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Abstract

the meg gene was also performed.

Background: Marek’s disease virus (MDV) causes malignant lymphomas in chickens (Marek’s disease, MD). MD is
currently controlled by vaccination; however, MDV strains have a tendency to develop increased virulence. Distinct
diversity and point mutations are present in the Meq proteins, the oncoproteins of MDV, suggesting that changes in
protein function induced by amino acid substitutions might affect MDV virulence. We previously reported that recent
MDV isolates in Japan display distinct mutations in Meq proteins from those observed in traditional MDV isolates in
Japan, but similar to those in MDV strains isolated from other countries.

Methods: To further investigate the genetic characteristics in Japanese field strains, we sequenced the whole
genome of an MDV strain that was successfully isolated from a chicken with MD in Japan. A phylogenetic analysis of

Results: Phylogenetic analysis revealed that the Meq proteins in most of the Japanese isolates were similar to those
of Chinese and European strains, and the genomic sequence of the Japanese strain was classified into the Eurasian
cluster. Comparison of coding region sequences among the Japanese strain and MDV strains from other countries
revealed that the genetic characteristics of the Japanese strain were similar to those of Chinese and European strains.

Conclusions: The MDV strains distributed in Asian and European countries including Japan seem to be genetically
closer to each other than to MDV strains from North America. These findings indicate that the genetic diversities of
MDV strains that emerged may have been dependent on the different vaccination-based control approaches.
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Background

Marek’s disease virus (MDV; family, Herpesviridae; sub-
family, a-Herpesvirinae; genus, Mardivirus; species, Gal-
lid alphaherpesvirus 2) is the causative agent of Marek’s
disease (MD), which manifests as malignant lymphomas
in infected chickens [1]. MD previously caused seri-
ous economic losses to the poultry industry, but the
introduction of vaccines has led to its successful con-
trol [2]. Attenuated strains of MDV and the naturally
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non-oncogenic Gallid alphaherpesvirus 3 and Meleagrid
alphaherpesvirus 1 (turkey herpesvirus, HVT) have been
used as monovalent or multivalent vaccines. An attenu-
ated MDYV strain, CVI988, is considered the most protec-
tive vaccine currently available and has been introduced
in many countries [3]. However, the virulence of MDV
field strains has a tendency to increase, and pathogenic
MDYV strains are generally classified as mild, virulent,
very virulent, and very virulent+ [4]. Currently, sporadic
occurrences of MD are still reported in some countries
[4-11], and highly virulent MDV strains could potentially
cause future outbreaks despite vaccination [4].

The Meq protein, which is highly expressed in MDV-
transformed cell lines and tumor samples [12-15], is an
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oncoprotein of MDV. Its structure consists of an N-ter-
minal basic region leucine zipper (bZIP) domain and a
C-terminal transactivation domain. The bZIP domain,
similar to that of the Jun/Fos family of oncoproteins,
consists of two stretches of basic residues (basic regions
1 and 2) and a leucine zipper, whereas the transactiva-
tion domain is characterized by proline-rich repeats
that contain several SH3-binding motifs [16]. Meq can
form dimers via the leucine zipper and interact with
the promoter region of target genes through the basic
region, thereby regulating gene expression in host cells
and MDV [16]. In addition, Meq can interact with p53
[17] and the C-terminal binding protein [18], ultimately
affecting characteristics of transformation such as anti-
apoptotic effects and regulation of gene expression. Thus,
Meq plays important roles in transformation induced by
MDYV and is essential for viral pathogenesis.

Genetic approaches have revealed polymorphisms in
Meq proteins among MDV strains isolated in USA and
that they are associated with MDYV virulence [19]. Amino
acid substitutions can affect Meq protein functions,
transactivation activities, and transformation [20, 21].
The evolution of meq genes is comparable with the evo-
lutionary rate of RNA viruses, and the time of meq gene
divergence is related to the transitions in management
practices in the poultry industry, including the introduc-
tion of vaccines [23]. Thus, the positive selection induced
by vaccination seems to be a reason for the emergence of
genetic diversity in the meq gene [23]. To date, meq gene
sequences in several regions other than the USA, includ-
ing China, Europe and Australia, have been investigated
[5, 24-31]. The meq genes in MDYV strains isolated in
each region were found to exhibit different genetic char-
acteristics [23]. Thus, meq gene polymorphisms or evolu-
tion seem to reflect the geographical characteristics and
the history of vaccine use in each region.

