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Chicken anemia virus in northern Vietnam: molecular characterization
reveals multiple genotypes and evidence of recombination
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Abstract

Chicken anemia virus (CAV) has a ubiquitous and worldwide distribution in the chicken production industry. Our group
previously reported a high seroprevalence of CAV in chickens from northern Vietnam. In the present study, tissue samples
collected from a total of 330 broiler and breeder commercial chickens in eleven provinces of northern Vietnam were tested
for CAV infection. All samples were collected from clinically suspected flocks and diseased birds. The CAV genome was
detected in 157 out of 330 (47.58%) chicken samples by real-time PCR. The rate of CAV genome detection in young chickens
at 2-3 weeks of age (61.43%), which had not been previously reported in Vietnam, was significantly higher than that in older
chickens at 4-11 (44.83%) and 12-28 (35.71%) weeks of age. For nine representative CAV strains from broiler chickens,
analysis of the entire protein-coding region of the viral genome was conducted. Phylogenetic analysis of the VP1 gene indi-
cated that the CAVs circulating in northern Vietnam were divided into three distinct genotypes: 11, III, and V. Only one of the
nine Vietnamese CAV strains clustered with a vaccine strain (Del-Ros), whereas the other eight strains did not cluster with
any vaccine strains. Among the three genotypes, genotype I1I was most widely found in northern Vietnam and this included
three sub-genotypes (Ila, IIIb, and IlIc). The Vietnamese CAV strains were closely related to the Chinese, Taiwanese, and
USA strains. One strain was defined to be of genotype V, which is a newly reported CAV genotype. Moreover, recombination
analysis suggests that this novel genotype V was generated by recombination between genotype II and sub-genotype Illc.
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Introduction

Chicken anemia virus (CAV), a non-enveloped, circular, and
single-stranded DNA virus, is classified into the Gyrovirus
genus of the Anelloviridae family [1]. The viral genome
consists of three overlapping open reading frames (ORFs),
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ORF1, ORF2, and ORF3, that encode the structural pro-
tein VP1 (51.6 kDa) and two non-structural proteins VP2
(24 kDa) and VP3 (13.6 kDa), respectively [1, 2]. The major
capsid protein VP1 plays a critical role in viral capsid assem-
bly and inducing neutralization antibodies in the host [2, 3].
The VP2 and VP3 proteins serve as scaffolding proteins of
VP1 [4, 5] and strong inducers of apoptosis [6], respectively.
Previous reports indicated hypervariability of the VP1 gene
in the region coding for amino acid (aa) 139-151 and 11
major variable substitutions of aa located at positions 22, 75,
97,125, 139, 144, 157, 287, 290, 370, and 413. In contrast,
VP2 and VP3 genes are highly conserved among isolates
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[7, 8]. Thus, the VP1 gene has been selected for genetic
characterization and evaluation of CAV.

CAV was first isolated from affected chickens in the field
from Japan in 1979 [9]; 4 years later, it was successfully
propagated in MDCC-MSBI1 cells, which is a Marek’s dis-
ease virus-transformed chicken lymphoblastoid cell line
[10]. Afterward, detection of CAV in chickens was reported
in many countries worldwide. CAV has been known to cause
economic loss in chicken production [11, 12]. Both horizon-
tal and vertical transmissions have been recorded in CAV
infections in chickens [13—15]. In the field, vertical transmis-
sion in breeders through embryonated eggs results in clini-
cal disease in young chickens at 2 to 3 weeks of age, which
leads to increased mortality [16, 17]. CAV-infected young
chickens display depression, muscle hemorrhage, pale bone
marrow, and thymus atrophy. In addition, horizontal CAV
infection occurs in older chickens and results in subclinical
disease followed by immunosuppression [18] and reduced
immune responses to Newcastle disease virus and Marek’s
disease virus vaccines in affected chickens [19, 20].

