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The existence of novel endogenous retrovirus elements in the chicken genome, designated EAV-HP, with
close sequence identity to the env gene of avian leukosis virus (ALV) subgroup J has been reported (L. M.
Smith, A. A. Toye, K. Howes, N. Bumstead, L. N. Payne, and K. Venugopal, J. Gen. Virol. 80:261–268, 1999).
To resolve the genome structure of these retroviral elements, we have determined the complete sequence of two
proviral clones of EAV-HP from a line N chicken genomic DNA yeast artificial chromosome library and from
a meat-type chicken line 21 lambda library. The EAV-HP sequences from the two lines were 98% identical and
had a typical provirus structure. The two EAV-HP clones showed identical large deletions spanning part of the
gag, the entire pol, and part of the env genes. The env region of the EAV-HP clones was 97% identical to the env
sequence of HPRS-103, the prototype subgroup J ALV. The 5* region of EAV-HP comprising the R and U5
regions of the long terminal repeat (LTR), the untranslated leader, and the 5* end of the putative gag region
were 97% identical to the avian retrotransposon sequence, ART-CH. The remaining gag sequence shared less
than 60% identity with other ALV sequences. The U3 region of the LTR was distinct from those of other
retroviruses but contained some of the conserved motifs required for functioning as a promoter. To examine
the ability of this endogenous retroviral LTR to function as a transcriptional promoter, the EAV-HP and
HPRS-103 LTR U3 regions were compared in a luciferase reporter gene assay. The low luciferase activity
detected with the EAV-HP LTR U3 constructs, at levels close to those observed for a control vector lacking the
promoter or enhancer elements, suggested that these elements function as a weak promoter, possibly account-
ing for their low expression levels in chicken embryos.

Endogenous retrovirus (ERV) sequences inherited as Men-
delian genes have been recognized in most of the vertebrate
genomes. In the chicken genome, four different families of
ERVs have been identified. The CR1 (chicken repeat 1) ele-
ment, a short interspersed repetitive DNA element belonging
to the non-long terminal repeat (LTR) class of retrotrans-
posons, forms one of these families (15). The majority of these
elements, existing as approximately 7,000 to 20,000 repeats per
haploid genome, have a common 39 end but show variable 59
truncations, with a few elements containing open reading
frames encoding reverse transcriptase (13). CR1 elements
have been identified in several avian and reptilian species,
demonstrating that they are ancient sequences that arose be-
fore the divergence of birds and reptiles (40).

The second family of chicken retrovirus-like elements, with
the best-characterized ev loci, are the avian leukosis virus
(ALV) subgroup E (ALV-E) ERVs. There are over 22 ev loci
documented in layer-type birds and probably more in meat-
type breeds (17), with an average of 5 loci in each bird (33).
Although the majority of the ev loci are defective, some of
them encode infectious ERVs closely related to the ALVs
(reviewed in reference 18). The ev2 locus, for example, en-
codes Rous-associated virus-0, the prototype of ALV-E (27).
The ev loci are considered to represent recent germ line inte-
grations because of their (i) low copy numbers, (ii) segregation
in the population, and (iii) distribution restricted in Gallus
species to the chicken and the ancestral red jungle fowl (RJF).

ART-CH (avian retrotransposon from the chicken genome),
another family of ERVs, is present as approximately 50
genomic copies (22). These elements were identified by PCR
amplification of LTRs using primers to conserved ALV se-
quences. They are composed of functional LTRs and short
regions with homology to the avian leukosis and sarcoma virus
(ALSV) gag, pol, and env sequences (28). Although ART-CH
does not encode functional proteins, the transcribed RNA can
be packaged by a helper replication-competent retrovirus to
spread in the chicken genome (28). As the data on the distri-
bution of ART-CH among various species of birds within the
Gallus genus are not available, the phylogenetic relationship of
these elements in relation to other endogenous viruses is not
known.

EAV-0, the fourth family of ERVs, is present between 40
and 100 copies per haploid genome. They were first detected in
the genome of line 0 chickens by low-stringency hybridization
with sequences cloned from an avian sarcoma virus (19, 20).
EAV-0 elements had the typical proviral structure of 59-LTR-
gag-pol-env-LTR-39, although they showed deletions in the env
region (12, 19). EAV-0 elements are found in other species of
the genus Gallus, indicating that these sequences are more
ancient than ev loci and may represent proviral sequences
derived from germ line retroviral infections prior to and
around the time of Gallus speciation (32).

Several elements related to the EAV-0 elements have been
subsequently described. These include the E13, E33, and E51
elements, isolated by low-stringency hybridization of a chicken
library with EAV-0 sequences (11). Among these three ele-
ments, only E51 appeared to have a complete env region,
although this sequence was interrupted by several small dele-
tions and does not encode functional envelope glycoproteins.
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The E13 element had an unusually long U5 region in its LTR,
which was distinct from those of the other EAV elements (11).
The variations in the structure between the different elements
suggested that the EAV-0 family is a heterogeneous group
containing highly diverged retrovirus elements.

Previously, we reported that the chicken genome contained
novel sequences closely related to the env gene of HPRS-103,
the prototype of ALV subgroup J (ALV-J) (6). As these se-
quences had a close identity to E51, we considered these ele-
ments to be related to EAV-0 and have designated them EAV-
HP. Subsequent sequence and phylogenetic analyses of the env
region of these elements (39) have also supported their clas-
sification as elements related to EAV-0. Recently, the exis-
tence of a new family of endogenous viruses, called ev/J, with
close homology to ALV-J was reported (8, 36). As the se-
quences of ev/J were virtually identical to that of EAV-HP
(36), we believe that EAV-HP and ev/J are the same endoge-
nous elements.

