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We have analyzed the genome of the domestic chicken for the presence of genetic sequences related to the
envelope protein-encoding genes of avian sarcoma/leukosis retroviruses to determine the organization,
structure, potential functionality, and distribution of such sequences. We have previously identified in the
genus Gallus an extensive group of endogenous avian retroviruses termed EAV-0. Southern blot and sequence
analysis presented here of EAV-0 elements revealed that the majority of the EAV-0 elements in the domestic
chicken genome have large deletions in their env genes. Screening of a line 0 chicken genomic DNA library for
potential full-length env gene-containing endogenous elements yielded three provirus clones of a previously
unrecognized group of endogenous retroviruses. These three clones, E13, E33, and ES1, are more closely
related to each other (80% or more sequence identity) than to other avian retroviruses (70% or less sequence
identity). The E13 element has a large deletion in env, but the ES1 element has full-length and highly divergent
SU- and TM-coding domains. Complete sequence analysis of the E51 env gene region revealed a defective
SU-coding domain and an intact TM-coding domain. Sequence analysis of the E51, E33, and E13 3’ termini
revealed highly distinctive long terminal repeats of approximately 360 bp which appear to be the products, in
part, of long terminal repeat domain shuffling. Hybridization analysis with E51 and E33 env gene probes
indicated that they are members of an extensive group of elements present in all Gallus species, and at least one
element, ES1, could be shown by polymerase chain reaction amplification and direct sequencing to have

integrated prior to Gallus speciation.

We have described previously the isolation and character-
ization of a group of endogenous proviruslike elements
which are present at approximately 50 copies per haploid
genome in the avian genus Gallus (10, 11). This group of
proviruses, termed EAV (endogenous avian retrovirus)-0, is
highly conserved in the genus Gallus and related to endog-
enous elements in other avian genera (26). Hybridization and
sequence analysis showed that EAV-0 elements are distinct
from but distantly related to the RAV (Rous-associated
virus)-0 family of avian endogenous retroviruses. The
EAV-0 elements are more broadly distributed in Gallus
species than are RAV-0 elements, and at least some integra-
tion events predate the divergence of Gallus gallus from
Gallus sonerati (26), indicating that EAV-0 elements are
more evolutionarily ancient than RAV-0 elements. The
EAV-0 elements are also distinguished by unusually short
but functional long terminal repeats (LTRs) (243 bp), also
consistent with their being distinct from the avian sarcoma/
leukosis retrovirus (ASLV) group (2). A genomic DNA
library of the line 0 domestic chicken (Gallus gallus domes-
ticus) was screened to determine whether any of the EAV-0
elements or other related but uncharacterized proviral ele-
ments in the avian genome contained full-length and poten-
tially functional env genes. The env genes can be sources of
genetic diversity through recombination with exogenous
viruses, and their protein products can act as immunologi-
cally functional cell surface proteins.

We have shown previously that EAV-0 elements are
transcriptionally active during embryogenesis of the domes-
ticated chicken (G. gallus domesticus) line 0 (2). Unexpect-
edly, the largest EAV-0 proviral transcript detected, which
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hybridized to gag, pol, env, and LTR region probes, was
only 5.3 kb, approximately 1.2 kb shorter than a predicted
full-length genomic RNA (having intact gag, pol, and env
genes) on the basis of collinearity with RAV-0. Here we
present an analysis of the deletion breakpoints in several
independently isolated EAV-0 clones, which shows that
each of the EAV-0 proviruses has a unique deletion in env.
The uniqueness of each deletion indicates that the EAV-0
proviruses are the products of multiple independent integra-
tion events. To determine whether any intact env gene-
related sequences were present in the chicken genome, we
screened all clones from a line 0 genomic DNA library which
hybridized to Rous sarcoma virus (RSV) and EAV-0 env
probes under low-stringency conditions. This screening
yielded three clones (E13, E33, and ES1) with potentially
intact env genes. Sequence analysis of these elements indi-
cated that E13 has a large deletion in env analogous to that
seen in EAV-0 elements. Sequencing of the entire ES1 env
gene indicates that this provirus has an apparently full-length
env gene with multiple frame shifts in the SU-coding domain.
The LTRs of the three clones are long (360 bp for E51) and
distinct from any previously characterized retroviral LTRs.
The R region of the E51 and E33 LTRs, however, is nearly
identical to that of EAV-0 LTRs. Hybridization analysis
with env region probes from E51 and E33 shows that these
elements are members of a highly conserved group present
in all Gallus species.

The identification of a group of proviruses distinct even
from the EAV-0 elements indicates that there is a much
greater complexity to avian endogenous retroviruses than
previously assumed and that the avian system is analogous
in complexity to that of the mouse. Mouse endogenous
retroviruses have been well characterized and can be
broadly grouped as either closely related to exogenous
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viruses (endogenous murine leukemia virus [MLV] and
mouse mammary tumor virus [MMTV]) or retroviruslike but
unrelated to known exogenous viruses (murine retrovirus-
related sequences, intracisternal A-type particles [IAP], and
VL30s). The MLV-related endogenous retroviruses of mice
are distributed in a fashion analogous to that of the avian
RAV-0 endogenous elements; most mouse strains and spe-
cies have one or none of the different ecotropic MLV loci
known (17). The xenotropic MLV endogenous proviruses
occur with greater frequency in mouse strains and species
(15), but several feral mouse species have been shown by
hybridization to lack xenotropic virus-related sequences
(20). The polytropic MCF proviruses, which are distinct
from xenotropic viruses in their env genes (22), are present
in many mouse strains but are also absent in some wild mice
(21). The MMTYV proviruses are also present at a few or no
copies in the genomes of various mouse strains (7) and
absent in most feral mice species (3, 4). The family of
elements in mouse most analogous in distribution to EAV-0
is the murine retrovirus-related sequence family, which is
present at 50 to 100 complete copies, and 500 to 1,000 solo
LTRs per haploid genome in all mouse strains tested (28).
The IAP elements and VL30s elements are two families of
much more ancient, and defective, retroviruslike elements in
mice; both IAPs and VL30s are present in all species of mice
analyzed and in some other, closely related mammals such
rats, suggesting that they entered the mouse germ line before
rodent species divergence (16, 23, 24).

