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We used a genetic strategy to isolate the chicken gene believed to encode the receptor for subgroup A avian
leukosis and sarcoma viruses (ALSV-A). Chicken genomic DNA was transfected into monkey COS-7 cells, and
two independent primary transfectants susceptible to ALSV-A infection were identified by using ALSV-A
vectors containing a hygromycin B resistance gene. A second round of transfection and selection in mouse

BALB/3T3 fibroblasts again led to isolation of a transfectant susceptible to infection by ALSV-A. Plasmid DNA
sequences linked to chicken DNA during the primary transfection segregated with chicken DNA in the secondary
transfectant and served as a molecular tag to clone the gene conferring susceptibility. Expression of the cloned
gene in mouse BALB/3T3 cells conferred susceptibility to infection by ALSV-A but not by ALSV-B. Therefore
the cloned gene most probably represents the tv-a locus, the genetically defined receptor gene for ALSV-A.

Retroviruses recognize and infect target cells that produce
virus-specific cell surface receptors (31). The interactions
between viral envelope (Env) glycoproteins and host cell
surface receptors lead to fusion of virus and cell membranes,
so that viral nucleoprotein core particles are introduced into
the host cell cytoplasm. However, these early events in the
virus life cycle are poorly understood.
The interactions between avian leukosis and sarcoma virus

(ALSV) Env proteins and cellular receptors provide a useful
model system for understanding how retroviruses infect cells.
There are five major subgroups ofALSV (designated A to E).
Viruses within each subgroup have the same host range, en-
code immunologically related envelope (Env) glycoproteins,
and demonstrate cross-interference (6, 10, 13, 20, 27-29).
Chickens have been classified by their susceptibility to

different ALSV subgroups. For example, C/O chickens can
be infected by all five major virus subgroups, whereas C/AB
lines are resistant to infection by ALSV-A and ALSV-B (27).
ALSV-A can bind equally well to genetically resistant (C/A)
and susceptible (C/O) cells, leading to the suggestion that
subgroup-specific ALSV susceptibility factors function at
the level of virus penetration rather than virus adsorption to
target cell surfaces (23).

Genetic studies have identified three autosomal chicken
loci, designated tv-a, tv-b, and tv-c, which govern suscepti-
bility to infection by ALSV-A, ALSV-B, and ALSV-C,
respectively (4, 20-22, 24). These loci are presumed to encode
subgroup-specific virus receptors. ALSV-B, ALSV-D, and
ALSV-E exhibit some degree of cross-interference, suggest-
ing that receptors for these virus subgroups are encoded by
particular alleles at the tv-b locus (31).

Since ALSV receptors are each the product of a single
genetic locus, we predicted that the genes encoding these
susceptibility factors could be isolated by a gene transfer
strategy. We describe the use of this approach to isolate a

chicken gene which appears to encode the ALSV-A recep-
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tor, since expression of this gene in mammalian cells confers
susceptibility to infection specifically by ALSV-A.

MATERIALS AND METHODS

Plasmids, cells, viruses, and DNA transfections. Plasmid
pMPneo conferring resistance to G418 was provided by M.
Scott. Plasmid pMPHis was constructed by replacing the
G418' gene of pMPneo with the bacterial histidinol dehydro-
genase gene contained on a 1.35-kb BamHI fragment (11).
Monkey COS-7 cells and quail QT6 cells were described
previously (9, 18). BALB/3T3 cells (clone A31) were pro-
vided by D. Kaplan. Chicken embryo fibroblasts were