EAV-HP elements have been suggested to play an impor-
tant role in the emergence of ALV-J and in the induction of
ALV-J-associated disease (41). As the env sequences of these
elements were very closely related (over 97% sequence iden-
tity) to that of ALV-J (8, 39), it is believed that these elements
might have contributed to the origin of ALV-J by recombina-
tion. In addition, it was suggested that expression of the
EAV-HP env-like sequences in chicken embryonic tissues
could result in the induction of tolerance against ALV-J infec-
tion (39). As a first step to examine the roles of EAV-HP
elements in the emergence of ALV-J and in the development
of the disease, we set out to characterize the genomic structure
of these novel ERV elements. We wanted to determine how
the regions of EAV-HP other than env compared with those of
ALV-J, and how the EAV-HP sequences were related to other
ERVs, to obtain evidence that justifies their phylogenetic
grouping with EAV-0. We also aimed to characterize the tran-
scriptional regulatory elements in the EAV-HP clones so as to
examine the nature and functions of their transcriptional ele-
ments. We show that the EAV-HP clones analyzed from two
different lines of chickens possessed a typical proviral structure
with identical deletions of the pol region. We also present
data suggesting that part of the 59 end of EAV-HP clone was
identical to that of another endogenous element, ART-CH,
and that the unique EAV-HP U3 region contained several
transcriptional regulatory elements but had weak promoter
activity.

MATERIALS AND METHODS

DNA isolation and genomic library preparation. Genomic DNA was isolated
as previously described (39). Briefly, 10-day-old line 21 chicken embryos (29)
were homogenized in DNA extraction buffer (4 M guanidine isothiocyanate, 25
mM sodium citrate, 1% Sarkosyl) in volumes of 5 ml per embryo. The homog-
enate was phenol-chloroform extracted and precipitated by standard molecular
biology techniques (37). DNA was also extracted from cultured chicken embryo
fibroblasts (CEFs) prepared from line 0 (4) and brown leghorn chicken embryos
and from Sonnerat’s (grey) jungle fowl (SJF; Gallus sonneratii) embryos (30).
The DNA from RJF (G. gallus) was kindly provided by Jan Salomonson (The
Royal Veterinary and Agricultural University, Institute of Veterinary Microbi-
ology, Copenhagen, Denmark).

DNA isolated from a yeast artificial chromosome (YAC) clone (YAC62)
previously screened with an HPRS-103 env region probe (39) or from line 21
chicken embryos was partially digested with Sau3A1 and size fractionated by gel
electrophoresis. DNA fragments ranging from 9 to 20 kbp were electroeluted,
phenol-chloroform extracted, and precipitated as described elsewhere (37). The
Sau3A1 restriction sites of the size-fractionated DNA were partially filled in and
cloned into the LambdaGEM-12 vector (Promega) XhoI half sites according to
the manufacturer’s instructions. Recombinant phage DNA was packaged into
phage by using the Packagene extract (Promega). The chicken line 21 genomic
DNA lambda library was amplified as described previously (5).

Screening lambda libraries. Phage were plated with Escherichia coli KW251,
transferred to nitrocellulose filters (Stratagene), and denatured according to

manufacturer’s instructions. DNA was fixed to filters by UV irradiation for 3 min
and prehybridized with 13 hybridization solution with SSC (Sigma) containing
50% formamide for 1 h at 42°C. For preparation of the labeled probe, 25 ng of
DNA was incubated with RTS-RadPrime (GIBCO-BRL) and 25 mCi of
[a-32P]dCTP at 37°C for 10 min. The probe was purified by using Nick columns
(Pharmacia), denatured, and hybridized to filters overnight at 42°C. Filters were
washed twice with 23 SSC (30 mM sodium citrate [pH 7.0], 300 mM NaCl)–0.1%
(wt/vol) sodium dodecyl sulfate (wt/vol) for 15 min at 42°C and once with 0.23
SSC–0.1% sodium dodecyl sulfate (wt/vol) for 15 min at 65°C before exposure to
Kodak BioMax MR film overnight at 270°C with intensifying screens. Positive
phage plaques were rescreened as described above. Positive clones were grown
according to the plate lysate method (37), and recombinant lambda DNA was
isolated by using the Wizard Lambda Preps DNA purification system (Promega)
according to the manufacturer’s instructions.

Subcloning of lambda DNA inserts. A positive YAC62 phage lambda library
clone was digested with EcoRI, and an approximately 9.5-kb fragment hybridiz-
ing to the env probe was gel purified by electroelution (37). The fragment was
ligated into EcoRI-digested, dephosphorylated vector pGEM-3Z (Promega) and
transformed into JM109 high-efficiency competent cells (Promega). An approx-
imately 9-kb EcoRI fragment hybridizing to the env probe from a positive
chicken line 21 lambda library clone was similarly subcloned. Plasmid DNA was
isolated by using a Qiagen plasmid miniprep kit.

