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ABSTRACT The geographical spread and inter-host transmission of the subgroup J
avian leukosis virus (ALV-J) may be the most important issues for epidemiology. An
integrated analysis, including phylogenetic trees, homology modeling, evolutionary dy-
namics, selection analysis and viral transmission, based on the gp85 gene sequences
of the 665 worldwide ALV-J isolates during 1988–2020, was performed. A new Clade 3
has been emerging and was evolved from the dominating Clade 1.3 of the Chinese
Yellow-chicken, and the loss of a a-helix or b-sheet of the gp85 protein monomer
was found by the homology modeling. The rapid evolution found in Clades 1.3 and 3
may be closely associated with the adaption and endemicity of viruses to the Yellow-
chickens. The early U.S. strains from Clade 1.1 acted as an important source for the
global spread of ALV-J and the earliest introduction into China was closely associated
with the imported chicken breeders in the 1990s. The dominant outward migrations
of Clades 1.1 and 1.2, respectively, from the Chinese northern White-chickens and
layers to the Chinese southern Yellow-chickens, and the dominating migration of
Clade 1.3 from the Chinese southern Yellow-chickens to other regions and hosts, indi-
cated that the long-distance movement of these viruses between regions in China
was associated with the live chicken trade. Furthermore, Yellow-chickens have been
facing the risk of infections of the emerging Clades 2 and 3. Our findings provide new
insights for the epidemiology and help to understand the critical factors involved in
ALV-J dissemination.

IMPORTANCE Although the general epidemiology of ALV-J is well studied, the
ongoing evolutionary and transmission dynamics of the virus remain poorly investi-
gated. The phylogenetic differences and relationship of the clades and subclades
were characterized, and the epidemics and factors driving the geographical spread
and inter-host transmission of different ALV-J clades were explored for the first time.
The results indicated that the earliest ALV-J (Clade 1.1) from the United States, acted
as the source for global spreads, and Clades 1.2, 1.3 and 3 were all subsequently
evolved. Also the epidemiological investigation showed that the early imported
breeders and the inter-region movements of live chickens facilitated the ALV-J dis-
persal throughout China and highlighted the needs to implement more effective
containment measures.
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Avian leukosis (AL), caused by avian leukosis virus (ALV), is an important infectious tu-
mor disease affecting poultry. In major developed countries and regions like the

United States and Europe, the disease has been well under control by management meas-
ures; however, in developing countries like China, the eradication of ALV still remains a dif-
ficult task. ALV belongs to the genus Alpharetrovirus and the family Retroviridae (1). ALV
contains two identical sense-strand RNA monomers (2), and the arrangement of the provi-
ral DNA of the ALV genome is 59 LTR-gag/pro-pol-env-LTR 39, which consists of approxi-
mately 7.8 kb nucleotides (nt) (3). Major stages in the virus replication are: synthesis of the
minus-strand of viral DNA through reverse transcription of viral RNA by reverse transcrip-
tase; formation on the template of minus-strand DNA of the plus-strands of viral DNA, giv-
ing rise to linear DNA duplexes; migration of linear DNA to the cell nucleus; and the linear
viral DNA becomes linearly integrated into the host DNA under the influence of the
enzyme integrase. Subsequently, the proviral genes are transcribed into viral RNAs, which
are translated to produce precursor and mature proteins that constitute the virion (3). ALV
could be transmitted horizontally and vertically, as well as through contaminated commer-
cial live vaccines route (4–7). No effective commercial vaccines or drugs are available so far
to prevent and control ALV infection. Eradication of the virus in the breeders is the only
way to eliminate the virus from chicken flocks. The nationwide eradication program begun
to implement in China since 2008 has greatly reduced the disease burdens in the White-
chicken and layers that were mainly imported from foreign breeding companies known as
the grandparent breeders, but it is still one of the most important infectious diseases in
the Yellow-chickens due to the non-eradication and/or incomplete-eradication practice on
farms (8–10).

ALV is currently divided into 11 subgroups (A–K) (3, 11, 12). As it is well known, the sub-
group J ALV (ALV-J) causes severe economic loss to the poultry industry worldwide (11) as
it is the most contagious and pathogenic virus among all the subgroups. ALV-J is responsi-
ble for more than 90% of the AL cases (8), which accounts for one of the major clinical
tumors in chickens (5, 8). ALV-J, as an oncogenic exogenous retrovirus, is a recombinant vi-
rus between the endogenous and exogenous viruses and induces malignant tumors
including myelocytoma, hemangioma, and nephroma (3, 13, 14). ALV-J infection also
causes severe immunosuppression (5, 15). The pathogenicity of ALV-J is closely related to
its env gene (16) and its env gene is distinct from the other ALV subgroups (3). The ENV
protein, coded by the env gene is divided into gp85 and gp37 subunits. The gp85 consti-
tutes the surface (SU) portion of the structural protein and is closely associated with the
process of viral binding to the cell receptor and the determination of the specificity of sub-
group (3, 17). Zhang et al. (18) reported that the bipartite sequence motif, spanning
throughout the regions of the 38–131 and 159–283 amino acid (aa) locations of gp85,
plays a crucial role in receptor binding and viral entry. The gp85 sequence is usually used
for the analysis of the molecular epidemiology (19–21), and it is also the most available
sequenced gene of ALV-J in GenBank. Also, the variation of the viruses was more likely to
be better found in gp85 gene (9, 22, 23).

