/journal.pone.0210696

Tan J, Tannock GA. Role of viral load in the pathogenesis of chicken anemia
virus. ] Gen Virol. (2005) 86:1327-33. doi: 10.1099/vir.0.80599-0

Tongkamsai S, Lee MS, Cheng MC, Chaung HC, Tsai YL, Lien YY.
Persistent infection with chicken anemia virus in 3-Week-Old chickens
induced by inoculation of the virus by the natural route. Pathogens. (2019)
8:48. doi: 10.3390/pathogens8020048

42. Wang L. Biology and genome characteristics of a highly pathogenic chicken
infectious anemia virus (in Chinese). Masters Thesis. Shandong: Shandong
Agricultural University (2009).

43. SuQ,LiY, MengF, CuiZ, Chang, Zhao P. Newcastle disease virus-attenuated
vaccine co-contaminated with fowl adenovirus and chicken infectious anemia
virus results in inclusion body hepatitis-hydropericardium syndrome in
poultry. Vet Microbiol. (2018) 218:52-9. doi: 10.1016/j.vetmic.2018.03.019

44. Su Q, Wang T, Meng E, Cui Z, Chang S, Zhao P. Synergetic pathogenicity of
Newecastle disease vaccines LaSota strain and contaminated chicken infectious
anemia virus. Poult Sci. (2019) 98:1985-92. doi: 10.3382/ps/pey555

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.

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

Copyright © 2022 Dai, Huang, Wang, Luo, Yan, Zhang, Huang, Zhou, Li and Xu.
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

May 2022 | Volume 9 | Article 860134


https://doi.org/10.1007/978-3-540-70972-5_10
https://doi.org/10.2307/1589567
https://doi.org/10.1016/j.micpath.2016.11.017
https://doi.org/10.1016/j.vetmic.2019.01.024
https://doi.org/10.1080/03079457.2019.1637821
https://doi.org/10.1155/2017/6707868
https://doi.org/10.1371/journal.pone.0210696
https://doi.org/10.1099/vir.0.80599-0
https://doi.org/10.3390/pathogens8020048
https://doi.org/10.1016/j.vetmic.2018.03.019
https://doi.org/10.3382/ps/pey555
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

	Genomic Sequence and Pathogenicity of the Chicken Anemia Virus Isolated From Chicken in Yunnan Province, China
	Introduction
	Materials and Methods
	Ethics Statement
	Virus Isolation
	Indirect Immunofluorescence Assay Identification
	Sequencing Analysis
	Pathogenicity Experiments
	Packed Cell Volume Detection
	Real Time-PCR Assay
	Statistical Analyses

	Results
	Virus Isolation and Identification
	Genomic Sequence
	Body Weights and Immune Organs Indices
	Hematological Changes
	Gross Lesions and Histopathological Changes
	Viral Loads in Various Immune Tissues
	CAV Antibody Levels in Serum

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