PCR amplification of env regions. For preparation of probes for library screen-
ing, we used a pGEM-T vector (Promega) which contained an approximately
1.3-kb PCR product (39) derived from genomic DNA amplified with primers H3
(59-AACAACACCGATTTAGCCAGC-39) and 37-1 (59-TCGGAACCTACAG
CTGCTCC-39), corresponding to nucleotides 5659 to 5679 and nucleotides 6983
to 7002, respectively, of the HPRS-103 sequence (6). DNA was amplified by
using primers for the T7 and SP6 promoters (Promega) in the vector sequence.
Reactions were carried out with 10 pmol of T7 primer and 10 pmol of SP6 primer
in PCR buffer (20 mM Tris-HCl [pH 8.4], 50 mM KCl, 0.25 mM deoxynucleoside
triphosphates, 2 mM MgCl2) with approximately 1 ng of template DNA. The
thermocycling program consisted of 1 cycle of 94°C for 2 min, 25 cycles of 94°C
for 30 s, 50°C for 15 s, and 72°C for 3 min, followed by 1 cycle of 72°C for 7 min.
The PCR products were purified by agarose gel electrophoresis and eluted from
the gel slice with a QIAquick gel extraction kit (Qiagen). Primers H3 and 37-1
were also used to amplify the env regions of EAV-HP elements from RJF and
SJF DNA.

DNA sequencing. DNA was sequenced by using a Thermo Sequenase dye
terminator cycle sequencing premix kit (Amersham) and an Applied Biosystems
373 DNA automated sequencing system. The sequence of each clone was deter-
mined by using primers designed with the Primer program of the Wisconsin
Package version 9.1 (Genetics Computer Group, Madison, Wis.). Database
searches and sequence analyses were also carried out with the Wisconsin Pack-
age Version 9.1, and potential U3 transcription factor binding sites were deter-
mined by using the program Map with the transcription factor sites (tfsites2) data
file.

Luciferase reporter gene assays. The U3 region of the right LTR was ampli-
fied from the EAV-HP1 clone by using primers incorporating SstI restriction
sites for subsequent cloning. Forward primers EAVFOR (59-GACGGGAGCT
CTCGGCATAGGGAGGGGGAGATGTTG-39) and ALVFOR (5-GAAATG
AGCTCTTGCATAGGGAGGGGGAAATGTAG-39) included the polypurine
tract, while reverse primers EAVREV (59-TAAGTGAGCTCAAATGGCGTT
TATTGCTATAGGCTACG-39) and ALVREV (59-GGTGGGAGCTCAAATG
GCGTTTATTGTGTCGGGCTAGG-39) spanned the U3-R border. PCR was
carried out as described above, with the following thermocycling conditions: 1
cycle of 94°C for 2 min, 25 cycles of 94°C for 45 s, 60°C for 2 min, and 75°C for
1 min, followed by 1 cycle of 72°C for 10 min. PCR products were digested with
SstI, gel purified, ligated into SstI-digested pGL3-Basic (Promega), and trans-
formed into XL1-Blue competent cells (Stratagene). The pGL3-Basic vector
lacks eukaryotic promoter and enhancer sequences. Control vector DNAs pGL3-
Basic with no inserts, pGL3-Control containing simian virus 40 (SV40) promoter
and enhancer sequences, and pGL3-Promoter with SV40 promoter sequences
(Promega) were similarly transformed. Positive clones were selected by PCR
using the pGL3-specific primers RV2 and GL3 (Promega) and sequenced to rule
out PCR-induced errors. DNA was prepared for transfection by using a Qiagen
miniprep kit. Plasmid DNA (1 mg) was incubated with 3 ml of FuGENE 6
transfection reagent (Boehringer Mannheim) diluted to 100 ml with serum-free
medium and used to transfect secondary CEFs according to the manufacturer’s
instructions. Cell extracts were prepared after 24 h and assayed for luciferase
activity by using the Promega luciferase assay system and an EG & G Berthold
Microplate Luminometer LB96V.

Nucleotide sequence accession numbers. The EMBL accession numbers for
the sequences described here are AJ238120 (RJFEAV-HP1), AJ238121
(RJFEAV-HP2), AJ238122 (SJFEAV-HP1), and AJ238123 (SJFEAV-HP2)
for EAV-HP env clones from RJF and SJF and AJ238124 (EAV-HP1) and
AJ238125 (EAV-HP) for full-length EAV-HP clones from chicken line N and
line 21, respectively.
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RESULTS

EAV-HP proviruses show identical deletions of the pol re-
gion. To characterize the genomic structure of EAV-HP ele-
ments, we have isolated several proviral clones from a line N
chicken genomic YAC library and line 21 chicken genomic
lambda library, using a probe derived from the env region of
EAV-HP. One positive clone from each of these libraries was
subcloned and sequenced completely. The provirus sequences
were 4,202 bp from line N (clone EAV-HP1) and 4,216 bp
from line 21 (clone EAV-HP2). The complete DNA sequence
of EAV-HP1 is shown in Fig. 1 with the deduced amino acid
sequence. The two EAV-HP sequences were 98% identical to
each other, with a deleted pol region. The deletion junctions
were identical between the two proviruses. However, as the
flanking sequences of these two clones were different, they
should represent integrations at distinct loci in the genome. A
schematic diagram of the EAV-HP structure in comparison to
a typical avian retrovirus such as ALV is shown in Fig. 2. The

difference in length of the two EAV-HP proviral clones was
due to the presence of four codons encoding an additional
TGAQ repeat unit and an insertion of two residues in a
poly(G) tract in the gag region of EAV-HP2. The EAV-HP1
clone showed a long ORF capable of encoding a continuous
Gag-Env fusion protein (Fig. 1), while the EAV-HP2 clone
encoded a truncated Gag protein due to a frameshift resulting
from the 2-bp insertion.