prepared either from C/O (chf-) embryos from SPAFAS or
from line 0 embryos from U.S. Department of Agriculture
Regional Poultry Laboratories. A hygromycin B resistance
gene was introduced into the ClaI cloning site of either the
ALSV-A vector RCAS or an ALSV-B vector (12), generat-
ing constructs RCASH-A and RCASH-B, respectively. Sim-
ilarly, a methotrexate resistance allele of the mouse dihydro-
folate reductase gene driven by a simian virus 40 early
promoter (25) was introduced into the ClaI site of the RCAS
vector, generating the RCASM-A virus. Cells were trans-
fected with DNA by calcium phosphate precipitation (32).
The ALSV vectors were introduced by transfection into
chicken fibroblasts, and the cells were passaged to allow
virus spread. Cells infected by RCASH-A and RCASH-B
viruses were selected by using 80 ,ug of hygromycin B per
ml. Virus stocks prepared from confluent plates of these
cells were filtered through 0.2-,um-pore-size filters and
stored at -70°C. By using QT6 cells as recipients, the titers
of RCASH-A were 104 to 105 hygromycin B-resistant CFU/
ml. Relative titers of RCASH-A and RCASH-B were ob-
tained by serially diluting each virus stock and infecting C/O
chicken embryo fibroblasts at 20% confluence on 60-mm
plates. The chicken cells were grown to confluence after
infection and split onto a new plate for selection in hygro-
mycin B (80 ,ug/ml). The titer of RCASH-A was estimated to
be one-fifth as high as that of RCASH-B by comparing the
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overall numbers of hygromycin B-resistant cells after seri-
ally diluting each virus stock.
Primary transfection. A total of 5 x 105 COS-7 cells were

plated on each of 30 100-mm plates. Each plate of cells was
transfected with 20 ,ug of chicken genomic DNA plus 1 ,ug of
linearized pMPneo plasmid DNA. After 48 h, cells were

selected by using 300 ,ug of G418 per ml. Approximately 50
to 100 G418-resistant colonies were detected on each plate
and were grown to an average size of 200 cells per colony.
The cells on each plate were then split onto duplicate plates
and infected three times during a 24-h period with approxi-
mately 104 hygromycin-resistant CFU of RCASH-A virus
(titered on QT6 cells) per plate. Virus-infected cells were
selected by using hygromycin B at 300 ,ug/ml.

Secondary transfection. A total of 5 x 105 BALB/3T3 cells
were plated on each of 80 100-mm plates, and each plate was
transfected with 18.5 ,ug of genomic DNA from colony H
representing primary transfectant no. 2 and 2 ,ug of pmpHis
plasmid DNA. After 48 h, cells were selected in medium
lacking histidine and containing 200 ,M histidinol. Five days
later the cells on each plate were split onto duplicate plates,
subconfluent cells were exposed three times over a 24-h
period to 104 hygromycin B-resistant CFU of RCASH-A virus
per plate, and infected cells were selected by using hygromy-
cin B at 300 ,g/ml. The identity of ALSV receptor-expressing
cells was confirmed by reinfecting with RCASM-A viruses,
which conferred resistance to 250 nM methotrexate.

Southern blot analysis. Approximately 10 ptg of genomic
DNA was digested with restriction enzymes, electrophore-
sed on 1% agarose gels, transferred to Hybond-N (Amer-
sham) nylon filters, and incubated with radioactively labeled
DNA probes as described previously (3). Radioactively
labeled probes were prepared by random oligonucleotide
priming (7). Southern blots were exposed for autoradiogra-
phy at -70°C with Kodak XAR-5 film and intensifying
screens. The ALSV gag-specific probe was a 1,384-bp
BamHI fragment representing nucleotides 532 to 1916 of the
ALSV genome. The neo probe was a 1.4-kb fragment
representing the entire coding region of the gene conferring
resistance to G418. The ALSV receptor locus probe was a

550-bp HincII-EcoRI fragment derived from X1 (see Fig. 4).
Isolation of genomic DNA clones. A size-selected (11- to

15-kb) library of EcoRI-digested fragments from the genomic
DNA of the secondary transfectant was constructed by using
XDASHII (Stratagene). Clone X1 was isolated from the library
by using the radioactively labeled neo hybridization probe. A
library of partially digested EagI fragments of C/O chicken
genomic DNA was constructed in XDASHII. Clone X2 was
isolated from this library by using the radioactively labeled
HincII-EcoRI DNA fragment of X1 as a hybridization probe.