Phylogenetic analyses of full-length VP1 genes showed
that CAV is either divided into three genetically different
genotypes (I, II, and IIT) [21-24] with two sub-genotypes
[21, 22], or four genotypes (I, I, III, and IV) [25]. In addi-
tion, Eltahir et al. [26] suggested that CAV consists of four
genotypes (A, B, C, and D) and five sub-genotypes (A1, A2,
A3, D1, and D2) based on genetic analyses of the full viral
genome. Another study demonstrated the presence of inter-
subtype recombination, which may indicate the appearance
of novel genotypes and/or sub-genotypes [27].

Our group previously performed the first serological sur-
veillance study of CAV infection in Vietnam and reported
that approximately 70% of chicken sera collected in sev-
eral chicken farms in northern Vietnam were positive for
antibody against CAV [28]. The results suggested that CAV
infection might be at high prevalence in this country. How-
ever, lack of information about vaccination in the studied
chickens limited us from fully understanding CAV infection
in chickens in Vietnam. From chicken samples mainly col-
lected in Hanoi, a part of northern Vietnam, Dao et al. [29]
reported that 63 out of 124 samples were positive for the
CAV genome. Based on phylogenetic analyses of the partial
VP1 gene (592 bp), they tentatively divided the Vietnamese
CAV strains into two groups. In the current study, we inves-
tigated CAV infection in broiler and breeder commercial
chickens from eleven provinces of northern Vietnam, and
furthermore, conducted molecular characterization of identi-
fied CAV strains based on the entire protein-coding regions
of the viral genome.
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Materials and methods
Samples

Tissue samples from a total of 330 chickens obtained in
northern Vietnam between 2016 and 2018 were used in this
study. For sample collection, chicken farms with slightly
increased mortality in young chickens, according to the
owners’ personal reports, were selected. From each farm
involved in this study, 3 to 6 chickens displaying poor per-
formance and weakness were selected for sample collection.
There was no information available about the number of
farms tested, but none of the farms involved in this study
had previously used CAV vaccines. From each chicken,
tissue samples, including liver, spleen, bone marrow and
thymus, were collected and pooled into one tube to make
individual pooled samples. Among the 330 pooled tissue
samples, 328 were obtained from commercial chickens of 2
to 28 weeks of age farmed in eleven provinces in northern
Vietnam during 2016-2018: Hanoi (HN), Haiduong (HD),
Haiphong (HP), Bacninh (BN), Quangninh (QN), Thaibinh
(TB), Namdinh (ND), Hanam (HM), Hoabinh (HB), Phutho
(PT), and Vinhphuc (VP). The remaining two samples were
obtained from breeder chickens at 12 weeks of age farmed in
Hanoi in 2017. Each pooled tissue sample was homogenized
in phosphate-buffered saline containing kanamycin (1 mg/
mL), gentamycin (100 pg/mL), and amphotericin B (10 pg/
mL) as a 20% homogenate.

Real-time PCR

DNA was extracted from the homogenized samples using
High Pure PCR Template Preparation Kit (Roche Diag-
nostics GmbH, Mannheim, Germany). Real-time PCR for
the CAV VP1 gene was conducted using primers (CAV-1F,
CAV-1R) and a CAV-probe, shown in Table 1, as previ-
ously described [23]. In order to prepare a control plas-
mid for CAV genome quantification, the partial VP1 gene
(402 bp) amplified using a pair of primers, CAV-VP1F and
CAV-VPIR (Table 1), was inserted into a T-Vector pMD20
(Takara Bio Ind., Shiga, Japan). The constructed plasmid
recovered from the transformed E. coli was serially diluted
and applied to real-time PCR, using the CAV-1F and CAV-
1R primers, to obtain a standard curve. Known amounts
of plasmid DNA containing between 5x 10! and 5 x 10°
copies of the control plasmid were used as templates.
The standard curve obtained demonstrated high accuracy
(R?>0.99) and indicated that the assay can detect 50 cop-
ies of the gene with the Cq value of 36.8. Samples show-
ing Cq values less than or equal to 36.8 were regarded as
positive for the CAV genome.
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Tablg 1 Primers and probe used Purpose Name Nucleotide sequence (5'-3") Position® Reference
in this study
Real-time PCR CAVIF CTCAAGCGACTTCGACGAAGA 919-939  [23]
CAVIR AGCCTCACACTATACGTACCG 1014-1034
CAV-probe FAM-ACAGCGGTATCGTAGACGAG-TAMRA  963-982
CAV-VPIF GACGAGCTCGCAGACCGAGA 860-879  This study
CAV-VPIR CGTCCGCAATCAACTCACCG 1242-1261
Sequencing CAV-CQIF CAATCACTCTATCGCTGTGT 607-626  [30]
CAV-CQIR TTCGTCCATCTTGACTTTCT 46-65
CAV-CQ2F GGCTACTATTCCATCWCCATTCT 14-37
CAV-CQ2R GCTCGTCTTGCCATCTTACA 848-879