Two additional line 21 EAV-HP clones (clones EAV-HP3
and EAV-HP4) have been isolated and characterized by par-
tial sequencing of PCR products of different regions including
a region spanning the gag-env junction (data not shown). These
two clones also had the same deletion as the two completely
sequenced clones. The two clones likely represent different loci
since the sequenced regions were only 97% identical to EAV-
HP1 and EAV-HP2. This conclusion was further supported by
the distinct flanking DNA sequence of the EAV-HP3 clone,
confirming that it was located in a different integration site. A

FIG. 1. Complete DNA sequence and deduced amino acid sequence of the EAV-HP1 provirus. Two identical LTRs flank the 4.2-kbp EAV-HP provirus. U3, R,
and U5 region boundaries of the LTRs are indicated above the sequence. The 5-bp inverted repeat sequences of the LTR termini are shown in bold, and the 5-bp direct
repeat sequences in flanking host DNA are underlined. The conserved tRNATrp primer-binding site (PBS) and polypurine tract (PPT) are also underlined. Asterisks
above sequence (nucleotides 842 to 865) mark the boundaries of a repeat region for which one additional TGAQ repeat was found in the EAV-HP2 provirus sequence,
and an arrow points to the poly(G) tract where two extra G residues were found in EAV-HP2.
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5-bp direct repeat was located in the flanking DNA in both the
EAV-HP1 and EAV-HP2 integration sites. In the case of
ALV, similar proviral integration creates a 6-bp direct repeat
(23); ART-CH, on the other hand, is flanked by 3-bp direct
repeats (28).

The EAV-HP LTR has a distinct U3 region. EAV-HP clones
from both lines of chickens showed the typical provirus struc-
ture with LTR-like sequences at either ends. These sequences,
comprised of 315 bp, were slightly shorter than the 325-bp
HPRS-103 LTR (6) but longer than the 243-bp EAV-0 LTR
(12). On the basis of the homology to other retrovirus LTR
sequences, the EAV-HP LTR also could be divided into U3,
R, and U5 regions (Fig. 3). The 174-bp U3 region in the
EAV-HP LTR was shorter than that of HPRS-103 (224 bp) but
longer than that of EAV-0 (144 bp). The R region in the two
EAV-HP clones consisted of 17 bp (nucleotides 175 to 191),
and the LTR U5 region contained 124 bp (nucleotides 192 to
315). The corresponding regions in the HPRS-103 LTR were
21 and 80 bp, respectively (6).

While several elements found in a typical retrovirus LTR
were conserved in the U3 region of the EAV-HP LTR, the
sequence of the EAV-HP U3 region was distinct from those of
other avian endogenous and exogenous retrovirus sequences.
The conserved elements within the U3 region included a
TATA box and polyadenylation signal, which were located in
conserved positions at the 39 end of the U3 region, and a
CCAAT box motif 13 bp upstream of the TATA box. The U3
region also had several potential transcriptional regulatory el-
ements that differed from those present in previously charac-
terized retrovirus LTRs. The 59 end of the U3 region, begin-
ning with the first nucleotide of the provirus, was comprised of
a 30-bp sequence repeated in tandem (TR1 [Fig. 3]). A puta-
tive transcription regulatory element (59-GAGGG-39) within
this region was identical to the core sequence of elements
recognized by the CCCTC-binding factor (CTCF) in the c-myc
transcriptional regulatory element. CTCF has been shown to
function in the regulation of tissue-specific expression of c-myc
(24). A second tandem repeat of 16 bp (TR2, nucleotides 78 to
93 and 94 to 109 [Fig. 3]) containing a putative pentanucleotide
response element (PRE) element (59-GGTGG-39) was located
36 bp upstream of the TATA box. Two PRE motifs which
function as transcriptional enhancers during coinfection with
Marek’s disease virus are present in ALSV LTRs (7, 31),
although the neighboring sequences were unrelated to those of
the EAV-HP PRE motifs. A purine-rich sequence (59-GAGG
AA-39) overlapping the putative CCAAT box (nucleotides 131
to 136) was identical to the core sequence of the avian PU.1
box, which is involved in the macrophage- and B-cell-specific
expression of the chicken lysozyme gene (2).

The 5* ends of EAV-HP and ART-CH genomes are identical.
The R and U5 regions of EAV-HP were 99% identical to those
of the ART-CH retrotransposon LTRs (clones A, RTA, and
RTB) and 98% identical to those of ART-CH clone 3A and
the EAV-E13 LTR (Fig. 4). The EAV-0 LTR U5, on the other
hand, showed only 70% sequence similarity to that of EAV-
HP. The 39-R boundary of EAV-HP transcripts present in total
RNA extracted from the chicken embryo, as determined by
rapid amplification of 39 cDNA ends, was found to be identical
to that of ART-CH (22) (data not shown). The 59-R boundary
is also likely to be the same as for ART-CH since the se-
quences downstream of the polyadenylation signal were iden-
tical and the TATA boxes were at the same distance from the
transcription initiation site. A 5-bp inverted repeat located at
the LTR termini of EAV-HP clones was also conserved among
the ART-CH and EAV family LTRs, suggesting the impor-
tance of these sequences for integration.