ALV-J was first isolated from commercial meat-type chickens in the United
Kingdom in 1988 and the isolate HPRS103 is considered as the prototype strain (24).
The disease was reported in the United States in the early 1990s (14). In China, ALV-J
was first officially recognized in the white-feathered broilers (White-chickens) in 1999
(17). In the first 2–3 years, ALV-J was only found in the offspring of imported White-
chicken breeders, which were isolated in Shandong, Henan, Jiangsu, etc. (17, 20). Since
2004, ALV-J has been found in layers (25), which have a high death rate caused by su-
perficial hemangioma and vascular rupture. The layers mainly in the northern China
experienced severe outbreaks of ALV-J during 2007–2010 (20, 26, 27). And then the
clinical outbreaks in the White-chickens and the layers, especially in the northern
China, seemed being disappeared until the reemerging outbreaks of ALV-J in the
White-chickens have been taking place in some lines of chickens that seemed to have
a direct rink with the imported grandparent breeders since 2018 (28, 29). The Yellow-
chickens mainly in the southern China were found to be about 10% positive infection
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but no obvious clinical disease symptoms during the 2005–2010 surveillance and
began to experience significant clinical diseases since 2011 and till now (8, 30–32).
Besides, ALV-J has been reported to be isolated in wild birds during 2010–2012 (33)
and in gamecocks during 2013–2014 (21), and it has a wide host range (34).

Certain studies have proved the live poultry trade as an important source of viral
spread like avian influenza virus (AIV) (35, 36). In this study, live chicken trades include
the introduced breeder chickens used for breeding and the sale of slaughter chickens
and yang chicks, which were involved in the inter-region movement of live chickens.
Those practice may have resulted in the spread of viruses especially favor the viruses
like ALV, and subclinically infected chickens with less/no significant signs and symp-
toms, which could be transmitted vertically to their offspring and/or horizontally to
other chickens. This situation could happen frequently, especially in the chicken flocks
that have not been completely eradicated and/or quarantined to clean out of the ALV.
This situation may also make it difficult for veterinarians to detect the existence of ALV
during routine inspections. Here, the slaughter chickens refer to birds that are sold to
the market as a commodity, including White-chickens, Yellow-chickens, 817 broilers (a
crossbred meat-type chicken derived from commercial layer hens and meat-type
cocks), and used layers.

In the past 20 years in China, production of White-chickens and layers has mainly
been practiced by import of breeders from the United States and Europe countries,
whereas the Yellow-chickens have been produced by independent breeding farms in
the country. Since 2000, Shandong province in East China has rapidly become a major
producer of White-chickens and its broilers’ slaughter volume has always ranked num-
ber one, with approximately 2.5 billion in 2020. According to poultry industry statistics
in 2020, the slaughter volumes of White-chickens and Yellow-chickens were about 5
billion for each. The development and change of the chicken industry driven mainly by
human consumption of commercial chicken meat and eggs, and the economic profits
of the industry. The chicken sector has already been significantly expanded in the last
50 years in China, as a result of the short supply of chicken meat due to the outbreaks
of the H5N6 and H7N9 highly pathogenic avian influenza viruses (HPAIVs) and the
short supply of pork due to the outbreaks of African swine fever (ASF) during 2016–
2018 (37–39) (Fig. S1A in the supplemental material). According to the industry statis-
tics in 2020, the top regions of White-chickens’ slaughter volume are distributed in
Eastern China (provinces Shandong, Jiangsu and Fujian), Northern China (province
Hebei), and Northeastern China (province Liaoning), which accounted for about 80%
of the output; the top regions of Yellow-chickens’ slaughter volume are distributed in
Southern China (provinces Guangxi and Guangdong), Southwestern China (provinces
Sichuan and Yunnan), Central China (provinces Hunan and Hubei), and Eastern China
(provinces Jiangsu and Jiangxi), which accounted for about 90% of the output (Fig.
S1B and 1C). Guangxi and Guangdong are the major provinces in the production of
Yellow-chickens in China (10), accounted for about 40% of the total 5 billion in 2020.
And Guangxi also produces about 1.6 billion Yellow-chicken commercial chicks each
year and ranks number one in China. About 20% of White-chickens and 85% of Yellow-
chickens were sold as “live birds.” It is worth noting that the slaughtering of the used
breeder hens and layer hens, which were sold as live birds, are transported from the
northern to the southern regions (as much as hundreds of millions per year). This flow
of live chickens likely caused the viruses to transmit in the northern regions and
entered the southern chicken flocks.

In this study, we employed a dynamics analysis using the most comprehensive data
sets publicly available to characterize the evolutionary history and the relationship of
viruses of different clades and subclades classified, and to explore the risk factors asso-
ciated with the inter-region spatial diffusion and the inter-host transmission of the
endemic field isolates of ALV-J. We aimed to evaluate the important aspects of the evo-
lution and epidemiology of ALV-J, such as the viral transmission in association with the
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live bird trading events that may have played an important role in the adaption and
endemicity of ALV-J to the Yellow-chickens in China.

RESULTS
Geographic and host characteristics. The 665 viruses were categorized by the pat-

terns of sampled geographic sources and hosts. The 665 viruses isolated from samples
collected during 1988–2020 were from seven countries: United Kingdom (1), United
States (34), China (613), Russia (4), Nigeria (5), Pakistan (2), and Egypt (6) (Fig. 1A). Of
the 613 viruses isolated from samples collected in China during 1999–2020, 15 were
originated from Central China, 229 were from East China, 16 were from North China, 34
were from Northeast China, 1 was from Northwest China, 273 were from South China,
40 were from Southwest China, and 5 were from unspecified locations (Fig. 1B). The 15
viruses collected in Central China were originated from White-chickens (2), layers (11),
and Yellow-chickens (2). The 229 viruses collected in Central China were originated
from White-chickens (30), layers (42), Yellow-chickens (137), gamecock (1), 817 broilers
(2), and unrecorded breeds of chickens (17). The 16 viruses collected in North China
were originated from White-chickens (8), layers (6), Yellow-chickens (1), and unre-
corded breeds (1). The 34 viruses collected in Northeast China were originated from
White-chickens (6), layers (14), and wild birds (14). The one virus collected in Northwest
China was originated from White-chickens (1). The 273 viruses collected in South China
were originated from White-chickens (11), layers (5), Yellow-chickens (189), gamecock
(5), and unrecorded breeds of chickens (62). The 40 viruses collected in Southwest
China were originated from White-chickens (1), layers (3), Yellow-chickens (35), and
unrecorded breeds (1) (Fig. 1C). These sequences are globally distributed and represent
the most comprehensive ALV-J data currently available.