Analysis of the E51 env and LTR sequences presented
here indicates that these retroviruses share a common lin-
eage with EAV-0 and ASLVs but are distinct. The E51 and
EAV-0 elements are unlike RAV-0 elements or the endoge-
nous MLV and MMTYV elements in that they have no known
closely related exogenous counterpart. The E51 and EAV-0
elements, however, are structurally more like endogenous
retroviruses than IAP or VL30s elements, suggesting that
they may represent intermediates in the evolution of extant
functional avian retroviruses. We also report the results of
polymerase chain reaction (PCR) amplification and direct
sequence analysis that indicate that the ES1 element inte-
grated prior to divergence of the species G. varius and G.
gallus.

MATERIALS AND METHODS

EAV provirus subclones and RSV clones. The EAV-0 clone
used in sequence analysis and as a probe is derived from the
A\7.1 chicken genomic DNA library clone 47.1.2 previously
described (2). A 1.2-kb deletion subclone of 47.1.2 used for
the Southern blot analysis contains the 3’ half of the IN-
coding domain and all of the env gene sequences (deleted in
the SU-coding domain). The 1.2-kb EAV-0 env probe clone
also lacks LTR and cellular flanking sequences. Because of
the conservation of the 5’ EcoRlI site of this clone, when it is
hybridized to EcoRI-digested genomic DNA, it detects env-
cellular junction fragments.

The lambda genomic DNA library clones were isolated by
low-stringency plaque lift hybridization analysis as previ-
ously described (2). The E51 subclone used for hybridization
and sequence analysis was derived from L-charon 30 ge-
nomic chicken DNA library clone E51. A 6-kb pol-env-LTR
piece was subcloned into pGEM, and a 1.4-kb BamHI-Pst1
pol region fragment was used as a probe. Two overlapping,
env-hybridizing fragments from lambda clone E13, a 1.5-kb
HindIII-HindIII fragment and a 2.5-kb EcoRI-EcoRI frag-
ment, were subcloned for sequence analysis and use as
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probes. A 3.5-kb BamHI-HindIII env-hybridizing fragment
of lambda clone E33 was also subcloned for sequence
analysis. A 1.2-kb region of E33 which amplified in PCR with
the EAV-0 env-derived oligomers was also cloned into
pGEM.

Plasmid pRSV-env was generated by subcloning a 1.7-kb
Xhol-to-Xhol env fragment of pATV8 (RSV) Prague C
(PRC) bases 5258 to 6983 (18) into pUC17. This clone was
used as the complete RSV env probe. A 900-bp EcoRI-Xhol
subfragment of the pRSV-env, comprising most of the gp85-
coding domain (RSV PrC bases 5258 to 6144), was subcloned
as pRSV-env5' and was used as the RSV 5’ env probe.

Avian genomic DNAs. Blood samples from G. gallus
domesticus line 11 were obtained from Spafas, Inc. Blood
samples from line 0 and G. sonerati (green jungle fowl) were
generously provided by Lyman Crittenden, U.S. Depart-
ment of Agriculture Regional Poultry Research Center, East
Lansing, Mich. Blood samples from G. varius (grey jungle
fowl) were generously provided by the San Antonio Zoo and
the San Diego Zoo. DNA was prepared from whole blood
and digested with restriction enzymes for Southern blot
analysis as previously described (26).

DNAs from the other avian species were isolated from
embryonated eggs as previously described (10). The eggs
were obtained from SPAFAS (Peking duck) or from regional
breeders identified by the U.S. Department of Agriculture
(Japanese quail, bobwhite quail, peafowl, ringneck pheas-
ant, and red jungle fowl). Red jungle fowl (G. gallus) is the
feral progenitor of domestic chickens (G. gallus domesti-
cus).

Sequence analysis. For sequencing the 3’ end of the EAV-0
provirus, the 3.2-kb EcoRI-to-EcoRI fragment from L47.1-
ev -2 was cloned into M13mp9. A series of overlapping
deletion clones was generated by using the deletion cloning
method of Dale et al. (9). DNA sequencing was done by the
dideoxy nucleotide method of Sanger et al. (27). Computer
analysis of the sequence data was done with Intelligenetics
programs. Subcloned fragments of E51, E33, and E13 were
sequenced directly from the plasmid preparations, using a
sequencing protocol modified for double-stranded DNA tem-
plate sequencing. Briefly, 5 pg of CsCl-purified plasmid
DNA in 20 pl of water was denatured by addition of 2 ul of
2 M NaOH and allowed to sit for 10 to 30 min at room
temperature. The sample was then neutralized by addition of
8 nl of 1 M Tris (pH 4.5) and 3 pl of 3 M sodium acetate and
then precipitated by addition of 75 pl of absolute ethanol.
After incubation at —70°C for 20 min and centrifugation, the
pellet was washed with 70% ethanol, dried, resuspended in 7
pl of water, 2 pl of 5x sequencing buffer, and 1 pl of
sequencing primer, and incubated for 30 min at 37°C to allow
annealing of the primer. The samples were then sequenced
with the Sequenase kit (U.S. Biochemical Corp.) and elec-
trophoresed on 6% acrylamide-8 M urea gels.

Sequences were analyzed with the Intelligenetics package
of analysis programs. The hydropathicity profiles were gen-
erated by using the PEP program with Hopp and Woods
hydropathicity values and a window size of six residues.