Whole-genome sequences of MDYV strains isolated in
some regions have been reported from the 2000s. The
attenuated MDYV vaccine strain, CVI988 [32], MDV
strains with different virulence in the USA [33-38],
pathogenic and vaccine strains in China [39-44], and a
pathogenic strain in Europe [45, 46] were sequenced.
Phylogenetic analysis indicated that most MDYV strains
can be classified into two clusters, namely, the North
American or Eurasian clusters, and the estimated time-
scaled phylogeny suggested that MDYV virulence evolved
independently in Eurasia and North America [46].
CVI988 was initially isolated and developed in Europe as
a vaccine and is used worldwide. However, in the USA,
HVT was initially used for the prevention of MD, and a
bivalent vaccine comprising HVT and SB-1 (naturally
non-oncogenic Gallid alphaherpesvirus 3) has been
adopted after outbreaks in HVT-vaccinated chickens.
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Therefore, the history of vaccine control seems to affect
the differential evolution of MDYV strains in each conti-
nent [46].

In Japan, MD occurrences are sporadic. We previously
reported the sequences of meq genes in MDV isolates in
Japan and that the amino acid sequence at position 176
is serine or threonine in the most recent field isolates
[22]. This amino acid sequence was found to be unique
to Japanese isolates, and the sequences of meq are geneti-
cally closer to those of Chinese isolates [22]. To identify
the properties of MDYV strains distributed in Japan, we
previously isolated a field strain of MDV from chickens
that showed clinical signs of MD. The isolated strain Kgs-
cl was not contaminated by the three types of vaccine
strains [47]. However, the genetic characteristics of Kgs-
cl, except for the meq gene, is still unknown. Therefore,
in this study, to investigate the genetic characteristics of
Kgs-cl, we performed whole-genome sequencing. We
also compared the sequences with those of MDV strains
isolated in other countries.

Methods

Virus

An MDV strain, Kgs-cl, was isolated in 2014 from a
poultry farm in Japan, in which some chickens had
developed signs of MD [47]. Day-old-chicks from the
same farm were vaccinated with CVI988, an attenuated
GaHV-2 vaccine strain [47]. PCR analysis, which tar-
geted the meq gene to detect CVI988 and specific genes
to detect other vaccine strains and chicken anemia virus,
revealed that Kgs-c1 was not contaminated with vaccine
strains and chicken anemia virus (data not shown). Kgs-
cl was passaged 12 times in chicken embryo fibroblasts
(CEFs) to obtain sufficient amounts of the virus genome
for analysis.

DNA preparation

Total cellular DNA samples were extracted from CEFs
infected with Kgs-cl as previously described [48]. In
brief, the infected CEFs were immersed overnight
at 55 °C in 1 ml of lysis buffer (0.5% SDS, 0.1 M NacCl,
10 mM tris pH 8.0, 1 mM EDTA) containing proteinase K
at a final concentration of 200 pug/ml. Total cellular DNA
was extracted with phenol-chloroform-isoamyl alcohol
(25:24:1), precipitated with ethanol, and treated with
RNase A at a final concentration of 20 pg/ml.

Whole-genome sequencing of Kgs-c1

The concentration of total cellular DNA was determined
using a Qubit Fluorometer (Invitrogen, CA, USA) and
Agilent 220 TapeStation System. The total cellular DNA
was used to create a library, by using the TruSeq ChIP
Sample Prep Kit (Illumina K.K.). Library preparations
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were sequenced with an Illumina HiSeq with 100-
base paired-end reads. All the kits described were used
according to the manufacturers’ instructions. All proce-
dures were performed by Hokkaido System Science Co.
Ltd, Hokkaido, Japan.