*Numbers correspond to positions within the Cux-1 strain genome (Accession No. M55918 [2])

Nucleotide sequencing and phylogenetic analyses

The full-length protein-coding sequence (1823 bp) of the
viral genome was amplified by PCR using two pairs of prim-
ers, CAV-CQ1F/CAV-CQI1R and CAV-CQ2F/CAV-CQ2R
(Table 1), as described by Zhang et al. [30]. PCR products
of 1778 and 831 bp in size, respectively, were separated on
agarose gels and purified by GeneClean® II Kit (MP Bio-
medicals, Santa Ana, CA, USA). Nucleotide sequencing
was performed using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Life Technologies, Carlsbad, CA, USA)
and the Applied Biosystems 3500 Genetic Analyzer (Life
Technologies).

The Clustal W multiple alignment tool [31] in BioEdit
v.7.2.5 [32] was used to align and analyze the nucleotide
sequences and deduced aa sequences derived from CAV.
Homology in nucleotide and aa sequences was examined by
the GENETYX v.10 software (GENETYX Corp., Tokyo,
Japan) and compared with other publicly available sequences
using the BLAST program. A maximum likelihood method
with Hasegawa-Kishino-Yano model of nucleotide substitu-
tions was used to construct the phylogenetic tree based on
nucleotide sequences, and a Jones-Taylor-Thornton model of
amino acid substitutions was used to reconstruct the phylo-
genetic tree based on amino acid sequences of nine currently
identified Vietnamese (this study), six previously identified
Vietnamese, and 56 foreign CAV strains. The confidence
values on phylogenetic trees were assessed by bootstrapping
with 1000 replicates using MEGA®6 software [33]. Complete
protein-coding sequences of the viral genome obtained in
this study have been deposited into GenBank under acces-
sion numbers MK423866 to MK423874.

Identification and confirmation of recombination

Nine CAV strain sequences from the current study and six
other sequences from GenBank were used to identify recom-
bination events using RDP, GENECONYV, BootScan, Max-
Chi, Chimaera, SiScan, Phyl-Pro, LARD, and 3Seq methods

Table 2 Detection of the CAV genome in chicken field samples by
using real-time PCR

Age (weeks) No. of samples No. of positive
samples (%)
2-3 70 43 (61.43)
4-11 232 104 (44.83)
12-28 28¢ 10 (35.71)
Total 330 157 (47.58)

4 Two samples of breeder chickens are included

implemented in Recombination Detection Program (RDP)
version Beta 4.97 [34] with default settings. Recombination
events were designated if identified by at least 4 of the 9
methods (p value < 0.05). The recombination events were
confirmed by bootscanning in SimPlot v.3.5.1 [35].

Statistical analysis

Fisher’s exact test was used to identify significant differences
in the rate of CAV genome detection between age groups.
A value of p <0.05 was considered statistically significant.