Amplification and direct sequencing of proviral integration
sites. Primers specific to the U3 region of the LTRs and
cellular flanking sequences were made for each clone (E13,
E33, and E51). PCR amplifications of proviral-cellular junc-
tions were performed in a total volume of 100 pl containing
300 ng of each primer, 0.5 to 1 pg of target genomic DNA,
and 0.2 mM each deoxynucleoside triphosphate (ANTP) in a
buffer of 2 mM MgCl,, 100 mM Tris (pH 8.3), 500 mM KCl,
and 0.1% gelatin. Cycles were 94°C (1 min), 40 to 48°C (1
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min), and 72°C (2 min) for 40 cycles, followed by extension
at 72°C for 7 min. PCR products were purified for direct
sequencing by centrifugation through a Millipore Ultrafree-
100 column (Millipore, Inc.) (1/10 was reserved for analysis
on an agarose gel). The entire reaction was lyophilized and
resuspended in a 1x buffer for a Tagence sequencing kit
(U.S. Biochemical). Half (15 pl) of the sample was used per
sequencing reaction. One hundred nanograms of the primer
for sequencing (U3 or R region) was end labeled with 3?P
(5,000 Ci/mmol), and 10 ng of the labeled product was used
per sequencing reaction. Reactions were performed accord-
ing to the directions for the kit, with the following modifica-
tions. The PCR product and sequencing primer mixture was
boiled for 5 min and cooled to room temperature for 15 min;
8 U of Taq polymerase was then added, and 4-pl aliquots
were dispensed into each of the dideoxynucleotide termina-
tion mixes. The termination reaction mixtures were incu-
bated at 72°C for a total of 20 min, 2 pl of extension mix (7.5
pM each dNTP) was added, and the mixture was incubated
for 5 min at 72°C. Samples were then analyzed as described
above.

Primers for the ES1 analysis were as follows: ES51 U3
amplimer/seqmer (ATAAGCTGTGTTTAGTAGTGA), bind-
ing to bases 2159 to 2178 of the E51 HindII-EcoRI fragment;
ES51 flanking amplimer (GTCATGGGTTGATGCAGTATC),
binding to bases 2402 to 2382; and E51 R seqmer (GCC
ATTTTGCTGCTCATCATAT), binding to bases 2185 to
2206.

Southern blot analysis. The stringency of prehybridization
and hybridization was controlled by varying the formamide
concentration of the prehybridization and hybridization so-
lutions as previously described (26). Briefly, lowering the
formamide concentration by 1% lowers the hybridization
complex melting temperature by 1°C; thus, the 50% form-
amide hybridization solution requires 90% or more sequence
identity between probe and target DNA under the conditions
described below, while the 30% formamide hybridization
solution allows stable probe-target hybrids of 70% or more
sequence identity. The standard prehybridization solution
consisted of 30 or 50% (vol/vol) formamide (30% formamide
for low stringency and 50% for high stringency), 1 M NaCl,
20 mM sodium phosphate (pH 6.8), 0.1% sodium dodecyl
sulfate, SxX Denhardt’s solution (0.1% polyvinylpyrrolidone
40, 0.1% Ficoll 400, 0.1% bovine serum albumin), and 500 p.g
of boiled, sheared salmon sperm DNA per ml. Alternatively,
the Denhardt’s solution could be eliminated and heparin
could be added to 500 pg/ml only for high-stringency hybrid-
ization with no loss of signal and improved backgrounds
when nylon membranes were used (21). Prehybridization,
hybridization, and washes were performed as previously
described (26). Probes derived from the proviral clones
described above were made by random primer labeling of
agarose gel-purified DNA fragments (13).

Nucleotide sequence accession numbers. Sequences ob-
tained from the endogenous clones have the following Gen-
Bank accession numbers: E51, M95189; E33 LTR, M95190;
and E13 LTR, M95191.

RESULTS

Distribution of RSV and EAV-0 env-related sequences in the
genus Gallus. The EAV-0 family of endogenous proviruses is
characterized by a complex hybridization pattern on South-
ern blots, reflecting the approximately 50 proviruses con-
served within the domestic chicken genome (11). The distri-
bution and conservation of EAV-0 elements in the genomes
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FIG. 1. High-stringency hybridization of RSV and EAV-0 env
region probes. (A) Southern blot of EcoRI-digested genomic DNAs
from domestic chicken line O (lane 0) and line 11 (lane 11) and red
jungle fowl (lane JF) probed at high stringency with the 1.7-kb RSV
env probe; (B) parallel blot hybridized with EAV-0 env region probe
at high stringency. Size markers indicated at the right are from
HindIII-digested lambda DNA.

of red jungle fowl, the feral progenitor of domestic chickens,
and line 11 and line 0 domestic chickens is in stark contrast
to that of RAV-0, which is present at low copy number in
most chicken lines and absent in line 0 (1) (Fig. 1). Low-
stringency hybridization (allowing hybridization of se-
quences with 70% identity with the probe) with the EAV-0
and RSV env probes was done by using genomic DNAs of
Peking duck, ringneck pheasant, peafowl, guinea fowl, Jap-
anese quail, and the Gallus species to determine both
whether the EAV-0 env probe detected all env-related ele-
ments in the chicken genome and whether the diversity of
env-related elements detected extends beyond the genus
Gallus (Fig. 2). The hybridization results indicated that the
cloned EAV-0 elements do not account for all ASLV env-
related sequences in line 0 and that elements at least dis-
tantly related to both EAV-0 and RSV env genes are present
in all avian DNAs tested.

While there are clearly a large number of individual
EAV-0 proviruses in the chicken genome, our analysis of the
RNA from primary fibroblasts of 12-day-old chicken em-
bryos indicated that the major EAV-0 transcript was shorter
than would be predicted by collinearity with RAV-0 (2),
suggesting that this major expressed EAV-0 element is
defective. Preliminary mapping of independent EAV-0
clones indicated that a major portion of the truncation was in
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FIG. 2. Low-stringency hybridization of RSV and EAV-0 env region probes. (A) Southern blot of EcoRI-digested genomic DNA probed
with the 1.7-kb RSV env probe at low stringency; (B) parallel Southern blot probed with the EAV-0 env probe at low stringency. The DNA
samples are from line 0 (lanes 0), red jungle fowl (lanes JF), peafowl (lanes PF), ringneck pheasant (lanes RP), guinea fowl (lanes GF),
Japanese quail (lanes JQ), and Peking duck (lanes PD). The DNA markers (lanes M) are HindIII-digested lambda DNA.

the SU-coding region of env. To assess by hybridization
whether this truncation encompassing the SU (gp85)-coding
domain was the predominant deletion in EAV-0 elements,
Southern blots of avian genomic DNA were hybridized with
the 5’ (SU-coding) half of RSV env at low stringency (Fig. 3).
Since only two bands were detected in the line 0 genome,
this analysis suggests that the majority of EAV-0 proviruses
which hybridized to the complete RSV env probe are deleted
in the SU-coding domain. Note that this pattern of env
deletion may also exist in related quail endogenous provi-
ruses, since only three fragments in Japanese quail DNA
hybridized to the 5’-half RSV env probe versus the large
number of bands detected in Japanese quail with the com-
plete RSV env probe discussed above.