Phylogenetic clusters. Clades 1 and 2 had 617 and 25 isolates, respectively (Fig. 2
and Table S1 in the supplemental material). The phylogenetic trees of Clade 1 were
constructed under the IQ-TREE and RAxML methods, respectively. The former includes
183 isolates of Clade 1.1, 95 isolates of Clade 1.2, and 339 isolates of Clade 1.3; the lat-
ter includes 180 isolates of Clade 1.1, 106 isolates of Clade 1.2, and 331 isolates of

FIG 1 Geographic region and host distribution of ALV-J viruses during 1988–2020. Geographic region distribution of ALV-J virus in the world (A) and in
China (B). Host distribution in 7 different regions of China (C). W: White-chickens; L: layers; Y: Yellow-chickens; N: unrecorded breeds; 817: a crossbred meat-
type chicken; WB: wild birds; G: gamecock; V: contaminated live vaccines.
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Clade 1.3 (Fig. 2 and Table S1). Clade 1.3 is the dominant subclade of Clade 1. A new
clade, Clade 3, has been defined for the first time (Fig. 2 and Table S2) based on the
genetic distance that is .10% between the clades of viruses and has a common ances-
tor with the strain GD18HZ11 of Clade1.3. The phylogenetic trees illustrated that the
Clade 3 was derived from the Clade 1.3. The Clade 3 viruses that were just newly
emerging and were collected from Yellow-chickens during the years 2017–2019 in
China. The strains GD17ZQ08 and JX19DX4 were selected to construct the Pilot tree.
Fifty new isolates from our group all fell into the Clade 1, including 22 isolates to Clade
1.1, one isolate to Clade 1.2, and 27 isolates to Clade 1.3.

Three-dimensional structure and aa-site mutations in gp85. Compared with the
gp85 of Clade 1, Clade 2 mainly differed at the aa-residuals 40–79 (calculated based on the
aa-sequence of HPRS103 reference strain). Clade 1 and Clade 2 did share 3 similar a-helix
structures at residuals 40–79. We found that although some aa-residues were substituted,
the number of the secondary structure elements remains unchanged. The domain showed
considerable conservative (Fig. 3A–C). Compared with the gp85 of Clade 1, Clade 3 mainly
differed at residuals 117–194 and exhibited the loss of the secondary structure element, a
a-helix or b-sheet, due to the aa substitutions (Fig. 3A, D-F). In addition, Clade 1.1 is mainly
characterized by the residual 61D in a novel hypervariable region; Clade 1.2 is mainly char-
acterized by the residual 61Q in a novel hypervariable region, and an aa-deletion among
the residuals 112YKENNRSRV120 in the hr1 region; Clade 1.3 is mainly characterized by an aa-
deletion both at residual 61 in a novel hypervariable region and among the residuals
112YKENNRSRV120 in the hr1 region, respectively. The different aa sites of the prevalent and
dominant Clade 1.3 from Yellow-chickens in 2010–2018 and newly generated Clade 3 from
Yellow-chickens in 2017–2019 were also summarized (Fig. S2 in the supplemental material).

Estimations of evolutionary rate, time origin and population dynamics. A root-
to-tip regression analysis of genetic divergence and sampling date using the best-fit-
ting root showed that the 2 data sets (257 isolates of Clade 1 and 24 isolates of Clade
2) exhibited a positive correlation between the genetic divergences and the sampling
times, which ranged from slightly strong to relatively strong (Fig. S3 in the supplemen-
tal material). The fitting of the uncorrected lognormal relaxed molecular clock model
and Bayesian Skygrid coalescent model were finally selected. For Clade 1, the esti-
mated evolutionary rate and the time to the most recent common ancestor (tMRCA) of
the gp85 gene sequences (n = 257) were 7.57 � 1024 substitutions/site/year (95%

FIG 2 Phylogenetic analysis was performed based on the nucleotide sequences of ALV-J gp85 gene. (A) Two radial trees were constructed based on the
gp85 sequences (n = 572) to identify the first-order clades with IQ-TREE (right) and RAxML (left) software, respectively. (B) Two radial trees were
constructed based on the gp85 sequences (n = 530) to identify the second-order clades of Clade 1 with IQ-TREE (right) and RAxML (left) software,
respectively. The trees were drawn to scale, with branch lengths measured in the number of substitutions per site.
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highest posterior density [HPD]: 5.95 � 1024 – 9.54 � 1024) and 1,859.8 (95% HPD
interval: 1818.1–1897.3), respectively. Upon estimation of the MCC tree (Fig. 4A), the
Clade 1 isolates were divided into three subclades, which was in agreement with a
report on the previously identified second-order clades (19). For Clade 2, the estimated
evolutionary rate and tMRCA of the gp85 gene sequences (n = 24) were 2.87 � 1023

substitutions/site/year (95% HPD: 1.79 � 1023 – 4.12 � 1023) and 1985 (95% HPD:
1,974.5–1,992.4), respectively. A Bayesian Skygrid model was used to further explore
the changes in genetic diversity of the populations of these data sets mentioned above
(that reflects the changes in effective population size (Ne) over time). Ne of Clades 1
(n = 257) showed an obvious period, that is, a relatively high level since 2005 (Fig. 4A
and C). This also revealed that the population dynamics actually reflected the increased
genetic diversity of the Yellow-chickens derived isolates (127/257, 49.4%). The esti-
mated Ne of Clade 2 showed that the phase from the beginning to present has
remained relatively stable (Fig. 4B and D).