Virus infection of mouse cells. A total of 1.5 x 105 mouse
BALB/3T3 cells were plated on 60-mm plates and trans-
fected with 0.5 ,ug of pmpHis DNA and 4 ,ug of X1, 4 ,ug of
X2, or 2 ,ug of X1 plus 2 ,ug of X2. Cells were selected in
medium lacking histidine and containing 200 ,M histidinol,
yielding approximately 30 histidinol-resistant colonies on
each plate. These populations of cells were incubated with
either RCASH-A or RCASH-B viruses for 24 h and selected
in medium containing 300 ,ug of hygromycin B per ml.

RESULTS

Primary and secondary transfer of chicken DNA conferring
susceptibility to ALSV-A infection upon mammalian cells.
Genomic DNA from C/O chicken embryo fibroblasts was
transfected into monkey COS-7 cells along with plasmid

DNA conferring resistance to G418. COS-7 cells were cho-
sen as recipients because they are normally resistant to
ALSV-A but appear to have no intracellular block to ALSV
provirus formation since they are efficiently infected by
mammal-tropic ALSV-D (2). To identify transfected cells
that could be infected by ALSV-A, G418-resistant colonies
were split onto duplicate plates and challenged with ALSV-
A-specific vectors (designated RCASH-A) containing a hy-
gromycin B resistance gene. Transfected cells, containing a
chicken gene that confers susceptibility to ALSV-A infec-
tion, should have given rise to multiple independent hygro-
mycin B-resistant colonies on both duplicate plates (Fig. 1).
In contrast, nonspecific infection of other transfected cells
would at most result in one or two hygromycin B-resistant
colonies (Fig. 1).

Multiple hygromycin B-resistant colonies were detected
on a pair of duplicate plates and on a third independent plate.
We used several different criteria to confirm that colonies on
these plates contain a chicken gene that confers susceptibil-
ity to infection by ALSV-A. First, the multiple colonies on
each plate should be derived from the progeny of a single
primary transfectant that was expanded from the original
plate onto duplicate plates before virus infection (Fig. 1).
Therefore, multiple colonies on each plate should contain an
identical pattern of transfected DNA sequences. This was
demonstrated by Southern blot analysis of genomic DNA
prepared from individual colonies by using radioactively
labeled plasmid DNA sequences as a hybridization probe;
four colonies (A to D) from the single plate and four colonies
(E to H) from the pair of duplicate plates contained the same
transfected DNA sequences (Fig. 2, left panel). Second,
each hygromycin B-resistant colony should have resulted
from independent virus infections so that each colony should
contain at least one RCASH-A provirus, all integrated at
different sites in the genome. This was tested by Southern
blot analysis by using a radioactively labeled ALSV gag-
specific probe to detect restriction enzyme site variation in
the genomic DNA that flanks the 5' end of each provirus.
The sizes of restriction fragments detected by this probe
differed between individual colonies (Fig. 2, right panel),
confirming that each of these colonies was the result of
independent virus infections. Furthermore, these cells had
been efficiently infected since they generally contained more
than one RCASH-A provirus (Fig. 2, right panel; Table 1).
Apparently, superinfection resistance had not been estab-
lished in these cells since they could be efficiently reinfected
by ALSV-A that contained either a diagnostic polymorphic
restriction enzyme site or a mutant dihydrofolate reductase
gene that confers resistance to methotrexate (data not
shown). Taken together, these observations confirmed that
we had isolated two independent cell lines rendered suscep-
tible to infection by ALSV-A as a result of the introducing
chicken genomic DNA by transfection.

Southern blot analysis with a radioactively labeled probe
specific for chicken repeat DNA sequences revealed that
both primary transfectants contained multiple fragments of
chicken genomic DNA (data not shown). To segregate the
ALSV-A susceptibility gene from the other chicken DNA
sequences in these cells, we performed a second round of
transfection and selection. Genomic DNA from a primary
transfectant (colony H in Fig. 2) was transfected into mouse
BALB/3T3 cells along with plasmid DNA conferring resis-
tance to histidinol (see Materials and Methods). Histidinol-
resistant transfectants were split onto duplicate plates, chal-
lenged with RCASH-A viruses containing a hygromycin B
resistance gene as above, and selected by using hygromycin
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FIG. 1. Genetic strategy to isolate the chicken ALSV-A receptor gene.