Analysis of the deletion breakpoints in three independent
EAV-0 proviral clones. To determine whether EAV-0 ele-
ments were deleted in the SU-coding domain or contained
SU-coding sequences highly unrelated to RSV SU-coding
sequences, we sequenced across the env regions in three
independently isolated EAV-0 clones. We predicted also that
if these deletions were the result of independent integration
events or duplication of deleted proviruses, independently
generated deletions would be expected to have distinct dele-
tion breakpoints rather than duplication of identical break-
points. Alignment of the sequences of the deletion break-
points from the three clones with the sequence of RSV
showed that each of the EAV-0 proviruses analyzed was
deleted independently (Fig. 4). While duplications of provi-
ruses may also be present in the genome, this result indicates
that there are multiple independent germinal integrations of
EAV-0 proviruses within the Gallus genome and, consistent
with the lack of RSV 5' env hybridization described above,
that most if not all EAV-0 elements have large deletions in
env.

Screening for complete EAV-0 env genes. To determine
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FIG. 3. Southern blot of EcoRI-digested genomic DNA samples
probed with the RSV 5’ env probe at low stringency. The RSV 5’ env
probe encompasses SU-coding sequences only. The DNAs are line
11 (lane 11), line O (lane 0), and Japanese quail (lane JQ). Lane M is
as in Fig. 2.
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FIG. 4. Deletion breakpoints in EAV-0 proviral env genes. (A) Schematic representation of the env region deletions for three EAV-0
clones (47.1.2, GP3, and GP11) relative to RSV env. The RSV SU signal peptide (SP) is shown as a black box; the transmembrane region (TM)
of GP37 is shown as a stippled box and is followed by the cytoplasmic domain (CYT). The black bars over the 47.1.2 sequence show the
positions of the PCR primers indicated in panel B. (B) DNA sequence adjacent to the deletion breakpoints of the clones relative to the RSV
sequence. Base positions indicated over the RSV sequence are according to Schwartz et al. (29). Boxes indicate primer sequences.

whether any proviruses with complete env genes were
present in the line 0 genome, a line 0 genomic DNA lambda
library was screened with the RSV 5’ env probe and an
EAV-0 env probe under low-stringency hybridization condi-
tions. Low-stringency hybridization was used for the EAV-0
probe as well because it was unclear from the Southern blots
whether the bands detected with the RSV 5’ env probe were
part of the EAV-0 family of elements. Fifteen independently
isolated lambda genomic DNA library clones which hybrid-
ized to RSV env and/or EAV-0 env probes at low stringency
were obtained. To facilitate screening for full-length env
genes, each of the 15 lambda clones was analyzed by PCR.
The oligomers used to screen the env clones were specific to
regions immediately adjacent to the deletion breakpoint in
EAV-0 clone 47.1.2 (positions of primers are marked in Fig.
4B). PCR analysis was done under relaxed annealing condi-
tions (37°C); no bands were amplified at higher annealing
temperatures. PCR results (not shown) fell into three groups.
The first group, consisting of eight clones, showed no band
on the ethidium bromide-stained gel of the electrophoresed
PCR product, indicating the absence of one or both oligomer
target sites; the second group (four clones) produced small
products (smaller than 1 kb) which indicated major deletions
in their env genes; the third group, consisting of three clones
(E13, E33, and ES51), produced products of greater than 1 kb.

While primer choice clearly would influence the ability to
detect a divergent env sequence, the primers were intended
initially to screen for EAV-0 elements that might have
full-length env genes and the use of lower-annealing-temper-
ature PCR to reduce the possibility of a false-negative result
due to sequence divergence. Positive cross-hybridization at
low stringency with the RSV and EAV-0 env probes indicted
that the pool of clones screened should contain regions of at
least 70% sequence identity to the corresponding regions of
those viruses.

Southern blot analysis of E33 and E51. Two types of
hybridization probes were generated from the clones: sub-
cloned fragments which hybridized to RSV env at low

stringency, and the PCR product generated from each
lambda clone by using the EAV-0 env region oligomers (Fig.
5). The env region PCR product probes from ES1 and E33
were used to allow direct comparison of the distribution of
env gene sequences related to these elements. Identical or
closely related high-stringency hybridization patterns from
these two probes would indicate that the hybridization
pattern accurately reflects the conservation and distribution
of env genes from these viruses rather than the presence of
an unrelated repetitive element integrated within the puta-
tive env domain of E51 or E33. Hybridization of the E33 and
E51 PCR env probes to genomic DNA of Gallus species
relative to the hybridization of the EAV-0 env probe showed
that the E33 and E51 probes produced a closely related band
pattern distinct from that of the EAV-0 probe (Fig. 6). While
the EAV-0 env probe contains pol gene sequences (Fig. 5),
the upstream EcoRI site that defines the 5’ end of this probe
is conserved in all but five EAV-0 proviruses (which do
contain a conserved EcoRI site 1.3 kb farther upstream) so
that the band pattern detected with this probe accurately
reflects the distribution of env gene sequences and indepen-
dent integration events, since the downstream EcoRlI site of
each detected fragment is derived from cellular sequences
flanking the provirus. The unique hybridization pattern
shared by the two new clones, E51 and E33, coupled with the
lack of cross-hybridization at high stringency with EAV-0 env
indicated that E33 and ES51 belong to the same distinct group
of endogenous sequences. Sequence analysis (see below)
indicated that the env gene region of E13 is closely related
(80% or more identical) to that of E51 but is highly deleted in
a fashion similar to deletion of the EAV-0 elements.