High numbers of positively selected sites detected in Clade 1 viruses. Some pos-
itively selected sites in different clades were detected by all the four methods (mixed
effects model of evolution (MEME), fixed effects likelihood (FEL), fast, unconstrained
Bayesian approximation (FUBAR), and single-likelihood ancestor counting (SLAC)) used

FIG 3 Display the differences on the amino acid (aa) residuals of the gp85 protein monomer in different Clades by three-dimensional structure. (A) Display
of aa-mutation residuals at position 40–79 of Clades 1 and 2, and at position 117–194 of Clades 1 and 3, respectively; (B) Three-dimensional structure of
strain HPRS103 gp85 protein from Clade 1; (C) Three-dimensional structure of gp85 protein of the strain AF88 from Clade 2. (D) Three-dimensional
structure of strain HPRS103 from Clade 1; (E) Three-dimensional structure of strain GD17ZQ08 from Clade 3; (F) Three-dimensional structure of strain
JX19DX14 from Clade 3.
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FIG 4 Evolution of ALV-J viruses and structural mapping of the positively selected sites on the gp85 molecule. (A) Bayesian phylogenetic analysis of the
257 sequences of gp85 in Clade 1 during 1988–2020; (B) Bayesian phylogenetic analysis of the 24 sequences of gp85 in Clade 2 during 1997–2020;
Bayesian Skygrid demographic reconstruction of Clades 1 (C) and 2 (D), respectively. The vertical axis shows the effective number of infections (Ne)

(Continued on next page)
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(Table 1 and Fig. 4E–I). Clade 1.1 had 5 positive selection sites; Clade 1.2 had 7 positive
selection sites; Clade 1.3 had 27 positive selection sites. A rapid increase in diversity
was confirmed in Clade 1, with Clade 1.3 having the highest diversity, whereas only
one selection site was detected in Clade 2.

Region and host ancestral reconstruction of Clades 1 and 2. Phylogeographic anal-
ysis indicated there were two strongly supported migration routes with Bayes factor (BF).10
found for the Clade 1.1 viruses that primarily spread from the United States to the United
Kingdom and to China (Fig. 5A). This was further supported by the numbers of the observed
region state changes (that is, the number of geographical locations transition/year). The
Bayes factor of migration from the United States to East China (mainly Shandong) was
BF. 10 and those to other regions of China were BF, 3 (Fig. 5B). State counts showed that
high numbers of outward and inward migrations took place in East China, indicating that
East China acted as a primary source of migrations within China. Host analysis indicated
that there were three migration pathways supported the transmission from White-chickens
to Yellow-chickens, wild birds, and unrecorded breeds with BF . 3 (Fig. 5C). State counts
showed migration out of White-chickens to all other hosts and the high numbers of inward
migration for Yellow-chickens (Fig. 5D). The MCC tree indicated that White-chickens from the
USA and East China played a key role in seeding the early virus epidemics (Fig. S4A in the
supplemental material). Notably, the MCC tree showed that the early isolates of the United
States were at the root of the tree and certain early U.S. strains (i.e., ADOL-Hcl) appeared ear-
lier than the prototype strain HPRS103 from the U.K. and the Chinese strains. The MRCA esti-
mates that the first U.K.-reported isolated ALV-J prototype strain HPRS103 is branched off
from a fully U.S.-located backbone of the phylogenetic tree (pp = 0.87).

Phylogeographic analysis of the Clade 1.2 indicated that there were 5 strongly sup-
ported migration pathways with BF . 10 in China, of which, at least 3 were outward from
East China (Fig. 5E). East China acted as a major source of the diffusion and an infection cen-
ter. State counts showed the migration out from East China to other regions, which sup-
ports the conclusion that East China may have acted as the transmission reservoir (Fig. 5F).
Host analysis indicated that there were four migration pathways supported the transmis-
sion from layers to the other hosts (BF . 3). The transmission route to the Yellow-chickens
was a decisive support (BF. 1,000) (Fig. 5G). State counts reflected this dynamic with dom-
inating outward migration from layers and with dominating inward migration to Yellow-
chickens (Fig. 5H). The MCC tree also supported that the layers of East China had acted as
the transmission reservoir (Fig. S4B in the supplemental material).

Three very strong supported migration pathways (BF . 100) suggested there were
two regions (South and East China) that served as the important sources for Clade 1.3
in China (Fig. 5I). This was further supported by the numbers of the observed state
changes with outward migrations from South and East China, whereas four regions
(East China, Northeast China, Central China and Southwest China) showed high

FIG 4 Legend (Continued)
multiplied by mean viral generation time (t ). The solid line and shaded region represent the median and 95% credibility interval, respectively, of the
inferred Net through time. Three-dimensional structures of the gp85 of strains HPRS103 (E), JS09GY2 (F), GD14J2 (G), GX10GL08 (H), and AF88 (I). Mapping
of positively selected aa-sites identified onto the three-dimensional structure of the gp85, and their locations in the three-dimensional structure are
indicated with blue (E-I).