B (Fig. 1). In this protocol, cells could be hygromycin B
resistant either because they acquired the susceptibility gene
in the secondary transfection and were infected by
RCASH-A viruses or because they had been transfected
with an RCASH-A provirus contained in the primary trans-
fectant DNA. To distinguish between these two possibilities,
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hygromycin B-resistant cells were also challenged with the
RCASM-A virus, containing a gene conferring resistance to
methotrexate. Three colonies (A to C) derived from one plate
of cells were resistant to methotrexate. Southern blot analysis
of genomic DNA isolated from each of these colonies (before
they were infected with RCASM-A virus) revealed that they
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FIG. 2. Analysis of genomic DNA from virus-infected primary transfectants. Genomic DNA was prepared from colonies infected by

RCASH-A virus after the primary transfection. Colonies A to D (lanes 2 to 5) were derived from the same plate of cells, and colonies E to
F (lanes 6 to 9) were from a pair of duplicate plates as described in the text. Lane 1 in each panel contains DNA from untransfected COS-7
cells. (Left) BclI-digested samples were hybridized with the radioactively labeled neo probe. BclI cuts once in the G418' gene of the
transfected plasmid sequences. (Right) HindIII-digested samples were hybridized with the radioactively labeled ALSV gag-specific probe to
detect different proviral integration sites; HindIII cuts in the viralpol gene and in the genomic DNA flanking the 5' end of each provirus. DNA
size markers are in kilobases.
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TABLE 1. Two independent primary transfectants that express
receptors for ALSV-Aa

Primary Estimated no. of Estimated no. of

transfectant Colony copies of G418' RCASH-Aplasmid DNA proviruses

1 A 4 4
B 4 2
C 4 6
D 4 5

2 E 50 7
F 50 3
G 50 2
H 50 1

a These data summarize the results of Southern blot analysis from Fig. 2.

all contained the same transfected DNA sequences (Fig. 3,
left panel). These cells had been efficiently infected since they
contained several RCASH-A proviruses at different positions
in the genome (Fig. 3, right panel). We concluded that these
colonies were derived from a single cell that acquired a
chicken gene conferring susceptibility to ALSV-A infection in
the secondary transfection.

Isolation of chicken genomic DNA sequences linked to the
ALSV-A susceptibility locus. Analysis of restriction digests of
DNA from primary and secondary transfectants indicated
that a single copy of pMPneo plasmid sequences contained
in primary transfectant no. 2 segregated with an ALSV-A
susceptibility gene during the second round of transfection
(Fig. 3, left panel). This suggested that plasmid DNA was
linked to the susceptibility gene and, if so, might serve as a
molecular tag to clone the gene. To test this, a lambda phage
library of genomic DNA sequences prepared from the sec-
ondary transfectant was screened with a radioactively la-
beled DNA probe derived from plasmid pMPneo. A 12-kb
EcoRI genomic DNA clone (designated X1) that hybridized
to the probe and contained pMPneo plasmid sequences
linked to chicken DNA sequences was identified (Fig. 4).
Chicken DNA sequences linked to plasmid DNA in X1 were

Secondary Transfectant

Colony: A B C

23.0- 4,

9.4

A B C

9.4

6.6 - %

4w.0

4.4- 0

2.3-

Probe: Neo Gag

FIG. 3. Analysis of genomic DNA from virus-infected secondary
transfectants. Genomic DNA was prepared from three colonies (A
to C) that resulted from infection by both RCASH-A and RCASM-A
viruses after secondary transfection with DNA from primary trans-
fectant no. 2. HindIII-digested samples were hybridized either with
the radioactively labeled neo probe (left) or with the ALSV gag-

specific probe (right). DNA size markers are in kilobases.