Read mapping to a reference sequence and mutation
analysis

The paired-end read output from HiSeq was subjected
to adaptor-trimming using cutadapt (version 1.1) (http://
code.google.com/p/cutadapt/) and quality-trimmed
using Trimmomatic (version 0.32) (http://www.usade
llab.org/cms/?page=trimmomatic). The resulting reads
were mapped to a reference sequence from RB-1B,
which is a well-characterized virulent strain of MDV
(accession number: EF523390) [37, 49-51] (accession
number: EF523390), using Burrows-Wheeler Aligner
(version 0.7.10) (http://bio-bwa.sourceforge.net/), and
the output alignment data were sorted using SAMtools
V (version 1.2) (http://www.htslib.org/man/samtools/)
and the Genome Analysis Toolkit (Lite version 2.3.0)
(https://www.broadinstitute.org.gatk/). The differences
in nucleotide sequences between the Kgs-cl and RB-1B
genomes were identified using SAMtools V (version 1.2)
and BCFtools (version 1.2) (https://www.htslib.org/man/
bcftools/), and the consensus sequence of Kgs-c1 (acces-
sion number: LC589272) was determined based on the
results of read-mapping and comparison with the RB-1B
genome. The allele frequencies of the mapped reads were
higher than 99% in all of the open reading frames from
the consensus sequence. All the above-mentioned proce-
dures were performed by Hokkaido System Science Co.
Ltd.

Genetic analysis of the meq and UL36 genes and the MDV
genomes

Phylogenetic analysis of the meq gene was performed
using MDV isolates from several countries including
Japan, USA, China, other Asian countries, Europe, and
Australia. The sequences were aligned using MAFFT ver-
sion 7 [52], and the tree was constructed with MEGA7
software [53], using the minimum evolution algorithm
[54]. Information about the meq genes used for the anal-
ysis is provided in Additional file 1: Table S1. Unique
long (UL) to unique short (US) (UL—internal repeat long
(IRL)—internal repeat short-UL) sequences from 26
MDV strains were aligned using MAFFT, and the tree
was generated using the minimum evolution algorithm
of MEGA 7 software. The UL36 genes and the variable
regions of the deduced amino acid sequences of the UL36
proteins were aligned using MAFFT. A phylogenetic tree
based on UL36 genes from 26 MDYV strains, which were
used for the phylogenetic analysis of UL-US sequences,

Page 3 of 13

was generated using the minimum evolution algorithm of
MEGA 7 software. The MDYV strains and their accession
numbers used for this analysis are listed in Table 1.

Results

Genome organization of the Japanese strain Kgs-c1

and comparison of genome sequences between Kgs-c1
and RB-1B

The whole-genome sequence of Kgs-cl was analyzed,
and the obtained reads were mapped to the genome of
the RB-1B strain, a well-characterized vv MDV strain
[37, 49-51]. The consensus sequence was determined,
and the length of the viral genome was estimated to be
174,999 bp. Non-synonymous differences were found
in several genes between Kgs-cl and RB-1B. Except for
MDV049 (UL36), multi-polymorphisms were found
in MDVO0O05 (meq), MDV084 (ICP4), MDV095 (glyco-
protein I), and MDV096 (glycoprotein E) (Table 2). In
most cases, the differences found based on comparison
with the RB-1B genome were similar to those found in
the sequences of some strains from Europe and China,
whereas they were different from those found in most of
US strains. In contrast, the polymorphisms found near
the junction between repeat long and UL sequences
were unique to Kgs-cl (MDV006-019; Table 2). An
amino acid deletion was found in MDVO013 (glycopro-
tein L)/MDVO013.5 (MHC class II beta chain binding pro-
tein) (Table 3). A four-amino acid deletion was found in
MDV013/MDVO013.5, and this deletion was not observed
in MDV013/013.5 of other strains. In MDV056 (probable
membrane protein), the amino acid residues at positions
136 and 137 of RB-1B are asparagine and methionine,
respectively, whereas the amino acid sequence in Kgs-
cl included lysine at position 136 and an amino acid
was deleted. However, MDV056 sequences in Chinese
and European strains were the same as those in Kgs-cl
(Table 3).