Results

In this study, samples were obtained from chickens with
poor performance and weakness on farms where slightly
increased mortality was observed in young chickens. First,
we assessed the CAV infection rates among chicken samples
tested using real-time PCR. The CAV genome was detected
(Cq value <36.8) in 157 out of 330 (47.58%) samples tested.
The proportion of CAV-positive chickens at 2—-3 weeks of
age was 61.43% (43/70), which was significantly higher than
those at 4—11 weeks (44.83%) (p=0.02) and 12-28 weeks
(35.71%) (p=0.03) of age. The two samples from breeder
chickens at 12 weeks of age were also positive in the CAV
genome detection real-time PCR (Table 2).
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For genetic characterization, nine CAV-positive samples
from broiler chickens obtained at different locations (differ-
ent farms in HN, BN, HB, HP, PT, and VP) and sampling
years (2016, 2017, and 2018) were selected for nucleotide
sequencing. Full-length CAV VP1 gene sequences from the
nine Vietnamese strains were aligned and compared with
other sequences retrieved from GenBank. The nucleotide
identity ranged from 94.66 to 99.77% among the Viet-
namese CAV strains obtained in the current study. Among
these, the highest nucleotide identity was found between
Vietnam/HN2/16 and Vietnam/HN1/17 (99.77%) while the
lowest was between Vietnam/BN1/17 and Vietnam/BN2/16
(94.66%). Comparing the VP1 gene from the Vietnamese
CAV strains in this study and those previously reported, the
highest nucleotide identity was 99.70% (Vietnam/HB1/17 vs
Vietnam/KP780287.1/BN1/13) while the lowest was 94.37%
(Vietnam/BN1/17 vs Vietnam/KP780292.1/VP10/13). Seven
out of the nine Vietnamese CAV strains showed nucleotide
identity higher than 99.03% with Chinese (KU645516.1,
KU645510.1, KU050677.1, and KY486146.1) or Taiwanese
(KJ728827.1) isolates. The remaining two strains, Vietnam/
VP1/18 and Vietnam/PT1/17, showed nucleotide identity of
98.74% and 97.25% with the American strains 98D02152
(AF311892.2) and 98D06073 (AF311900.3), respectively.
Neither mutations nor substitutions were found at either
nucleic acid or amino acid levels of VP2 and VP3.

Phylogenetic analysis based on the CAV VPI1 gene
(1350 bp) indicated that the Vietnamese CAV strains we
obtained in northern Vietnam were divided into three geno-
types (IL, I1I, and V) and three sub-genotypes (Illa, IIIb, and
IIIc) with high supporting bootstrap values. Genotypes II
and V were represented by one strain each. The other seven
strains were found to belong to genotype III; one of these
CAV strains, Vietnam/VP1/18, was clustered with the US
vaccine strain (USA/AF313470/Del-Ros) in sub-genotype
IIIb, while the other six genotype III strains belong to sub-
genotype Illa (one strain) or Illc (five strains). None of the
Vietnamese CAV strains were clustered with the vaccine
strains, 26P4 and Cuxhaven 1 strains, which have been avail-
able in Vietnam (Fig. 1).

There was a marked difference in the grouping and
subgrouping of sequences between nucleotide and aa lev-
els (Figs. 1 and 2). However, the aa phylogenetic tree also
clearly indicated that the Vietnamese CAV strains were
divided into several clusters. In addition, in the aa phylo-
genetic tree, the Vietnamese CAV strains were not clus-
tered with the vaccine strains, 26P4 and Cuxhaven 1 strains
(Fig. 2).

Deduced aa sequences of VP1 of the Vietnamese CAV
strains were compared with other CAV strains in various
lineages. Nine major variable aa substitutions were detected
in VP1 of the Vietnamese CAV strains in the current study,
namely 22H/N/Q, 75 V/I, 97 M/L, 125I/L, 139 K/Q,
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144E/Q, 287S/A, 370G/S, and 376 L/I. All of the Vietnam-
ese CAV strains had T and Q at position 89 and 394 of VP1I,
respectively (Table 3).

Recombination analyses suggested that Vietnam/PT1/17,
which belongs to the genotype V, resulted from a recombi-
nation event. The major and minor parents were Vietnam/
VP10/13 of genotype II and Vietnam/VP9/13 of genotype
IIIc. This putative recombination event was detected by
six out of nine methods using RDP 4 (Table 4 and Fig. 3).
Analysis using the SimPlot program also detected recom-
bination. The two breakpoints were detected and located at
residues 1040 and 1699 of the protein-coding region of the
viral genome, respectively (equivalent to nucleotide posi-
tions 534 and 1193 of the VP1 gene) (Fig. 4).