Since the E33/ES51 group was shown to be distinct from
EAV-0, we wanted to determine whether the observed
elements are conserved among individual outbred birds as
the EAV-0 elements are (26). Southern blots containing
EcoRI-digested genomic DNA from 14 outbred G. varius
birds were hybridized under high-stringency conditions with
the EAV-0 env probe, the ES1 PCR env probe, and an E51
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FIG. 5. Restriction maps of proviral clones. The maps of E51, E33, and E13 are derived from the regions of the original lambda genomic
DNA clones which hybridized to the RSV and EAV-0 env probes. Boxes below each line mark regions identified by sequence analysis. Bars
indicate boundaries of probes derived from the clones. Dashed lines indicate regions of proviruses not sequenced. Restriction enzyme sites:

EcoRI (R), BamHI (B), HindIII (H), PstI (P), Xhol (X), and Accl (A).

pol region probe derived from the lambda clone (Fig. 7). The
EAV-0 env probe hybridization (Fig. 7A) gave a basic
conserved pattern of approximately seven bands in G. varius
with variation in the inheritance of approximately 12 other
bands among the 12 samples. All of the variant EAV-0
bands, with the exception of some in G. varius sample 74,
are present in more than one sample and in various combi-
nations, and their presence is not associated with the ab-
sence of any of the conserved bands, indicating that the
variant bands are the products of independent, unlinked
proviral integrations which occurred postspeciation.
Hybridization of the same blot with the E51 PCR env
probe at high stringency produced a unique but conserved
band pattern (Fig. 7B). One striking feature of hybridization
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FIG. 6. High-stringency hybridization of E33 and E51 probes to
genomic DNAs. A Southern blot of EcoRI-digested genomic DNAs
was hybridized successively with probes from each of the proviral
clones at high stringency. Hybridization with the EAV-0 env probe
is shown in the left panel for comparison. Probes used were the E33
1.2-kb PCR env clone and the 1.2-kb E51 PCR env probe. Size
markers are as in Fig. 1. DNAs analyzed are from G. varius (lanes
G.var.) G. sonerati (lanes G.son.), red jungle fowl (lanes JF), and
domestic chicken lines 72, 0, and 11 (lanes 72, 0, and 11).

with this probe is the detection of an approximately 1-kb
band in all of the Gallus species. The relative intensity of this
band suggests that it may represent a common internal
fragment of E51-related env genes, though neither E51 nor
E33 contains a 1-kb env region EcoRI fragment. The con-
servation of several other bands across all of the Gallus
species suggests that this group of endogenous retroviruses
is more highly conserved and evolutionarily ancient than the
EAV-0 elements; this is the case if the bands represent the
proviral-cellular junction fragments, as predicted, since con-
servation of these bands among the Gallus species would
indicate inheritance of multiple prespeciation integration
events. The conservation of the E33/ES1 elements could be
seen more clearly when the same blot was hybridized with
the ES1 1.4-kb pol region probe at high stringency, produc-
ing a simplified but highly conserved band pattern (Fig. 7C).
With this pol region probe, a basic pattern of four to five
conserved ESl-related bands was detectable in all Gallus
species.

Sequence analysis of E13, E33, and E51. Select regions of
the three clones were sequenced to determine their proviral
organization and relative similarity to other avian retrovi-
ruses. Sequence analysis was performed on the env-hybrid-
izing subcloned fragments of each clone; the regions ana-
lyzed included the LTRs and all or select portions of the env
domains.

(i) LTR region analysis. Sequence analysis of the 3’ region
of the E13, E33, and ES5S1 clones revealed related LTRs
distinct from any previously characterized avian retroviral
LTRs in both length and sequence composition (Fig. 8).
Comparison of the putative LTR regions with each other and
with the EAV-0 LTR allowed delineation of the boundaries
of U3, R, and US. The U3 region of E51 is 242 bp long and
is 87% identical to the E13 U3 region. The 5’ region of ES1
U3 is also 75% identical to the first 58 bases of EAV-0 US,
which identifies this region as the 5’ terminus of U3. The
putative 21-bp ES1 R region is 95% identical to that of
EAV-0 (one base pair difference from the EAV-0 47.1.2
LTR) but only 52% identical to the collinear region of E13.
The 100-bp ES51 US region is unrelated to the putative U5
region of E13 except for complete identity for six bases at
the 3’ terminus. This 3’ terminus of E51 U5 also has 72%
identity to the terminal 29 bases of EAV-0 U3. The sequence
region of the E33 LTR has approximately 80% identity to
that of E51 in the R and US5 regions and 86% identity in the
U3 region, excluding three deletions of 5, 12, and 9 bp and
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FIG. 7. Conservation of proviral elements among individual birds. A Southern blot of EcoRI-digested avian genomic DNAs was probed
successively with EAV-0 env (A), the E51 PCR env probe (B), and the E51 pol region probe (C) under high-stringency conditions. G. varius
samples 61 and 62 are from two unrelated birds from the San Diego Zoo; samples 63 to 74 are from San Antonio Zoo siblings from a cross
of unrelated parents (26). The hybridization seen in the marker (M) lane is from internal hybridization controls. In panel C, the markers are
indicated with lines drawn in lane M on the basis of prior marker hybridization. Abbreviations are as for Fig. 6.

three insertions of 10, 13, and 9 bp relative to the E51 LTR.
This finding indicates that the three clones share related U3
regions distinct from those of all known retroviral groups, R
regions most closely related to those of EAV-0 LTRs (except
for E13), and divergent U5 regions, with conservation at the
site of the terminal inverted repeat. Note that the US regions
are also longer than those of ASLVs by approximately 20
bases.