TABLE 1 Detecting positively selected sites (amino acid residuals) by codon substitution
models for gp85 of ALV-J using four methodsa

Clades No. of positive sites Locations of positive sites
1.1 5 64, 150, 200, 212, 239
1.2 7 61, 75, 143, 168, 189, 197, 241
1.3 27 5, 21, 44, 49, 75, 76, 113, 114, 120, 143, 148, 150, 156, 168, 189,

190, 192, 197, 202, 212, 216, 219, 238, 239, 240, 271, 304
2 1 192
aOnly visualize P-values,0.05 and pp. 0.95 and their close values. Strain HPRS103 was used as the reference
strain for aa-sequence alignment and to determine the position of the positive selection sites.
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numbers of inward migrations (Fig. 5J). Host analysis indicates three migration path-
ways with decisive support (BF . 1,000) that have mediated transmission from the
Yellow-chickens to the other breeds (Fig. 5K). State counts also reflected this dynamic
with dominating outward migration from the Yellow-chickens (Fig. 5L). The MCC tree
supported that the Yellow-chickens in South China have become the epicenter for the
dissemination of Clade 1.3 (Fig. S4C in the supplemental material).

The Clade 2 virus spread from the United States to other parts of the world was con-
firmed, and the Chinese isolates further spread from East China to other regions (Fig. 5M).
State counts reflected this dynamic with dominating outward migrations from the USA
and East China (Fig. 5N). Host dynamics analysis found 2 migration pathways with strong
support (BF . 10) from White-chickens to Yellow-chickens, and from Yellow-chickens to
chickens of unrecorded breeds (Fig. 5O). States counts also reflected the dynamic with the
outward migration from White-chickens, the more or less equal numbers of the outward
and inward migrations from the Yellow-chicken, and the inward migrations from layers
(Fig. 5P). The MCC tree also supported that White-chickens from the United States acted as
the source of viral dissemination for the Clade 2 (Fig. S4D).

DISCUSSION

Phylodynamic methods have not yet been used for the epidemiological investiga-
tion of ALV-J. However, it has been widely used to analyze the evolution and spatial

FIG 5 Spatial diffusion and host transmission of the ALV-J Clades 1.1, 1.2, 1.3 and 2 viruses. Spatial diffusion pathways and histograms of total number of
state transitions (A, B, E, F, I, J, M and N); Host transmission pathways and histograms of total number of state transitions (C, D, G, H, K, L, O and P). Green
arrows, supported rates with 3 # BF , 10; blue arrows, strongly supported rates with 10 # BF , 100; purple arrows, very strongly supported rates with
100 # BF , 1,000 and red arrows, decisive rates with BF $ 1,000. W: White-chickens; L: layers; Y: Yellow-chickens; WB: wild bird; 817: a crossbred meat-
type chicken; N: unrecorded breeds.
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spreading of other viruses such as SARS-CoV-2 (40), HIV (41), and influenza virus (42). It
is well known that China has the largest free-range Yellow-chicken production (5 bil-
lion birds each year) and the most frequent inter-provincial live chicken trade in the
world, which might be in favor of the transmission and the evolution of viruses includ-
ing ALV. Through comprehensive analysis of the gp85 gene sequences from a total of
665 ALV-J global isolates collected during the past 3 decades, the geographical spread
and inter-host transmission of the ALV-J field strains were tracked and the findings
would be useful for advancing the understanding of the epidemiology of this impor-
tant virus, and further for improving the prevention and better control of the diseases
caused by ALV-J in China.

The phylogenetic trees showed the ALV-J strains fell into five clades/subclades (Clades
1.1, 1.2, 1.3 of Clade 1, 2 and 3). Only 8.5% (45/530) of the strains in the phylogenetic
reconstruction were found to be inconsistent in classification under the IQ-TREE and
RAxML methods (Table S1 in the supplemental material), so the phylogenetic analysis is
largely reliable, and the results were also consistent with the previously reported results
(19). Clade 1.1 includes the isolates originated from various hosts sources; Clade 1.2 was
mainly a group of strains originated from the layers; Clade 1.3 dominated by the Chinese
strains was originated from the Yellow-chickens. The present study found that isolates
were closely related to different host backgrounds, which was consistent with the results
of previous studies (9, 21). The major key sites (61 and 112–120) of the dominating Clade
1.3 of the Chinese Yellow-chicken are summarized, of which 61 is located on the a-helix at
position 57VTACD61, and the other is located on the two b-sheet at 110VCYKE114 and
117RSRVCH122, so the deletion of these two sites may play an important role in the adaption
and endemicity of Clade 1.3 viruses to the Yellow-chickens. Also, the Bayesian inference of
Clade 1 suggested that the earliest ALV-J (Clade 1.1) from the USA acted as the source for
global spreads, and the Clades 1.2 and 1.3 were all subsequently evolved. As a matter of
fact, although the inter-regional commercial live poultry trades are commonly practices in
the White-chickens, layers, and Yellow-chickens, they belong to different breeds and are
often produced by different companies. It is almost impossible to raise all those on a single
farm. This made the tracking and analysis of correlation almost impossible (except the 817
breed). Thus, it is speculated that after the spread of Clade 1.1 virus from the White-chick-
ens to the layers, virus was prevalent in layers for years, resulting in some site mutations
and evolved into Clade 1.2, and then better adapted and led to endemicity in layers. By
the same token, it is speculated that after the spread of Clade 1.1 virus from the White-
chickens to the Yellow-chickens, the virus was prevalent in Yellow-chickens for years,
resulting in some site mutations and evolved into Clade 1.3, and then better adapted and
led to endemicity in Yellow-chickens.