FIG. 2. Schematic diagram of the EAV-HP provirus structure compared to a typical ALV provirus. The overall structure of the full-length EAV-HP sequences is
homologous to the avian retrovirus structure with a large deletion including the pol region. Dashed lines align the deletion junction of the EAV-HP provirus with the
typical ALV provirus structure (not to scale). Abbreviations are as for Fig. 1.

FIG. 3. Sequence of the unique EAV-HP LTR U3 region. The U3 region has
a TATA box and polyadenylation signal sequence, which are conserved in posi-
tion and sequence compared to ALV LTRs. A CCAAT box motif is located
upstream of the TATA box. A 30-bp tandem repeat is located at the 59 end of the
EAV-HP LTR (TR1), and a 16-bp tandem repeat is located in the center of the
U3 region (TR2). The inverted repeat sequences at the termini of the LTR are
indicated in bold. Putative elements for DNA binding proteins within the
tandem repeat regions, a CCCTC motif and a pentanucleotide repeat element
(GGTGG), are underlined.
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The high degree of sequence identity between EAV-HP and
ART-CH at the 59 ends of their genomes was observed to
extend beyond the LTR when a pairwise comparison was per-
formed (Fig. 4). The EAV-HP sequences were 96 to 97%
identical to the ART-CH sequences over a length of 555 bp
(nucleotides 218 to 768 [Fig. 1]), with sequence similarity in the
polyadenylation signal, R region, U5, untranslated leader se-
quence, and the region encoding the putative ART-CH gag
sequence (28). The untranslated leader also contained the
tRNATrp primer-binding site, which is conserved among
ALSVs. A packaging signal (C) involved in the transfer of
ART-CH sequences to mammalian cells by Rous sarcoma vi-
rus (RSV) (28) was also conserved in EAV-HP. The published
sequence for EAV-0 including the untranslated leader and gag
region had only 59% identity with the EAV-HP sequence. This
region had low sequence identity with HPRS-103 in the leader
but 60% identity in the gag gene sequence.

The EAV-HP Gag contains several highly conserved motifs.
The EAV-HP1 provirus contained a nearly full-length gag gene
with a short region (nucleotides 515 to 768) showing close
identity to the ART-CH putative gag region. The remainder of
EAV-HP1 gag region (nucleotides 769 to 2490) had a maxi-
mum of 58% identity with gag sequences from myeloblastosis-
associated virus and 57% identity with HPRS-103. The
ART-CH is only 53% identical in this region of the EAV-HP
clone.

The Gag proteins encoded by EAV-HP1 and HPRS-103 had
short stretches with high degrees of sequence similarity, al-

though the proteins were only 55% similar overall. Several
elements of the gag sequence that are highly conserved among
retroviruses were identified in the EAV-HP gag. The PPPPY
motif of p2, which has been shown to be essential for retrovirus
budding (44), is encoded by the EAV-HP sequences (nucleo-
tides 989 to 1003). The capsid major homology region, the only
well-conserved region of capsid protein sequences from di-
verse retroviruses (16), contained 14 of 20 amino acids iden-
tical to that of HPRS-103. Amino acids that were different
from that of HPRS-103, however, were identical to the resi-
dues found in major homology regions of other retroviruses.
Two nucleocapsid zinc finger motifs (CX2CX4HX4C) which
are required for ALSV particle assembly (26) are encoded by
nucleotides 1928 to 1969 and 1997 to 2038. The sequence
encoding the three amino acids (DSG) of the protease active
site (3) were also conserved within a stretch of 19 amino acids
with 100% sequence similarity to the ALV sequence (nucleo-
tides 2234 to 2290). By comparison with the ALV Gag se-
quences, the last eight amino acids of the protease encoded by
gag of the EAV-HP clones were found to be missing due to the
deletion between gag and env.

The EAV-HP env region is highly conserved in Gallus spe-
cies. The EAV-HP env sequences (nucleotides 2491 to 3889 of
EAV-HP [Fig. 1]) determined from the two clones were 97%
identical to the sequence in HPRS-103. Figure 5 shows a com-
parison of the amino acid sequence translated from the env
sequences. The EAV-HP env sequences are truncated at the 59
end, resulting in a deletion of 117 bp from the gp85 sequence,

FIG. 4. Nucleotide sequence alignment of EAV-HP and homologous regions from ART-CH and EAV-E13. Regions of high sequence identity include the
polyadenylation signal (AATAAA), the R and U5 regions of the LTR, primer-binding site (PBS), untranslated leader, and 59 end of the putative ART-CH gag gene.
Dashes indicate sequence identity with EAV-HP1, and dots indicate nucleotides that are absent from the sequence in the alignment.
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in addition to the 174-bp region encoding the N-terminal en-
doplasmic reticulum signal peptide. At the 39 end, the identity
between EAV-HP and HPRS-103 ended abruptly 25 bp down-
stream of the env stop codon, within the 39 untranslated region
(39-UT). The 39-UT is only 45 bp long in the two EAV-HP
clones, compared to the approximately 200-bp sequences
found in EAV-0, and is missing the highly conserved direct
repeat 1 (DR1) region found in all ALSVs, EAV-0, and ART-
CH. The E (or XSR) element sequence present in RSV and
HPRS-103 (6) is also missing from the EAV-HP 39-UT. The
11-bp polypurine tract (59-AGGGAGGGGGA-39), another
conserved region in ALSVs, was identical to that of HPRS-103
and ART-CH.