contained in both independent primary transfectants (Fig. 4).
Therefore, these sequences consistently cosegregated with
the ALSV-A susceptibility gene and must be linked to this
gene. To isolate additional sequences from this locus, a
radioactively labeled probe from Al was used to isolate an
overlapping 7-kb EagI genomic DNA fragment, designated
X2, from a chicken genomic DNA library (Fig. 4). By com-
paring restriction enzyme maps of this locus in the primary
and secondary transfectants, the ALSV-A susceptibility gene
was localized to a fragment contained within approximately 7
kb of the plasmid DNA sequences in Al. The differences in
positions ofHindIII restriction enzyme sites to the right of the
plasmid DNA (Fig. 4) define the breakpoint boundaries be-
yond which the sequences in the secondary transfectant differ
from those in the primary transfectant.
Two functional alleles of the ALSV-A susceptibility gene. A

radioactively labeled DNA probe derived from single-copy
chicken DNA in Al (Fig. 4) was used for Southern blot
analysis of genomic DNA samples digested with EcoRI and
BamHI. This probe detected two fragments (1.6 and 2.1 kb)
in the chicken DNA used for transfection (Fig. 5, lane 1).
The difference in size between these two fragments is due to
a polymorphic EcoRI restriction enzyme site (indicated by
an asterisk in Fig. 4) that distinguishes two different alleles at
this locus. Apparently each of these alleles had been inde-
pendently transfected into the two primary transfectants that
contain an ALSV-A susceptibility gene (Fig. 5, lanes 2 to 5).
We conclude from these findings that both alleles of this gene
confer susceptibility to ALSV-A.
The cloned gene confers susceptibility to ALSV-A but not

ALSV-B. Since the ALSV-A susceptibility gene was local-
ized to a 7-kb chicken DNA fragment, we next determined
whether genomic clone X1 or X2 could confer susceptibility
to RCASH-A infection. The clones were transfected into
mouse BALB/3T3 cells with plasmid DNA conferring histi-
dinol resistance, and histidinol-resistant cells were chal-
lenged with RCASH-A virus. Cells that had been transfected
with X2 could not be infected by RCASH-A (Table 2). In
contrast, cells transfected with X1 either alone or in combi-
nation with X2 were infected by this virus (Table 2). There-
fore X1 contains a gene that confers susceptibility to
ALSV-A infection upon mammalian cells, albeit with less
efficiency than virus infection of quail QT6 cells (Table 2).
This might indicate that the susceptibility factor encoded by
X1 is expressed at low levels in the transfected cells.
To test whether the product of this gene is specific for

ALSV-A, the mouse cell transfectants were also challenged
with a subgroup B-specific virus, RCASH-B, containing a
hygromycin B-resistance gene. The RCASH-B virus had a
higher titer than the RCASH-A virus when compared by
infection of chicken cells (see Materials and Methods).
Although BALB/3T3 cells transfected with X1 were infected
by RCASH-A, they were not infected by RCASH-B (Table
2). Therefore the cloned gene confers susceptibility to infec-
tion specifically by ALSV-A.

DISCUSSION

Transfection of chicken DNA into mammalian cells and
infection with ALSV-A that contain selectable genes led to
the isolation of an avian genomic DNA clone that confers
susceptibility to infection by ALSV-A but not by ALSV-B.
Since the subgroup specificity of these viruses maps to the
viral surface Env protein (2, 5) and operates at the level of
virus entry into cells, we draw the tentative conclusion that
the isolated gene is tv-a, the genetically defined receptor
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FIG. 4. The ALSV-A susceptibility locus in chicken cells and in transfected cells. A 12-kb EcoRI fragment (X1; bottom), which contained

both plasmid and linked chicken DNA sequences, was cloned from the secondary transfectant. An overlapping 7-kb EagI fragment (X2; top)
was subsequently cloned from chicken cells. Hatched boxes represent CR1 chicken repeat DNA sequences (26). Restriction enzymes: B,
BamHI; N, NotI (contains a recognition site for EagI); H, HincII; R, EcoRI; R*, polymorphic EcoRI site (see Fig. 5); E, EagI; H3, HindIII.
The ALSV-A susceptibility gene contains at least three other Eagl sites not indicated here. The solid box indicates a 550-bp EcoRI-HincII
fragment that was used as a radioactively labeled DNA probe in the experiments in Fig. 5.

locus for ALSV-A. Additional experiments are required to
determine the identity of this gene. If the cloned gene is tv-a,
radioactively labeled probes derived from this locus may
identify characteristic restriction fragment length polymor-
phisms associated with susceptible (tv-as) or resistant (tv-ar)
alleles in different chicken strains. Also, alleles of the cloned
gene isolated from genetically resistant chicken strains
would not be expected to confer susceptibility to ALSV-A.