Discussion

Understanding CAV infections is important as they cause
immunosuppression in infected hosts. The seroprevalence
of CAV was first reported in Vietnam by our previous study
[28]. Recently, Vietnamese CAV strains were character-
ized based on partial sequences of the VP1 gene [29]. Other
recent studies reported that CAV strains may be divided into
more than three genotypes and sub-genotypes [25, 26]. The
molecular evolution among Taiwanese CAV strains was
also reported based on analyses of coding regions of VP1
and VP2 [25]. The Vietnamese CAV gene sequences are
still limited in GenBank, and additional sequence data of
protein-coding regions are necessary to further characterize
and understand the evolution of CAV strains. This is the
first study to characterize nucleotide sequences of the full-
length protein-coding region of the viral genome (1823 bp)
of Vietnamese CAV strains.

In the present study, the CAV genome was detected in
47.58% of chicken samples collected in northern Viet-
nam which is similar to the previous study [29]. However,
samples used in this study were collected from chickens
with poor performance rather than being randomly col-
lected from a chicken flock. In addition, we do not have
enough information about the number of farms tested in
this study. Therefore, our CAV detection rate is not rel-
evant for estimating the CAV prevalence in Vietnam. Fur-
ther studies are needed to reveal the prevalence of CAV
infection in Vietnam. Additional studies are needed to
clarify the relationship between CAV infection and the
clinical signs observed in chickens. It has been reported
that the rate of CAV infection varies among countries,
such as China (10.2%) [26], India (73.3%) [36], and Bra-
zil (90%) [37]. This variation could be attributed to dif-
ferences in sampling size, time, location, and sensitivity
of detection methods used. Nevertheless, most studies
suggest that CAV is circulating at a high prevalence and
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Fig. 1 Phylogenetic tree of VP1 gene sequences (1350 bp) of the
Vietnamese CAV strains compared with those available in GenBank.
GenBank sequences are indicated by the country name/accession
number. The maximum likelihood method in MEGAG6 software was
used to establish the phylogenetic tree (1000 bootstrap replicates).

may be affecting chicken production worldwide. In the
current study, we first found a high CAV genome rate
in Vietnamese chickens at 2-3 weeks of age (61.43%).
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r_ W Vietuan/BN2/16
5| [ TaiwankJ728827.1solate 18
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F3
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A Vietnam/KP780289.1/VP7/13
A Vietnan/KP780292.1/VP10/13

9

Number at each branch point indicates bootstrap values >50% in the
bootstrap interior branch test. The current Vietnamese, previous Viet-
namese, and vaccine strains are indicated by squares, triangles, and
circles, respectively. Five major genotypes and three sub-genotypes
were identified and designated as I, 11, IIla, IIIb, Illc, IV, and V

The rate of CAV genome detection decreased in older
chickens at 4-11 (44.83%) and 12-28 weeks (35.71%)
of age. A previous study reported that the presence of
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Fig.2 Phylogenetic tree of VP1
protein sequences of Vietnam-
ese CAV strains compared with
those available in GenBank.
GenBank sequences are shown
as the country name/acces-
sion number. The maximum
likelihood method with the
Jones-Taylor-Thornton model
was used in MEGAG6 software
to establish the phylogenetic
tree (1000 bootstrap replicates).
Number at each branch point
indicates bootstrap values >50%
in the bootstrap interior branch
test. The current Vietnamese,
previous Vietnamese, and vac-
cine strains are indicated by
squares, triangles, and circles,
respectively

maternal antibodies derived from vaccination completely
suppressed CAV infection in young chickens [38]. In
our study, the high detection rate of the CAV genome in
2-3-week-old chickens may suggest the necessity for a
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CAV vaccination program in breeder chickens in Viet-
nam to protect young chickens from CAV infection. It
should be noted that CAV live vaccine strains reportedly
could revert back to become virulent strains after multiple
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Table.3 Amipo acid . Sequences Genotypes Amino acid position in VP1P