Apart from chickens, EAV-HP sequences were also de-
tected in red and Sonnerat’s jungle fowl DNA by Southern blot
hybridization with env probes (39). These sequences were also
detected by Southern blot analysis using a PCR product am-
plified with primers EAVFOR and EAVREV as a probe in-
cluding the polypurine tract, U3 region, and first half of the R
region of the EAV-HP LTR (Fig. 6). This confirmed that
EAV-HP sequences were present in jungle fowl DNA but not
in the phylogenetically more distant turkey and quail genomes,
and that previously detected bands were not due to cross-
hybridization with similar env sequences, such as E51-related
elements. To examine the relationships of the EAV-HP env
sequences in these birds, we determined the sequence of the
1.3-kb env region amplified by PCR using primers H3 and 37-1.

The EAV-HP env sequences from the two jungle fowl species
were 98 to 99% identical to each other and to those of the
chicken and encoded a continuous ORF in the region analyzed
(Fig. 5). Alignment of the deduced amino acid sequences of
the EAV-HP env region from chicken lines and jungle fowl
showed that the variations were mainly clustered between
amino acids 78 and 111 and amino acids 147 and 171 (Fig. 5),
corresponding to the regions of the gp85 which were most
variable among ALV-J variant strains (42). These regions,
however, differ from the variable and hypervariable regions
defined for the more distantly related env sequences of ALV-A
to ALV-E (10, 42).

The EAV-HP U3 is a weak promoter of transcription.
EAV-HP transcripts are expressed in chicken embryonic tis-
sues or CEFs at low levels not detectable by Northern blotting
(reference 8 and our unpublished data). Analysis of the LTR
sequence revealed several motifs that may function as pro-
moter elements, including a TATA box identical to that of
ALVs. Since other endogenous retroviruses, including several
ev loci, have been demonstrated to have little expression due to
positional effects and silencing by methylation (21), the
EAV-HP LTRs were examined further to determine whether
the low levels of EAV-HP transcripts may be due to the de-
fectiveness of the promoter or due to DNA positional effects.
The EAV-HP and HPRS-103 LTR U3 regions were cloned
into the pGL3-Basic vector, which lacks any promoter or en-
hancer elements, upstream of the luciferase gene. To examine

FIG. 5. Amino acid sequence comparison of EAV-HP and HPRS-103 env regions. The deduced amino acid sequences of the env region of the EAV-HP1 and
EAV-HP2 full-length clones and homologous region in HPRS-103 env are shown aligned with the amino acid sequences deduced from two different cloned 1.3-kbp
PCR products from RJF (RJFEAV-HP1 and RJFEAV-HP2) and SJF (SJFEAV-HP1 and SJFEAV-HP2). Amino acids encoded by PCR primers were not included.
Dashes indicate sequence identity to EAV-HP1, and an asterisk marks the env stop codon.
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the promoter functions of these constructs, clones in both
orientations were selected and used in a transient transfection
assay alongside pGL3-Basic and pGL3 vectors with the SV40
promoter (pGL3-Promoter) or the SV40 promoter and en-
hancer (pGL3-Control). Luciferase activity was determined
relative to that of the pGL3-Control cell extracts (Fig. 7). The
ALV and EAV-HP LTR U3 regions were seen to act as ori-
entation-dependent promoters, as observed by the higher lu-
ciferase activity in cell extracts transfected with plasmid DNA
containing the U3 region in the forward orientation. Interest-
ingly, both ALV and EAV LTR U3 constructs in the reverse
orientation showed levels of luciferase activity approximately
10% of the levels from the forward constructs, suggesting that
this region might contain regulatory elements that could func-
tion in the reverse direction. Cell extracts from CEFs trans-
fected with the EAV-HP U3 sequences in either orientation

had comparatively very low levels of luciferase activity. Ex-
tracts from cells transfected with pGL3-EAV1, with the
EAV-HP U3 in the forward orientation, had luciferase activity
levels approximately 10-fold lower than those in extracts of
CEFs transfected with pGL3-Promoter and approximately
230-fold lower than those in extracts of CEFs transfected with
pGL3-ALV1, with the HPRS-103 U3 in the same orientation.
These data suggested that the U3 region of the EAV-HP LTR
functioned only as a very weak promoter supporting the low
transcriptional activity of these elements in CEFs.

DISCUSSION

In this paper, we report the molecular characterization and
sequence of the novel endogenous avian retrovirus element
EAV-HP. These endogenous elements are important, as they
were shown to have intact env-like sequences with very high
sequence identity to the ALV-J env (6, 39), and are potentially
transcribed in chicken embryonic tissues (8). Because of this
close sequence homology, it is thought that these elements
have contributed to the origin of the new J subgroup ALV by
recombination (41). The 4.2-kbp EAV-HP clones from two
chicken lines had a typical proviral DNA structure with LTR
sequences and regions showing similarity to retroviral genes
(Fig. 2).

Similar to many of the other endogenous viruses, EAV-HP
proviral clones from both lines were defective for replication,
mainly due to the deletion of an identical region of the pol

FIG. 6. Detection of EAV-HP LTR sequences in genomic DNA from several
avian species. Genomic DNA from line 21, line 0, and brown leghorn (BLH)
chickens, RJF SJF, turkeys, and Japanese quail was digested with EcoRI, sepa-
rated by agarose gel electrophoresis, and blotted onto a Duralon-UV membrane
(Stratagene) according to standard molecular biology techniques (37). DNA was
probed by using the PCR product derived by amplification of EAV-HP1 cloned
DNA with primers EAVFOR and EAVREV. The PCR product includes the
polypurine tract, U3 region, and part of the R region of the 39 LTR. Stringency
washes were performed as described in the text. Sizes of the DNA ladder
(GIBCO-BRL) are indicated on the left.