Southern blot analysis with several independent radioac-
tively labeled fragments of genomic clone Xl as probes,

Primary
Transfectants

#1 #2
0

A B F H

2.3-
2.0

1.3

1.1-

1 2 3 4 5

FIG. 5. Two functional alleles of the ALSV-A susceptibility
gene. Genomic DNA from C/O chicken cells (lane 1), from colonies
A and B derived from primary transfectant no. 1 (lanes 2 and 3), and
from colonies F and H representing primary transfectant no. 2 (lanes
4 and 5) were digested with EcoRI and BamHI. Samples were

incubated with the radioactively labeled 550-bp fragment derived
from the ALSV-A susceptibility gene (described in the legend to
Fig. 4). DNA size markers are in kilobases.

identified the ALSV-A susceptibility locus in genomic DNA
from turkey and quail cells (la). Since these fragments are
conserved between species, we assumed that they contain
coding regions of the ALSV-A susceptibility gene. How-
ever, using these probes for Northern blot analysis, we could
not detect mRNA transcripts from chicken embryo fibro-
blasts and could not identify any cDNA clones in several
libraries prepared from chicken cells. Also, the primary
amino acid sequence of the ALSV-A susceptibility factor
could not be deduced by DNA sequence analysis of these
fragments since each fragment contained more than one
possible open reading frame. For these reasons, we decided
to isolate the quail homolog of the chicken gene so that this
locus could be compared between species. We have now
used a retrovirus-based exon-trapping approach to identify
the domains of the quail ALSV-A susceptibility gene that
encode a functional virus receptor (la).

Like most other retroviruses, ALSVs infect cells in a pH-

TABLE 2. Genomic clone Xl confers susceptibility
to ALSV-A infectiona

No. of hygromycin-resistant colonies/ml in expt:

Cels used 1 2 3
(RCASH-A) (RCASH-A) RCASH-A RCASH-B

BALB/3T3 0 0 0 0
BALB/3T3 (Xl) 60 7 32 0
BALB/3T3 (X2) 0 0 0 0
BALB/3T3 (X1+X2) 60 80 64 0

a Mouse BALB/3T3 cells were stably transfected with genomic clone Al or
X2 (or XI and X2) and grown as pools of cells. In experiments 1 and 2, 2 x 105
cells were incubated with RCASH-A virus (approximately 104 hygromycin
B-resistant QT6 colonies per ml). In experiment 3, 5 x 104 cells were
incubated either with RCASH-A virus or with a higher-titer stock of
RCASH-B virus as described in Materials and Methods.

H3

B

H3
-H
B
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independent manner, suggesting that the virus membrane
fuses directly with the host cell surface membrane (8, 17).
Interestingly, subgroup-specific ALSV susceptibility factors
may function to mediate virus penetration rather than adsorp-
tion at the target cell surface (23). Future experiments will
determine whether the susceptibility factor encoded by the
chicken gene we have cloned mediates virus penetration. If
so, the function of this factor in virus entry may be funda-
mentally different from that performed by the human CD4
receptor. Human CD4 produced in mouse cells can bind
human immunodeficiency virus type 1, but this interaction
does not appear to be sufficient to allow virus entry (16).

Retroviruses have evolved to use proteins with very
different structures and functions as cellular receptors. CD4,
the receptor for human and simian immunodeficiency vi-
ruses, is a member of the immunoglobulin superfamily and
normally functions in T-cell signaling (16). In contrast,
receptors for ecotropic murine leukemia viruses and gibbon
ape leukemia viruses are proteins predicted to have multiple
membrane-spanning domains (1, 19). The ecotropic murine
leukemia virus receptor is a cationic amino acid transporter
(15, 30), and the gibbon ape leukemia virus receptor bears
structural similarity to a phosphate transporter (14). Further
study of the gene we have described in this report may help
determine whether these receptors share some more subtle
feature that is essential for their function in retrovirus entry.
Alternatively, there might be other, more highly conserved
susceptibility factors in each of these systems that act in
concert with the identified receptors to allow virus infection.
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