Phylogenetic analysis of the sequences from UL to US
regions

The sequence of the Kgs-c1 genome, except for the ter-
minal repeat long and terminal repeat short regions, was
subjected to phylogenetic analysis. In this study, because
we used a large number of nucleotides for phylogenetic
analysis, the enormous computational time required is a
challenge, especially for the maximum likelihood method
[55]. Therefore, to analyze the genetic characteristics
of the Kgs-c1 genome, we employed methods based on
the minimum evolution principle [54]. The MDV strains
formed two clusters, the Eurasian and North American
clusters (Fig. 1). The genome of Kgs-cl was classified
into the Eurasian cluster, and these results were consist-
ent with the results obtained by comparing the coding
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Table 1 MDV strains used for the analyses in this study
Country Strain Virulence Genome size (bp) Accession No References
Japan Kgs-c1 - 174,999 1C589272 This study
USA 648a W+ 176,080 JQ806361 Spatz et al. [36]
Md5 wW 177,874 NC_002229 Tulman et al. [38]
Md11 W 170,950 AY510475 Niikura et al. [34]
RB-1B vV 178,246 EF523390 Spatz et al. [37]
GA % 174,077 AF 147806 Lee et al. [33]
CU-2 m 176,922 EU499381 Spatz et al. [35]
China GX0101 w 178,101 JX844666 Suetal. [42]
LMS wW 177,526 JQ314003 Cheng etal.[39]
814 m/vaccine 172,541 JF742597 Zhang et al. [44]
CC/1409 - 175,561 KU744560 Lvetal. [41]
HNGS101 - 175,888 MG432697 He et al. [40]
HNLC503 - 178,195 MG518371 -
HS/1412 - 175,532 KU744561 Lvetal [41]
J-1 - 176,118 KU744555 Lvetal [41]
JL/1404 - 176,083 KU744559 Lvetal. [41]
LCC - 175,525 KU744556 Lvetal [41]
LCY - 175,319 KX290013 Zhang et al. [43]
LTS - 176,023 KU744557 Lvetal [41]
WC/1203 - 176,057 KU744558 Lvetal. [41]
Poland Polen5 hv** 177,821 MF431496 Trimpert et al. [46]
Israel EU-1 hv 177,828 MF431494 Trimpert et al. [46]
Hungary ATE2539 v+ 177,868 MF431493 Trimpert et al. [46]
England pC12:130 W 183,850* FJ436096 Spatz et al. [45]
Hungary MD70/13 v 177,844 MF431495 Trimpert et al. [46]
Netherland CVI988 m/vaccine 178,311 DQ530348 Spatz et al. [32

* The length of pC12:130 genome contains a vector sequence

™ Hyper virulent (hv): Recent field strains isolated in Europe with a history of high virulence but not pathotyped within m-vv-+ grading scheme [46]

regions among MDYV strains (Tables 2 and 3). Therefore,
the ancestor of Kgs-c1 might be closer to the Chinese and
European strains than to the US strains. In the Eurasian
cluster, however, Kgs-c1 seemed to belong to a different
branch from pathogenic strains of China and Europe,
although the number of available sequences was limited.

Phylogenetic analysis of the meq genes

The meq genes from MDYV strains isolated from vari-
ous countries of North America, Europe, Asia, Africa,
South America, and Oceania formed three major clus-
ters as follows: North America, other regions including
Europe, Asia, Africa, and South America as well as L-meq
(these meq genes contained insertions in the transactiva-
tion domains; Fig. 2). The sequence of the meq gene in
Kgs-cl was most frequently observed in MDV isolates
in Japan [22], and therefore, most meq genes from Japa-
nese isolates belonged to the other regions’ cluster. How-
ever, the meq genes from some isolates in Europe and
Asia were classified into the North American cluster.

Thus, some MDYV strains, which harbor megq, indicative
of similar genetic characteristics to those of US isolates,
seem to be present in other countries as well. Strains of
low virulence and pathogenic strains from Australia and
Italy were mainly classified to the third cluster, L-meq.
Geographical features and the correlation with virulence
were not found in the cluster, because an insertion could
largely affect the formation of the cluster.

Comparison of the UL36 genes

When we compared the sequences of the coding regions
of MDV strains, the variable regions in the UL36 pro-
teins were the most diverse (Additional file 2: Fig. S1). As
a different feature of MDV UL36 proteins from those of
other herpesviruses, the variable region is present near
the C-terminus and its sequences are different among
MDYV strains [56]. The variable regions in the UL36 pro-
teins of MDV consisted of two types of repeat sequences,
KP(T/S/P)PA(S/P) and KPKPPP(D/A/T)PD (E/S) (Addi-
tional file 3: Table S2, Additional file 2: Fig. S1). When we
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Fig. 1 The phylogenetic tree based on sequences from UL to US. The tree of UL-US regions from Kgs-c1 and MDV strains isolated in other countries
was generated based on the minimum evolution algorithm with a bootstrap analysis of 1000 replicates. The MDV genomes were classified into two

compared the sequences of the variable regions among
MDYV strains, no trend in the number of repeat sequences
was observed, correlating with the virulence (Additional
file 3: Table S2). When we analyzed the phylogeny of the
UL36 genes from the same MDYV strains used for the
analysis of the UL-US regions (Fig. 1), we found that
the sequences of the U/L36 genes were classified into two
clusters, North America and Eurasia (Fig. 3). Unlike the
meq genes from isolates of the UL-US regions, the UL36
gene from Kgs-c1 belonged to the North American clus-
ter, suggesting that Kgs-cl partially has genetic charac-
teristics different from MDYV strains isolated in Eurasian
countries.