FIG. 7. Assay of promoter activity of the EAV-HP LTR U3 region. Second-
ary CEFs were transiently transfected with the pGL3 vectors indicated or with
pGL3-Basic constructs with the EAV-HP U3 in forward (pGL3-EAV1) or re-
verse (pGL3-EAV2) orientation. The same region of HPRS-103 cloned into
pGL3-Basic in forward and reverse orientations (pGL3-ALV1 and pGL3-ALV2,
respectively) was included for comparison of the endogenous provirus LTR
strength with the promoter activity of an exogenous ALV LTR. Luciferase
activity for each plasmid indicated represents the mean 6 standard deviation of
six independent transfections with two different plasmid preparations relative to
pGL3-Control.
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region in the EAV-HP clones. The EAV-HP sequences of the
two full-length clones, as well as the two partially sequenced
clones, were very closely related to each other, with a diver-
gence of only less than 3% among them. The identical se-
quences of the 59 and 39 LTRs of the EAV-HP1 clone also
indicated that they are not very ancient endogenous elements.
Demonstration of EAV-HP sequences in the genomes of
chickens and ancestral jungle fowls, but not in closely related
avian species such as turkeys and quails, suggested that they
were acquired around the time of separation of Gallus species.

The EAV-HP clones have an env region related to EAV-
E51, while part of the LTR and the gag region are identical to
those of ART-CH and EAV-E13. EAV-E51 and related clones
were previously designated as a subfamily of the EAV-0 family
(11). The relationship among the EAV-0 elements and the
related E51, E13, and E33 clones, as well as EAV-HP clones
reported here, suggests that these elements would best be
regarded as members of one family of ERVs, designated EAV.
There were two recent reports suggesting the existence of new
endogenous elements in the chicken genome with close se-
quence identity to the ALV-J env (8, 36). Although the env
sequences of these elements initially published are identical to
that of EAV-HP, the authors have designated these elements
as a new family of endogenous viruses called ev/J. To avoid the
confusion of assigning different names for the same elements,
there is a need to systematically look at the characteristics of
the different endogenous elements to devise a universal system
of nomenclature for these elements.

The ART-CH sequence was reported to be a chimera of
sequences derived from multiple recombinations between ex-
ogenous ALSV sequences (28). Our data showing that part of
the EAV-HP was identical to that of ART-CH and the close
sequence identity of ART-CH with EAV elements such as E13
and E51 support the view that ART-CH has a chimeric ge-
nome. A comparison of the limited sequence available for
EAV-E13 and its env gene deletion (11) with the full-length
ART-CH sequence (28) suggests that these clones may repre-
sent nearly identical proviruses integrated in different loci.
Characterization of full-length provirus sequences of the E51-
related elements will be important to determine whether the
ART-CH elements are a separate family of endogenous ret-

roelements or another member of the diverse EAV family of
ERVs in the chicken genome. Examination of the ART-CH
sequences present in other Gallus species may help to define
their origin and relationship to the EAV family of ERVs. We
note that the number of ART-CH sequences in the chicken
genome originally reported was based on the results of South-
ern hybridization with a 570-bp 39-LTR probe which included
119 bp of the region shared with EAV-HP. Therefore, it is
likely that there are fewer ART-CH copies in the genome than
the 25 to 50 copies originally estimated from this experiment
(22).

The LTRs from both full-length EAV-HP clones had a
unique U3 region, distinct from those of previously isolated
endogenous and exogenous retrovirus sequences. However,
the R and U5 regions of EAV-HP were virtually identical to
those of the ART-CH and EAV-E13 LTRs but differed greatly
from those of other members of the EAV family (Fig. 8). The
U3 regions of ART-CH and EAV-E13 are closely related
(more than 92% identical) to EAV-E51. This distinct combi-
nation of EAV LTRs may have resulted from recombination
between different avian retroviruses, resulting in LTR domain
shuffling (11). The existence of EAV-0 and EAV-HP se-
quences in all Gallus species together with recombinant EAV
LTR suggest these retroviruses were active at a similar time
and may have coinfected an ancestral species to give rise to
recombinant retrovirus genomes, such as the EAV-E13.

Although we have not determined the structure of all
EAV-HP loci in the genome, the structures of the two fully
sequenced and two partially sequenced clones show that all of
these EAV-HP proviral clones share the same large pol dele-
tion. The genome structure of ev/J proviruses (36) also showed
the internal deletion of this region. This suggests that this
deletion may represent the most common form of defective-
ness in the EAV-HP genome. Since the EAV-HP clones re-
ported here are defective, the spread and multiple germ line
integrations are likely to have occurred with infectious virus
acting in trans as a helper virus. Such a mechanism has been
suggested for the spread of other defective endogenous retro-
elements, including VL30 sequence in mice and the ART-CH
retrotransposons in chickens (1, 28). A study of the ability of

FIG. 8. Schematic diagram of the avian retrovirus elements showing related regions. Regions of retrovirus sequences which are related to EAV-HP include the env
gene of ALV-J, the U5, R, and 59 end of ART-CH, and the U5 and R of EAV-E13. The deletion breakpoint indicated for the env of EAV-E13 is shown as described
by Boyce-Jacino et al. (11). The env deletion in ART-CH was determined by comparison with the E51 sequence. The gag-like region of ART-CH had little similarity
with any of the sequenced retrovirus elements.
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the EAV-HP genomic RNA to be packaged into virus particles
may provide support for this hypothesis.