substitutions in VP1 protein of

the CAV strains 22 75 97 89 125 139 144 287 370 376 394
Consensus® H V M T I K E S G L Q
Netherland/D10068/26P4° I - - - - = - - T S - -
USA/AF313470/Del-Ros 11 - - - - - - - - - - -
Germany/M81223/Cuxhaven 1 111 - - - - = - D A S - -
Vietnam/VP1/18¢ il - - - - - - - - - - -
China/KU645516.1/HB1517 1 N I L - - Q Q A S - -
Vietnam/HN2/16 111 NI L - - Q Q A S8 - -
Japan/E51057/Att-CAV 1 - - - - L - - - - I H
China/DQ141671.1 I - - - - L - - - - - -
China/KU645510.1/SD1509 I - - - - L - - - - I -
Vietnam/KP780290.1 11T - - - - L - - - - I -
Vietnam/KP780287.1 111 - - - - L - - - - I -
Vietnam/HP1/17 1 - - - - L - - - - | -
Vietnam/HN1/17 1 - - - - L - - - S - -
Vietnam/BN1/17 1 - - - - L - - - - 1 -

ietnam/HN3/1 1 - - - - L - - - - 1 -

Vietnam/HB1/17 1 - - - L - - - - 1 -
USA/AF311900.3 1I QI L - - Q Q A S - -
Vietnam/BN2/16 1I QI L - - Q Q A S - -
Vietnam/KP780289.1 1I QI L - - Q Q A S - -
Vietnam/KP780292.1 I QI L - - Q Q A S - -
Australia/EF683159/3711 1 - - - - - - - - - - -
Taiwan/KY888894.1/1103TN02 IV - - - - L K E A - - -
Vietnam/PT1/17 \% QI L - - Q Q - - 1 -

#Consensus sequence was generated with 100 CAV sequences from GenBank by the GENETYX v.10 soft-
ware (GENETYX Corp., Tokyo, Japan)

PPosition of aa on VPI of the consensus sequence

“Vaccine strain sequences are marked in bold

4Vietnamese sequences obtained in the present study are underlined

®Same as the consensus sequence

Table 4 Recombination statistics of Vietnam/PT1/17 using RDP 4

Method Recombination p value
RDP -

GENECONV 4.85x107*

BootScan 2.68%x1073

MaxChi 3.17x1073

Chimaera 1.40x 1073

SiScan 3.56x1078

Phyl-Pro -

LARD -

3Seq 8.81x107°

The recombination events showing p value <0.05 were regarded reli-
able

passages in chickens [39]. Therefore, a precise investiga-
tion is required to assess the efficacy of vaccine strains
against wild strains as well as the risk of vaccine reversion
upon application of the CAV vaccination program. It has
been well known that CAV is characterized as a single
serotype. On the other hand, CAV strains have been clas-
sified into several distinct genotypes and sub-genotypes.
Three genotypes of CAV were reported, namely genotypes
I, II, and III, based on analyses of the VP1 gene [21-24],
as well as two sub-genotypes of genotype III, in Korean
and Nigerian chickens [21, 22]. However, phylogenetic
analyses using the complete genome revealed that four
genotypes and five sub-genotypes of CAV were found to
be circulating in Chinese chickens, namely A, B, C, and D
[26, 27]. A novel genotype IV and two sub-genotypes of
genotype III were also reported in Taiwanese commercial
and native chickens [25]. The phylogenetic analysis in the
present study revealed that three distinct genotypes II, II1,
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Fig.3 Detection of recombination events using BootScan analysis of the entire protein-coding region of Vietnamese CAV strains. The pairwise
distance model with window size 200, step size 20, and 1000 bootstrap replicates were generated by the RDP4 program
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Fig.4 The use of distance plot for recombination identification. The
Vietnam/PT1/17 strain was used as a query. The pairwise distance of
Simplot program with a window size of 200 bp and step size of 20 bp

and V were circulating in Vietnamese chickens from 2016
to 2018. Among those, genotype III was the most domi-
nant, including three sub-genotypes, Illa, IIIb, and IIlc.
Our study is the first to report the only strain in genotype
V, which might have resulted from a recombination event
between genotype II and sub-genotype Illc. Currently,