(ii) env region analysis. Sequence analysis of the env gene
regions of the proviral clones allowed alignment of the SU-
and TM-coding regions relative to each other and to the
corresponding sequences of EAV-0 and RSV. The entire

2.5-kb HindIII-EcoRI fragment containing the SU- and TM-
coding domains from ES1 was sequenced for analysis of
potential open reading frames and similarity to other retro-
viral env genes. The termini of the E33 PCR env clone also
were sequenced to confirm collinearity with E51. The env
deletion breakpoint region of E13 was sequenced also for
comparison with E51 env. The putative SU-coding domain
of E51 extends from approximately bases 89 to 1147 (count-
ing from the HindIII site); the TM-coding domain extends
from approximately bases 1148 to 1734; the 3' noncoding
region extends from bases 1735 to 1943; the LTR extends
from bases 1944 to 2306; and cellular flanking sequence
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FIG. 8. LTR regions of prov1ral clones. (A) LTR sequences determined from clones E51, E33, and E13. The EAV-0 LTR sequence is also
shown for comparison. The R region indicated is relative to that of EAV-0. The lowercase letters at the 5’ end correspond to the polypurine
tract; the lowercase letters at the 3’ end correspond to cellular flanking sequences. (B) Schematic representation of each LTR, based on
sequences shown in panel A, to indicate the assortment of U3, R, and US regions. The dashed line at the 5’ end of the E33 LTR indicates
a region not sequenced. Numbering of the E51 LTR is relative to the HindIII site of the E5S1 clone.

extends from bases 2307 to 2450 (Fig. 9A). The termini of the
E33 PCR clone align to bases 170 (5') and 1410 (3), consis-
tent with the position predicted from the position of the env
PCR primers (Fig. 9B). Alignment of the E13 env gene region
indicates a deletion of approximately 1.2 kb extending from
base 220, near the start of the SU-coding domain, through
base 1463 within the TM-coding domain to the transmem-
brane region of TM.

Comparison of the DNA and putative amino acid se-
quences from the E51 SU- and TM-coding domains with
sequences of env genes of other avian retroviruses allowed
approximate delineation of the boundaries of these domains
(Fig. 10). The TM-coding domain of ES1 is a complete open
reading frame with 51% amino acid identity to RSV TM
(gp37). The portion of TM encoded by the truncated E13 TM
region corresponds to ES1 TM amino acids 109 to 197 and
has 84% identity to this region of E5S1 TM. The truncated TM
encoded by EAV-0 clone 47.1.2 corresponds to ES5S1 TM
amino acids 78 to 197 and has 61% identity to this region of
E51 TM. The SU-coding domain of ES51 is highly divergent
from RSV, with less than 50% identity overall. The bound-
aries of the putative E51 SU-coding domain can be identified

by a stretch of 69% DNA identity and 73% amino acid
identity to RSV PrC at the start of the domain encoding gp85
(E51 bases 263 to 362) and 69% DNA identity and 80% amino
acid identity close to the end of the gp85-coding domain (E51
bases 973 to 1095).

PCR and direct sequence analysis of integration sites. To
determine whether any of the three clones in hand were the
result of prespeciation integration, PCR analysis was done
on G. gallus and G. varius genomic DNAs by using U3 and
cellular flanking primers for each clone (Fig. 11). Only ES1
primers produced amplified product from DNAs other than
that of G. gallus, and the products from amplification of G.
varius DNAs were directly sequenced for comparison to the
junction sequence of the genomic E51 clone. Direct sequenc-
ing of PCR products ensures that differences in sequence are
not due to cloning artifacts and that the sequence detected
accurately reflects the sequence of the site in the target
DNA. Four independently amplified products produced in
two different experiments on different days from three
different G. varius samples were directly sequenced, and all
produced the exact same sequence having two base differ-
ences and one extra base relative to the genomic E51 clone
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A. ES51 FROM HINDIII SITE