The ALV-J subgroup is thought to have arisen by a nonho-
mologous recombination event between EAV-HP and an ex-
ogenous ALV (6). Such a recombination would also require
the expression and packaging of EAV-HP RNA. Expression of
EAV-HP env-specific transcripts has been demonstrated by
reverse transcriptase (RT)-mediated PCR (RT-PCR) on total
RNA extracted from chicken embryos (reference 8 and our
unpublished results). As the EAV-HP clones described here
showed a packaging signal (C) similar to those of ART-CH, it
is possible that these transcripts can be copackaged with ALSV
RNA into virions, facilitating recombination with heterologous
RNAs. While the EAV-HP sequences include the env gene
unique to the J subgroup of exogenous ALVs, the clones an-
alyzed thus far have a deletion at the 59 end of the env gene
resulting in the loss of 97 amino acids of the amino-terminal
portion of the envelope precursor protein. These clones also
have a short, possibly deleted 39-UT. A comparison of the
nucleotide sequence of the 39-UT sequence adjacent to the env
region showed no stretch of high sequence identity with avail-
able ALSV sequences other than HPRS-103. Isolation of an
EAV-HP provirus with an intact env region may be useful to
delineate sequences at both the 59 and 39 ends of env that may
have been involved in the recombination event(s) from which
ALV-J may have been derived.

The env sequence of the EAV-HP clones from chickens and
those determined by PCR from the two jungle fowl DNAs
shared 98 to 99% sequence identity, demonstrating a high
degree of sequence conservation among these closely related
avian species. The retrovirus envelope, including that of
ALV-J, is comprised of two functional regions, designated the
surface (SU) and transmembrane (TM) domains. Alignment
of the EAV-HP envelope sequences from the chicken and
jungle fowl shows a clustering of sequence changes within
regions of the SU domain (Fig. 5). Antigenic variants of ALV-J
showing sequence changes within these regions have been de-
scribed (42). It is thought that these variants arose by muta-
tions induced by polymerase errors and selection from immune
pressure. However, the possibility does exist that some of these
variant viruses were generated by recombination with ex-
pressed env regions of EAV-HP, by mechanisms similar to
those described for feline leukemia viruses (34). The presence
of identical amino acid residues in the variable regions of the
EAV-HP sequences and in some of the antigenic variants (42)
supports this notion. However, extensive sequence analysis and
molecular studies are required to prove this hypothesis.

Only low levels of EAV-HP transcripts have been detected
by RT-PCR (8). The U3 region of the EAV-HP LTR is much
smaller than the exogenous ALSV U3 and does not have the
enhancer region defined for the exogenous retrovirus LTR
(35). The absence of a DR1 element in the EAV-HP also may
contribute to the low expression level, as these elements have
been shown to be important in the accumulation of unspliced
RNA of RSV (38). Together with the weak promoter activity
of the EAV-HP U3 observed in luciferase assays, these data
may indicate that the EAV-HP LTR is defective and incapable
of promoting higher levels of transcription. On the other hand,
the EAV-HP U3 sequence may contain elements that could
function in cell type-specific transcriptional modulation. For
example, the EAV-HP U3 contains two putative DNA ele-
ments for binding by CTCF (24), which has been shown to
function as a negative regulator of transcription in chicken
lysozyme gene expression in nonmyeloid tissues (14). The
CTCF DNA elements in the EAV-HP U3 may also play a role
in the downregulation of transcription in CEFs, as part of a

myeloid cell-specific regulatory unit. A detailed analysis of the
EAV-HP LTR is required to determine if these motifs do
function as negative regulatory elements in CEFs and promote
increased levels of transcription in a tissue-specific manner
before concluding that the EAV-HP LTR is a defective pro-
moter.

Compared to the layer-type brown leghorn birds, meat-type
chickens are immunologically more tolerant to ALV-J, which
may result from expression of endogenous envelope proteins in
the embryonic tissues (39). It is not known whether this is due
to different EAV-HP loci being present in different breeds or
due to differences in expression of the same EAV-HP loci.
Retrovirus envelope glycoproteins are translated from spliced
subgenomic mRNAs (25). RT-PCR methods used to demon-
strate the env-specific cDNA of EAV-HP do not distinguish
between the genomic and subgenomic transcripts. The
EAV-HP clones described here have deletions at the 59 end of
the env gene and hence are unlikely to be able to generate
spliced subgenomic env transcripts. It will be important in
future to determine whether there is an intact, functional env
gene that is present and expressed only in meat-type birds, or
whether differences in expression from the retroviral U3 exist
between meat-type and layer-type chickens.

Retrovirus-like particles containing EAV-0 RNA and RT
activity have been identified recently in CEF supernatants and
live attenuated vaccines produced in chicken cells (9, 43).
These particles remain uncharacterized because they are
present at only very low levels. The characterization of an
EAV-HP sequence with an intact gag gene containing con-
served elements identified as important for retrovirus particle
assembly and formation may provide a starting point for fur-
ther dissection of these RT-associated particles.
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