Chinese Yellow-chickens have been facing the emerging Clades 2 and 3 viruses. In the
homology modeling on the gp85 protein, the differences between Clades 2 or 3 and Clade
1 were explained. Although some aa-mutations (aa 40–79) occurred in Clade 2, the second-
ary structure of the domain showed considerable conservative, those aa-mutations do not
significantly affect the receptor binding ability and the entry activity of the viruses.
However, some aa-mutations (aa 117–194) found in the new Clade 3 isolates from the
Yellow-chickens (Fig. 3D to G) caused differences in the secondary structure elements.
The emerging Clade 3, first defined in this study, was evolved from the Clade 1.3 strains of
the Yellow-chicken. It is speculated that Clade 1.3 was prevalent in Yellow-chickens for
years, resulting in some site mutations and got better adapted and led to endemicity in
Yellow-chickens and finally evolved to Clade 3. Over the past years, the live bird trade and
the trade of related chicken products have been subjected to drastic changes. The Yellow-
chickens industry has grown rapidly, and the slaughter volume of Yellow-chickens has
exceeded that of White-chickens in 2019–2020, which fueled the trade of live Yellow-chick-
ens in China. Specifically, after the outbreaks of H5N6 and H7N9 HPAIVs during 2016–2017
(37, 38), the meat price of Yellow-chickens was increased from a low CNY 10/kg to a much
higher CNY 17.6/kg between July to November in 2017 and the meat price of Yellow-chick-
ens had always been stable at around CNY 14–16/kg in the following 2 years (Fig. S1A in
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the supplemental material). Furthermore, the outbreaks of ASF began at the end of 2018
(39), resulting in a severe short supply of pork. These events boosted the growing of the
Yellow-chicken production from 3.6 billion in 2017 to 4.3 billion birds in 2018, and to 5 bil-
lion in 2019–2020. Also, the chicken trading, including the live bird trading and especially
the Yellow-chicken trading, was subsequently expanded from southern China to other
regions, which might have favored the spread of the viruses through the inter-regional live
bird movement. This reveals that the spreads of Clade 1.3 and 3 viruses from the Yellow-
chickens were closely associated with the live chicken trade. In addition, population dynam-
ics also reflected the high genetic diversity of Clade 1.3 viruses. Selection pressure in the
Clade 1.3 viruses involved in 27 positive selection sites (aa substitutions) in the gp85 gene
were statistically significant (P, 0.05 and pp. 0.95). It may result in the viral evasion from
host immunity response through the continuous and rapid mutations to better adapt to
and efficiently transmit in a new environment. The current Clade 1.3 isolates mainly contain
one aa-deletion at each of the residue 61 and at the residues 112–120 positions. It is specu-
lated that there was a co-evolution event took place in the Clade 1.3 strains at the two posi-
tions, which was different from the layer isolates of Clade 1.2 and the White-chickens
isolates of Clade 1.1. These results revealed that the rapid evolution in Clades 1.3 and 3
may be in favor of better adaption and endemicity of viruses into the Yellow-chickens.

The tMRCA of Clade 1 indicated that this clade’s isolates originated in the 1800s. The
U.S. breeder chickens, advanced in technology, have been exported to other countries
especially to Europe and Asia since the mid-1900s. The live bird trade serves as an ideal
way for the circulation of different clades/subclades viruses between different regions or
breeds. The viral transmission could have happened along the trading routes. Our study
reconstructed the transmission dynamics of Clade 1.1 that strongly supported the migra-
tion routes with BF . 10 found that the viruses of this clade were primarily transmitted
from the United States to the United Kingdom and to China. The MRCA demonstrated
that the early strains from the United States were positioned at the root of the tree, and
certain early U.S. strains (i.e., ADOL-Hcl appeared earlier than the prototype strain HPRS103
from the United Kingdom). The prototype strain HPRS103 identified in the United
Kingdom is a branch of the fully U.S.-located backbone of the phylogenetic tree. This evi-
dence showed that the Clade 1.1 viruses infected breeders in the United States acted as
an important source for the global spreads. This suggests that the virus may have been cir-
culated, but undetected, in the United States before the pandemic took place. By the
1990s, these viruses had been spread to China (20). At that time, an early case of ALV-J
infection in China was found in the imported White-chicken breeders and believed that
early Chinese strains might be related to the imported breeders from the United States
(17). The Chinese Clade 1.1 viruses appeared in the White-chicken in East China first, and
then the White-chicken of East China acted as the source of diffusion in China.

Clade 1.2 was a subclade that most of strains originated from layers and a small group
of strains that newly emerged in the Yellow-chickens (in Guangxi, Guangdong, and
Jiangxi). The transmission dynamics of Clade 1.2 reconstructed in the study indicated that
the layers of East China have acted as a hub for dispersal to the provinces that are rela-
tively close geographically and also to the southern China. A strong correlation was found
between the ALV-J outbreaks in layers in 2007–2009 and the trade activity during these
years. From 2007 to 2009, a conservative estimate of the layer losses due to ALV-J out-
breaks was around 50 to 60 million (20, 27). However, there were more than 555,800 sets
of imported egg-type grandparent breeder and self-bred grandparent breeder nationwide
in 2008, a net increase of 181,900 sets over 2007 with a growth rate of 48.65% (43).
Among them, the number of egg-type grandparent breeder in the northern regions of
China accounted for more than 80% of the total number of egg-type grandparent breeder.
The layers in the northern regions accounted for the majority of the total 1.2 billion/year in
China and some of the used layers were sold to southern China as slaughtered chickens
(44). In addition, one of our isolates, GX20LZ03J, was identified on a farm where the layer
hens were used in the crossbreeding with the broiler males for the commercial broilers,
and it belongs to the Clade 1.2. At least 2.5 billion chickens were produced by using the
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commercial layer hens crossbred with the cocks of the meat-type chicken in 2020. This
type of breeding practice that quickly provided meat production has resulted in a rela-
tively high risk of virus transmission in this sector. These evidenced data revealed that
likely there were more viral movements from northern layers to the southern Yellow-
chickens.