Discussion

MD is currently well-controlled by vaccination, although
it previously caused serious economic losses to the
poultry industry. However, the virulence and genetic
characteristics of MDV strains have changed over time,
and divergence seems to be correlated with the intro-
duction of vaccines [23, 46]. According to a previous
report, the genome sequences of MVD strains are clas-
sified into two main clusters, Eurasia and North America
[46]. The genome sequences of MDYV strains isolated in
USA, China, and Europe have been investigated [32-46].
However, data on the whole genome sequences of MDV
strains from other regions are limited. We previously
reported changes in the genetic characteristics of meq

genes in Japanese isolates [22]. In the present study, to
compare the genetic characteristics of the whole genome
of MDYV strains circulating in Japan, we analyzed the
whole genome sequence of a Japanese field strain, Kgs-c1,
isolated in 2014.

The distinct diversity of the meq gene has been con-
sidered to be correlated with the enhanced virulence
of MDV strains [19, 23]. The meq gene is thought to be
associated with the evolution of MDV virulence, and
non-synonymous mutations are frequently observed in
meq genes among MDYV strains [46]. To date, sequences
of the meq genes from MDV strains from various coun-
tries have been reported [5, 24-31]. In the present
study, the UL-US regions of MDYV strains were divided
into two clusters, Eurasia and North America, as previ-
ously reported [46], whereas the meg genes of MDV
strains from various regions formed three clusters, North
America, other regions including Eurasian countries,
and L-meq. Unfortunately, most of the whole genome
sequences of MDV strains for which meq genes were clas-
sified into the L-meq cluster, in the phylogenetic analysis
of the meq gene, were not available. However, the L-meq
genes of strains 814 and CU-2, which were classified into
Eurasia and North America groups, respectively, possess
an insertion in the transactivation domain, and therefore,
these L-meq genes seemed to be classified into the L-meq
cluster in this phylogenetic analysis. Thus, the meq gene
and UL-US region seem to indicate similar phylogeny,
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(See figure on next page.)

Fig. 2 Phylogenetic trees based on alignment of meg genes from Kgs-c1 and MDV strains. The tree was generated using the minimum
evolutionary algorithm with a bootstrap analysis of 1000 replicates. The meg genes used in this analysis were mainly classified into three clusters,
North America, other regions including Eurasian countries, and L-meq. Numbers indicate bootstrap percentages (1000 replicates). Arrow heads
indicate MDV strains used for the phylogenetic analysis described in Fig. 1. The scale indicates divergence time

except for the appearance of the L-meq cluster. The meq
gene of Kgs-c1, for which the sequence is frequent among
Japanese MDYV strains, was classified into the cluster of
other regions. In addition, the UL-US region of Kgs-cl
was classified into the Eurasian cluster. Taken together,
the genetic characteristics of MDYV strains distributed in
Japan might be largely classified into the Eurasian clus-
ter, similar to that observed with Kgs-c1. However, some
meq genes from Japanese isolates were classified into the
North American cluster. Therefore, it is possible that
MDYV strains with genetic characteristics similar to those
of US strains are also present in Japan.

A deletion of amino acid sequences was found in
MDVO013 (glycoprotein L)/MDV013.5 (MHC class II beta
chain binding protein) and MDVO056 (probable mem-
brane protein). The deletion in MDV013/MDV013.5 was
also found in some highly virulent strains [19]. How-
ever, this deletion does not seem to be correlated with
increased virulence [57, 58]. The Chinese and European
strains showed a deletion in the same region of MDV056
[32, 39-46]. However, this deletion was also found in the
vaccine strain 814 and therefore, it might not affect viru-
lence, although its correlation with MD pathogenesis is
unclear.