Hindill
1 AAGCTTAAAC CAGATCTCAG ARAGGACACC TGAAATTATA ACTCGTTCCA TATTTGTGTA ATAAGCAAGA

71 CAAGAGTTCC CTTTTGCAGA AGCTGCTGGT GGGAAGACCA AAGCCAACTC CAGAACAACC GAGGGACGGA

141 CGACAGGATC T CG AGA. CTGTAACACC GATACTTCTG GTAATACTGA

211 TGTTTATGGT AACAGGGAGG GAGGGAGTAC ACCTTGTGTA CAACAGCCAC GCAATGTTTG GGTCACGTGG
281 GCGAATCTCA CAGGGCGGAC AGACTTCTGT CTTGGCCTIC AGTCCGCTAC CTCTCCTTTC CGTACCTGTT
351 TGGTAGGTTT GCCGAGITAT CAACTGGAGG AGTTTAGGGG ATATATGATC AACTACACTG TGTGTAGGAA
421 TGAAACAGAC GCTGCTACTC AAACGGCACG TCTGATTCAA TCATTAAACC GTACCCTCCC CTGGGACCCC
491 CAAGAATTGG ATATTTTAGG GTCTCAAATG ATCAGGAACA GAACAACACG TACGTGTGTC ACCTTTGGTT
561 CAATGTGCTA TACAGAGAAC GATCATAGTA GAGTCTGTICA CAATTTTGAC GGGAATTTTG ATGGGGCTGG
631 TGGAGTGGAG GCAGAACTGC GTGACCTATA GTGAGATGGA ATAATGATGA CCCTCGTATA ACCTTATGCT
701 AACCGATCAT GGACGGTGGT GAGTCCAATG AACACGGAGA GTTTTCAATA GCCGGTGCAT ATTATGGTTT
771 CACAAAGAAC GAAACTCGTT ATTATARAGG GGGTTCTICT GATIGATGTG GGTCAAAAGG AAGAAAATGG
841 TCAGAGGGAC ACAGGAAAGG GGCAACATGT TCTGAGTGCG GTGGTAATTG CACGGCGGAA TGGAACAATT
911 ATGCATATGG GTTCACCTTT AGGAGGAATG TATCGGAGGC ATTATGGAAT AATGAGACTG CTAAAGCACT
981 ccczc‘c'clctr ATCTTCTTGA TTTGTGGCGA TAGGGCATGG CAAGGTGTAC CAGCTAATTC TCTGGGAGGT
1051 CCATGTTACT TAGGGAAGTT AATGATGTTT GCTCCAAATC ATACAGGATG GCTTAATATA TCTCGCAGTT
1121 TACATCCTCG CAGGCGCCAT CATAGCACGA ACCTGGGACC TGAGTGTAAT GATGATATTA AGATGTGGGG
1191 CGTTACAGCA CATATCTCCG CATTGATTTT CTCGCCAGGA GTCTCAGCAG CAGCAGCCTT AGCCCAGATA
1261 GAAAGGTTGG CATGTTGGTC GGTAAAACAG GTGAATACGA CCACGCTCGT ACTAAATGCT ATGCTAGAAG
1331 ATCTTAATAG TGTCCGTCAT GCACTGCTAC AGAATAGAGC AGCTATTGAC TTCTTGCTAT TGGCTCAAGG
1401 ACATGGATGT GAGGATGTCG AAGGAATGTG CTGCTCTAAC CTCAGTGATC ACAGCGIGTC AATTCATAAA
1471 CAACTACAAT GGATGCAAGA ACATACACAG AAGATCAAAG AAGAAAGTAA TCCTTTTGGA AACTGGCTGA
1541 GCAGACTGTT TGGGGGAGTG GGTTCATGGT TAAAGCAATT GCTTAAAGCT CTCGTGGTAG GGTTTGCAAT
1611 CTTTGTGIGT ATTCTAGTCT GTCTTCCATG CTTTGTAGGA TGCTTGCAGG ACTGCCTTCA ACGAATGATG
1681 GACAAGACTT TTGACTATCG GATTGAGTAT CATAGACTGC cmmcﬁ'%;mc’m’r TTAGGTTGTT
1751 GCATTCGTGC TGTAACAGGG CAAGGCTTGG CCAAGCATGG GAAAGGATIC CCTGTTGCTC TGATATTTGC
1821 TTAAGAATTG TAGARAAGTA GTAGGAATAG TGTGCTGAAA TATATTTAGG ATTAGGCGTT TTGCGCTGTT
1891 TCATGATGTA CGGTTAGGCG TGCGTGTAAG TAGTATTTAG CTTAGGAGGG Gmﬁe?rg AGTAGGCGTC
1961 TTGCAGGGGT ACGGGATGTA CGGGACAGGC ATCTCCCTAA ACATAGAGAG ACAGTGCTAT CGTGCTGACC
2031 TTGATGCAGA GAAAACAGGA GAAGAAGAAA GATGAGAAAA GAATGTGGAA ACGGCCAAAT AAGGCACAAT
2101 GTTATCTGGT GTGAACCAGT CAGGGTGAGA CATGACAGCA CGGTTATGTA GGTAAAAATA AGCTGTGTTT
2171 AGTAGTGAAT mcEctmrerG—_Wﬁgg;ﬁecera%JﬁTumcc CCCTGATCAG
2241 CTAATTGGTC AGTGAGCGCA GAGGCCTAAC ACAGGTGGCT AACATCATTG TTGCAGAAAG CAACAGGGCT
2311 ACTCCCTCCA GTGTCTGCCT CTCCTGCCAG CAGCTCTCCA TTCCATCCTA CTGCTCCCTT TTAGCATTTC

2381 AGATACTGCA TCAACCCATG ACAAATATTG AAGAGCCACT GCCTGAACTG GTGATCACTT ATGGAAAAC

B. E33-PCR-env termini alignment to ES1

ES1 190 CGATACT T...

E33 T

ES1 + .+ «GAAS TTGACTTCTTGCTATTG 1392

E33

C.  E13 env alignment to ES1
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FIG. 9. Sequence analysis of env regions. (A) DNA sequence of
the 2.5-kb HindIII-EcoRI fragment of E51. The putative boundaries
of the SU- and TM-coding domains, the 3’ noncoding region, and the
LTR are marked by arrows over the sequence. (B) Alignment of
partial DNA sequence from the E33 PCR clone to E51 to show that
the E51 and E33 PCR env probes used for hybridization analysis
were collinear. The E33 sequence shown starts immediately down-
stream of the 5’ env PCR primer (Fig. 4) and ends immediately
upstream of the 3’ env PCR primer. (C) DNA sequence alignment of
the E13 env region with the ES1 env region to indicate the apparent
deletion breakpoint in E13 env. Numbering of E51 sequences is
relative to the HindIII site in panel A.
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FIG. 10. Amino acid sequence comparison of the TM domain.
(A) Alignment of the E51 SU protein sequence at the amino and
carboxy termini of the SU domain. The E51 amino acid sequence
between these termini had less than 50% identity to RSV SU. (B)
Comparison of the E51 TM protein sequence with the RSV TM and
the partial TM sequences from E13 and EAV-0 clone 47.1.2. The
start points of the latter two sequences correspond to their down-
stream deletion breakpoints within their env genes. Dashes in both
panels indicate identity. (C) Plot of the hydropathicity profiles for
the amino acid sequences shown in panel B. The x axis for each
sequence is at neutral (zero) hydropathicity, with hydrophilicity
(positive hydropathicity) above each x axis and hydrophobicity
(negative hydropathicity) below the line. The y axis hash marks
indicate one-unit increments in hydropathicity values. Numbering of
the amino acid positions marked below the graph corresponds to the
start of RSV TM. The transmembrane portion of the proteins is
centered approximately at amino acid 160.

from G. gallus. This result indicates that the E51 provirus
integrated prespeciation and that its sequence is highly
conserved.