Most importantly, our study reconstructed the transmission dynamics of Clade 1.3
(Fig. 5I–L), which suggested that there was a viral spread with very strong support
from South China to 3 other regions in China (BF . 100) and a highly likely viral move-
ment from Yellow-chicken to other breeds. The Yellow-chicken in South China was a
major source of the diffusion and infection center of this clade of viruses. Interestingly,
these virus spreads were closely related to the live chicken trade. Guangxi and
Guangdong provinces in southern China have been the top producers of the Yellow-
chicken, producing about 40% of total Yellow-chickens in China (10). A historical event,
after the outbreak of H5N6 and H7N9 HPAIVs during 2016–2017, the meat prices of
Yellow-chickens were nearly doubled in the second half of 2017. Yellow-chickens
industry has grown rapidly, and the volume of slaughtered Yellow-chickens had
exceeded that of White-chickens during 2018–2020. Yellow-chickens are mainly sold as
live birds, accounting for more than 85% of the total. South China (e.g., Guangxi and
Guangdong) is also the main region for Yellow-chickens breeding, production and con-
sumption. For decades, more than 60 new varieties of Yellow-chickens (matching lines)
have been approved and produced by a large number of breeding companies of differ-
ent scales in China (10). According to reports, in 2018–2020, a large number of the
dominant Clade 1.3 strains were isolated from the Yellow-chickens in South China (19,
45). This evidence suggests that live Yellow-chickens trade in South China has driven
the transmission and endemicity of Clade 1.3 ALV-J. At the same time, the production
of Yellow-chickens in East China (e.g., Jiangxi) are also expanding rapidly, where many
Clade 1.3 viruses have been isolated (46). The prevention and control of ALV during
this period is also complicated. The closure of live chicken markets alone was unlikely
to eliminate the virus threat. Therefore, the ALV eradication program should be further
strengthened in the Yellow-chicken breeding companies. In the perspective of live
chicken trading, spatially structured spread of ALV-J presented. Therefore, additional
interventions should be jointly implemented to restrict viral expansion along trade
paths. A strict supervision by government departments is essential to establish a safer
trade management system for live chicken trading. Thus, the risk of ALV-J transmission
from the Yellow-chicken flocks in South China to other flocks in the other regions
might be effectively mitigated. In addition, most breeder companies also conduct
detection to eliminate possible exogenous viruses contaminated in the live vaccines.
Notably, the emergence of the new Chinese ALV-J strains that caused the outbreaks in
the White-chicken during 2018–2020 was estimated at 2014 (95% HPD interval: 2013–
2015). Those ALV-J strains share the closest genetic relationship with a Guangdong iso-
late, GD14J2, which originated from the White-chickens imported from abroad (29, 47).
A broiler breeder strain, WA1112, identified in Guangdong in 2012 also belongs to this
same source, indicating that the viruses might have been circulated in Guangdong for
years before the outbreak in 2018–2020 took place in the northern and these viruses
most likely favored the adaptation into Yellow-chickens in Guangdong between 2013
and 2015. However, certain limitations of the data and analysis should be considered
when interpreting our findings, such as the number of samples with its inhomogene-
ous in different years. Therefore, follow-up studies should focus on the phylodynamic
analysis of ALV-J using the available whole genome or other genes besides gp85,
which could contribute to a better understanding of the spread of ALV-J.

In conclusion, phylogenetic analysis showed that there is an emerging Clade 3,
which is defined for the first time. The viruses of this Clade 3 were specifically evolved
from the dominating Clade 1.3 strains of the Yellow-chickens after the epidemic of
these isolates for years. Compared with the gp85 proteins of the Clade 1, the main dif-
ferences of Clade 3 were found at residuals 117–194 with deletion of a a-helix or
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b-sheet resulted from aa substitutions. The rapid evolution found in Clades 1.3 and
3 might be closely associated with the adaption and endemicity of viruses to the
Yellow-chickens. The early U.S. strains from Clade 1.1 acted as an important source for
the global spread of ALV-J, and its earliest introduction into China was closely associ-
ated with the imported chicken breeders in the 1990s. The dominant outward migra-
tions of the Clades 1.1 and the Clades 1.2 from the northern White-Chickens and the
northern layers to the southern Yellow-chickens, and the dominating migration of the
Clade 1.3 from the southern Yellow-chickens to other regions and hosts, respectively,
indicated that the long-distance movement of these viruses between regions in China
was associated with the live chicken trade. In addition, Yellow-chickens have been
facing the risk of infections of the emerging Clades 2 and 3. Strengthening of the
epidemiological surveillance and eradication measurements against ALV-J in the
Yellow-chicken in South and East China should be crucial and necessary for better ALV-
J control in the poultry industry from now on.

MATERIALS ANDMETHODS
Virus sequences. The gp85 gene sequences from a total of 665 ALV-J isolates were initially used in

this study. Those sequences were downloaded from the GenBank submitted before May 2021 and from
our laboratory (Table S1 in the supplemental material). From the GenBank, 506 sequences with known
sampling information (i.e., time, geographic source and host) were retrieved, which include 454 sequen-
ces from China sampled during 1999–2020; 52 sequences from other countries sampled during 1988–
2019; another 159 sequences from our laboratory including 109 sequences sampled during 2010–2020
(6, 8, 9, 19, 21, 48); and 50 newly generated sequences collected during 2016–2020 (GenBank accession
numbers: MZ393151-MZ393200).

Classification analysis. The 665 sequences were aligned using MAFFT v7.475 (49) and MEGA 7 (50)
and adjusted manually in BioEdit v7.2.5 (51). Duplicated gene sequences were automatically identified and
excluded (93/665) by BioEdit v7.2.5 (Table S3 in the supplemental material). Low-quality sequences were
removed by filtering (i.e., at least 900 nt in length). Following the classification method previously described
by our group (19), Maximum likelihood (ML) trees of the first-order clades (n = 572) and second-order clades
of Clade 1 (n = 530) were constructed using IQ-TREE (52) and RAxML software through the CIPRES Science
Gateway V.3.3 (53). All trees were visualized in FigTree v.l.4.3 (https://github.com/rambaut/figtree/releases).
In addition, the different clades were used to estimate the mean inter-clade distances using MEGA7.