The historical background related to the introduction
of vaccines in each country is different, and this seems to
be correlated with differences in the evolution of MDV
genomes in each country [46]. In Japan, HVT was initially
approved for protection from MD in 1972. A few years
after the initial introduction of HVT, field outbreaks
were sporadically observed in HVT-vaccinated chickens.
Therefore, other types of vaccines, specifically CVI988
in 1985 and a bivalent vaccine comprising CVI988 and
HVT in 1988, were approved. Thereafter, CVI988 and
multivalent vaccines including CVI988 have been widely
used to prevent MD occurrences in poultry farms in
Japan. In Europe, HPRS-16, which is an MDYV strain that
was originally isolated in the UK, was initially used as a
live-attenuated vaccine [2]. Later, a vaccine derived from
an attenuated MDYV strain, CVI988, was used; currently,
this vaccine is being used globally [2]. In contrast, in the
USA, HVT was initially developed as a live vaccine [2].
In addition, a naturally non-pathogenic strain, SB-1, was
isolated in the USA in the late 1970s, and has been used
as a bivalent vaccine to enhance the vaccine efficacy of
HVT [2]. The historical background related to the use

of vaccines between Europe and the USA is thus dif-
ferent, and the background of Japan is closer to that of
Europe. Thus, the use of vaccines could induce the evolu-
tion of MDYV strains in each country, and Japanese strains
seemed to develop genetic characteristics similar to those
of European strains.

The UL36 protein, a large tegument protein encoded
by a member of Herpesviridae, is known to form the
innermost layer of the complex protein scaffold between
the capsid and envelope [59]. MDV encodes a ubiquitin-
specific protease as part of the N-terminal region of the
UL36 protein, similar to that observed in other known
herpesviruses [60]. The UL36 protein was found to be
correlated with the tumorigenic activity and replication
of MDYV via the deubiquitinase activity of the ubiquitin-
specific protease [60, 61]. In contrast, MDV encodes
unique repeat sequences at the C-terminal region [56].
Phylogenetic analysis revealed that the UL36 gene of
Kgs-cl was classified into the North American cluster,
unlike those of the meq gene and UL-US region. In addi-
tion, Kgs-cl exhibited unique sequences in the coding
regions at the 5 regions of the UL region. Thus, Kgs-c1
might have undergone evolutionary processes different
from those of other pathogenic strains, although Kgs-
cl is closer to Chinese and European strains than to US
strains in terms of the whole genome sequence.

For the phylogenetic analysis, methods based on the
maximum likelihood principle have been often applied,
as their accuracy is generally higher than that of other
methods. However, these methods require much longer
time, and some factors, such as the number of nucleo-
tides, the number of sequences, and the model used
for analysis, often affect accuracy [55]. Therefore, when
using these methods, optimization should be considered.
In addition, many empirical studies have indicated that
other methods, including the minimum evolution prin-
ciple, provide similar phylogenetic inference by applying
the bootstrap test [55]. A previous study reported that in
metagenomic analysis, phylogenetic classification using
the novel method (PhyClass) based on the minimum-
evolution principle was as efficient as that with the maxi-
mum likelihood methods [62]. Therefore, in the present
study, the genetic characteristics of the Kgs-cl genome
were analyzed using the minimum-evolution method.
However, its accuracy might be less than those using
the best existing maximum likelihood methods with
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Fig. 3 Phylogenetic trees based on alignment of the UL36 genes from Kgs-c1 and MDV strains. The tree was generated using the minimum
evolutionary algorithm with a bootstrap analysis of 1000 replicates. The UL36 genes from MDV strains used in the analysis described in Fig. 1 were
compared. The UL36 genes used in this analysis were mainly classified into two clusters, North America and Eurasia. Numbers indicate bootstrap

percentages (1000 replicates). The scale indicates divergence time

optimized models. Therefore, other approaches should
be applied to analyze the phylogeny of Kgs-c1 more accu-
rately, and assess the biases by the minimum-evolution
method.

Conclusion

In this study, we investigated the genomic characteris-
tics of a Japanese MDV strain, namely Kgs-c1, by analyz-
ing its whole genome sequence. The genomic features of
Kgs-c1 were largely related to those of Chinese and Euro-
pean strains, rather than US strains. In Japan, CVI988
has been widely used to prevent MD occurrences, and
therefore, this study supports the hypotheses that the
historical background of vaccine use affects the evolu-
tion of MDV strains and that MDYV strains adapt to the
immunity induced by vaccination to be distributed in the
field. However, the genome sequence of Kgs-c1 partially
indicates unique characteristics in some coding regions.

Thus, the ancestor of MDV strains distributed in Japan,
China, and Europe seems to be closer to each other than
to strains from the USA, but the evolution of Japanese
strains might be unique.
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