DISCUSSION

Sequence analysis of EAV-0 proviral clones suggested
that the bulk of EAV-0 elements present in the domestic
chicken genome are deleted in env. The independent EAV-0
eny deletion breakpoints of each clone occurred within 150
bases of each other at both the 5’ and 3' ends, spanning a
region from around the SU signal peptide to the middle of the
TM-coding region, resulting in deletions of approximately
1.2 kb in each clone. Each of these cloned proviruses was
the result of independent integration events rather than the
result of duplication, since each sequenced provirus had a
unique deletion breakpoint. The consistent deletion of the
SU-coding domain was corroborated by hybridization anal-
ysis with the complete and RSV 5’ env probes, which
showed that there are few DNA fragments related to the
SU-coding region of RSV present in the chicken genome
relative to the number of fragments detectable with the
full-length RSV env probe. Such a dramatic absence of
SU-related sequences suggested strong selection against
functional endogenous env genes in the chicken genome.
Systematic analysis of a line 0 chicken genomic DNA library
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by hybridization and PCR analysis for potentially full-length
env genes yielded three clones (E13, E33, and ES1) with
unique sequences. Hybridization analysis indicated that E51
and E33 are closely related to each other and distinct from
RSV/RAV and EAV-0. Clone E13 was shown by sequence
analysis to have a major deletion in env equivalent to that
seen in EAV-0 clones. This finding indicated that the original
PCR product produced from E13 with the env primers may
have resulted from the use of an alternative primer binding
site as a result of the low annealing temperature (37°C) used.

High-stringency Southern blot hybridization patterns de-
tected with env region probes from clones E33 and ES1
indicate that many related proviral elements are well con-
served among members of different Gallus species. Since the
probes comprise the same region from two independent
proviruses, the hybridization patterns accurately reflect the
distribution of env gene sequences related to these elements.
The E51 and E33 elements also produce highly conserved
band patterns across Gallus species boundaries, indicating
that these elements may be more evolutionarily ancient than
the EAV-0 elements. The conserved E51/E33 band pattern
comprised four to five bands which were conserved even in
G. sonerati, suggesting that at least one, and probably
several, proviruses entered the germ line prespeciation.
Accumulation of many additional proviral elements postspe-
ciation in all of the Gallus species indicates that these new
elements, as well as EAV-0 elements, were still actively
infecting the germ line postspeciation. This hybridization
analysis does not unequivocally demonstrate the presence of
ES1-related proviruses prespeciation, however; therefore,
PCR analysis was done to determine whether any of the
three clones used in this study integrated prespeciation.
Direct analysis of the integration sites of E13, E33, and ES1
by PCR showed that ES1 entered the germ line prior to
divergence of G. gallus from G. varius. This result indicates
that this group of elements predates Gallus speciation, as we
have previously shown for the EAV-0 elements (26).

One of the most striking features of these new endogenous
retroviral elements is the structure of their LTRs. The E13
LTR is characterized by an ambiguous R-region boundary
and a uniquely long U5 region. The E51 and E33 LTRs share

J. VIROL.

FIG. 11. Analysis of the E51 integration site in G. varius. (A)
Ethidium bromide-stained agarose gel of PCR products from ampli-
fication of target DNAs with the E51 U3 and flanking primers.
Target genomic DNAs are indicated as G.gallus, (G. gallus), G.var-
ius, (G. varius), QT6 (Japanese quail cell line), J.Q. (Japanese quail
embryo), Turkey (turkey), Bw.Q. (bobwhite quail), and Marker
(size markers). Sizes are indicated in base pairs. (B) Sequence data
obtained from direct sequence analysis of the PCR products from
three G. varius samples (64 [repeated twice], 72, and 78) compared
with the sequence obtained from the E51 genomic clone and direct
sequencing of the junction fragment from another G. gallus sample.

2381

U3 regions closely related to that of E13 but R regions nearly
identical to that of EAV-0. The US regions of ES1 and E33
are also divergent from that of E13 and are defined by
termini related to those of the EAV-0 US5. These distinct
combinations of LTR regions suggest that recombination
between several distinct avian retroviruses has contributed
to the evolution of their LTRs.

Sequence analysis of the E51 env region revealed a
full-length but nonfunctional env-like gene. Comparison of
the TM-coding domain of E51 with that of RSV clearly
identifies the ES1 protein as a TM-like protein. The bound-
aries of the SU-coding domain are also well defined, but
within the core of the SU domain there is little sequence
similarity to other retroviral SU proteins or coding se-
quences. Retroviruses are variously organized according to
host range and distinguishing characteristics; this translates
into unique sequences in the variable regions of SU and
distinct LTRs. Among avian retroviruses, subgroups of
ASLVs differ in the SU variable domains, reflecting differ-
ences in host tropism, while groups (RAV and RSV) differ
additionally in the length and activity of their U3 regions.
The proviral elements described here present a mixture of
sequence divergence within the coding domains of the
elements and the sharing of specific functional sequences
within the LTRs, consistent with these elements comprising
a distinct group of endogenous retroviruses.

Another unusual characteristic of the LTRs of these
endogenous provirus families is their variation in the in-
verted repeat sequences that define the ends of retroviral
LTRs. These inverted repeats form the target for viral IN
during proviral integration; IN cleavage results in the loss of
a terminal dinucleotide from each end of the provirus,
leaving the signature 5'-TG-CA-3' at the ends of the inte-
grated provirus (6, 8, 12, 24). In all other avian retroviruses,
the terminal dinucleotides targeted for cleavage are U3-AA-
TT-US; in the EAV-0 elements, these nucleotides are U3-
GA-AG-US. The E33, E51, and E13 elements also have a
GA target at the predicted 5’ end of the provirus, though we
have not yet determined the 3’ target from sequencing of a 5’
LTR. The conservation of this distinct target among these
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more ancient avian retroviruses suggests that the endoge-
nous IN protein has a distinct target recognition site.

The E13 element is deleted in env in nearly the same
position as is the EAV-0 env deletions, which suggests some
strong predilection for deletion of this region, though the
presence of the full-length E51 env gene indicates that intact
env genes of this group can be maintained. The broad
distribution of the E51-related elements among the Gallus
species is analogous to that seen for the EAV-0 elements,
indicating that there are at least two distantly related groups
of endogenous retroviruses highly conserved and broadly
distributed within this genus, much in the fashion of the
mouse endogenous retroviruses. We currently are determin-
ing the extent of expression of these new elements and the
functionality of their unique LTRs to elucidate more fully the
potential functions of this group.
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