Predictive structural modeling. To study the specific aa-mutation sites of gp85 in different clades
(Clades 1, 2, and 3) that took place during years 1988–2020, the representative gp85 of ALV-J were
selected according to the results of phylogenetic classification. We used machine learning to display a
three-dimensional model of the virus protein monomer to gain a better understanding of this gp85 sub-
unit. AlphaFold2 was used to predict the three-dimensional structure of the protein monomer (54) and
the model with the highest predicted local distance difference test value among five models was
selected. To visualize the locations of aa-mutation sites identified, the identified aa-residue was mapped
onto a three-dimensional structure of gp85 using PyMOL v 2.5 (https://pymol.org/2/).

Evolutionary dynamics inferences. Based on the classification results, Clades 1 and 2 data sets were
obtained independently. To determine the topological structure for Clades 1 and 2, the clock signal using
the ML trees was investigated with Tempest v1.5.3 (55). Careful filtering was conducted to remove identical/
near-identical sequences from the same source and/or case and the sequences that were highly consistent
with the endogenous ALV ev/J, as well as the sequences showing evidence of recombination events based
on recombination analysis using RDP4 (56). The numbers of sequences were appropriately standardized to
minimize the sampling bias and to increase the interpretability of the results after the analyses. The remain-
ing sequences were used as the final two data sets (Clade 1, n = 257; Clade 2, n = 24) for the temporal dy-
namics analysis, respectively.

To explore the evolutionary history of ALV-J Clades 1 and 2, a Bayesian phylogenetic approach was
taken in estimating the rate of evolution, the tMRCA, and the population dynamics history. Bayesian in-
ference through a Markov chain Monte Carlo (MCMC) framework was implemented in BEAST v1.10.4 (57,
58) using the CIPRES Science Gateway V.3.3. The fitting nucleotide-substitution model for two data sets
was selected using the IQ-TREE software under Bayesian information criterion (BIC). The combination of
two molecular clock models (the strict molecular clock model and the uncorrected lognormal relaxed
molecular clock model) and four population models (constant size coalescent, exponential growth coa-
lescent, Bayesian skyline coalescent and Bayesian Skygrid coalescent) were compared (59–61). Two inde-
pendent MCMC runs were performed for each combination, using a random starting tree for each run.
Each MCMC ranged from 50 to 600 million steps, sampling every 10,000 steps. Convergence was eval-
uated by calculating the effective sample sizes (ESS) (.200) of all parameters using Tracer v1.7.1 (62).
Trees were summarized as maximum-clade credibility (MCC) trees using TreeAnnotator v1.10.4 after dis-
carding the first 10% as burn-in, and then visualized in FigTree v1.4.3.

Positively selected site analysis. The Datamonkey (http://www.datamonkey.org) (63) was used to
find whether site/sites in the gp85 gene were under positive selection in November 2021. Based on the
results of the evolutionary dynamics, positive selection sites were compared for 3 subclades of Clade 1
and the Clade 2. Four different methods (MEME, FEL, FUBAR, and SLAC) were used to identify positively
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selected sites of gp85, and then visualized in PyMOL v 2.5. The significance level of MEME, FEL and SLAC
was set to P , 0.05. The significance level of FUBAR was based on a posterior probability (pp) of .0.95.
Sites under positive selection were identified based on statistical significance (P , 0.05 or pp , 0.95)
using the four methods.

Ancestral reconstructions of discrete traits. A Bayesian phylogenetic method was further employed
to infer the ancestral discrete traits for 3 subclades of Clade 1 and the Clade 2. Two types of traits (i.e., geo-
graphic regions and hosts) were modeled as a diffusion process among discrete states in BEAST v1.10.4 (42,
64). The isolates from each of the countries (except China) were treated in an independent category, while
the isolates from China are currently divided into 7 categories combined with the distribution of the chicken
production and the Chinese regional geography. The Chinese isolates were grouped into 7 geographic cate-
gories: Central China (provinces Henan, Hubei and Hunan), East China (provinces Shandong, Jiangsu,
Shanghai, Jiangxi, Anhui, Fujian and Taiwan), North China (provinces Beijing, Tianjin, Hebei, Inner Mongolia
and Shanxi), Northeast China (provinces Heilongjiang, Jilin and Liaoning), Northwest China (province
Ningxia), South China (provinces Guangxi and Guangdong), and Southwest China (provinces Sichuan and
Guizhou). The host category refers to the category standard reported by Deng et al. (19). The asymmetric
substitution model with the Bayesian stochastic search variable selection (BSSVS) was used to infer asymmet-
ric diffusion rates between each pair of traits and allowing the BF calculations to test the diffusion rates. The
expected number of regions or hosts state transitions (that is, Markov jump counts) was also estimated fol-
lowing the reported procedures (65). The convergence of the MCMC chain was evaluated based on the ESS
(.200) of the parameters. Significant diffusions pathways were summarized based on the combination of
both BF . 3 and the posterior probability (pp) of .0.5. The degrees of rate support were as followings: 3 #

BF , 10 indicating supported, 10 # BF , 100 indicating strong support, 100 # BF , 1,000 indicating very
strong support, and BF $ 1,000 indicating decisive support (42). The significant diffusion pathways were
visualized via maps from SpreaD3 v0.9.7.1 (66).

Data availability. All data has been included in the main tables, figures, and supplementary infor-
mation file. Fifty sequences generated and used in this study have been deposited in GenBank under
the accession numbers: MZ393151-MZ393200.
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