@ Springer

was used. The predicted recombination breakpoints at nucleotide
position 1040 and 1699 are indicated by the vertical red lines

genotypes V and I consist of only one Vietnamese strain
and two Australian strains, respectively (Fig. 1). There-
fore, additional CAV sequence data is required for bet-
ter understanding the molecular diversity of CAV strains
worldwide. One Vietnamese CAV strain of genotype III
was closely related to the vaccine strain Del-Ros. Overall,
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results from the phylogenetic analysis and nucleotide com-
parison of the CAV VP1 gene suggested that Vietnamese
strains identified in this study are closely related to the
Chinese, Taiwanese, and USA strains. Breeder chickens
have been imported into Vietnam from many countries
like USA, China, and Thailand since the 1990s [40, 41].
Approximately 722 thousand (41.7%) from a total of 1.7
million breeder poultry birds were imported into Vietnam
from USA in 2014 [42]. Moreover, daily trading of live
birds along the border between Vietnam and China has
occurred [43], which could trigger outbreaks of the highly
pathogenic avian influenza virus in chickens [44]. Such
circumstances could have affected the diversity of CAV
genotypes in Vietnam.

Recombination is one of the evolutionary processes which
has been reported in CAV from several countries such as
China [27], Taiwan [25], and Egypt [45] based on sequence
data of complete genomes or the protein-coding region of
the viral genome. Inter- or intra-genotypic recombination
might generate new CAV strains. In addition, the recom-
bination regions could span across both protein-coding or
non-protein-coding regions [25, 27, 45]. In this study, we
reveal the first evidence supporting a recombination event
in Vietnamese CAV strains in the coding region of the VP1
gene. It suggests that recombination between genotype 11
and sub-genotype Illc generated a novel genotype V. It has
been reported that recombination seemed to occur between
strains in geographically related regions [27, 45] which is
consistent with the findings in our present study, since the
detected recombination could have occurred in VP or PT,
which are closely located to each other in northern Vietnam.

Kim et al. [22] previously reported the classification of
Korean CAVs using eleven variable amino acids of VP1 and
identified two distinct groups of CAVs circulating in breeder
chickens within Korea. In the present study, Vietnamese
CAVs could not be differentiated into such groups based on
the variable amino acids of VP1, which is consistent with
previous reports [25, 26]. These results may indicate that
there is a substantial difference between the classification of
CAVs by phylogenetic analysis of nucleotide sequences and
that by molecular analysis of aa sequences.

Regarding the pathogenicity of CAV, Yamaguchi et al.
[46] reported that viral pathogenicity could change from
highly to less pathogenic if the aa at position 394 in VP1
was substituted from glutamine to histidine. In contrast, later
reports demonstrated that significant reduction of patho-
genicity in chickens was observed in CAV strains with glu-
tamine at position 394 in VP1 like the attenuated A2, Cloned
isolate 10, and P310 strains [46—48]. In addition, CAV path-
ogenicity might be reduced by aa substitution at residue 89T
[49]; this substitution was absent in the Vietnamese CAV
strains analyzed. However, as the virulence-affecting amino
acid substitutions in CAV have not been fully understood,

additional animal studies should be conducted to properly
evaluate the pathogenicity of Vietnamese CAV strains.

In summary, in this study, CAV infection was detected at
a high rate among poorly performing flocks of young chick-
ens in northern Vietnam. It is possible that unvaccinated
breeder chickens were infected with CAV and subsequently
transmitted the virus to commercial chickens. Phylogenetic
and molecular analyses revealed that the Vietnamese CAV
strains belong to genotypes II, Il1a, IIIb, Illc, and V. This is
the first report of CAV genotype V in the world. None of the
Vietnamese CAV strains were related to the vaccine strains
currently used in the country. The novel genotype V was
likely generated from a recombination event between geno-
types II and III. Further investigation should be conducted to
understand the possible evolutionary mechanisms acting on
CAV and improve the control of CAV infection in chicken
production across Vietnam.
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