
Vol. 36, No. 2JOURNAL OF VIROLOGY, Nov. 1980, p. 325-336
0022-538X/80/11-0325/12$02.00/0

Identification of the Avian Myeloblastosis Virus Genome
II. Restriction Endonuclease Analysis ofDNA from A Proviral
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Two A proviral DNA recombinants were characterized with a number of
restriction endonucleases. One recombinant contained a complete presumptive
avian myeloblastosis virus (AMV) provirus flanked by cellular sequences on
either side, and the second recombinant contained 85% of a myeloblastosis-
associated virus type 1 (MAV-1)-like provirus with cellular sequences adjacent to
the 5' end of the provirus. Comparing the restriction maps for the proviral DNAs
contained in each X hybrid showed that the putative AMV and MAV-1-like
genomes shared identical enzyme sites for 3.6 megadaltons beginning at the 5'
termini of the proviruses with respect to viral RNA. Two enzyme sites near the
3' end of the MAV-1-like provirus were not present in the putative AMV genome.
We also examined a number of leukemic myeloblast clones for proviral content
and cell-provirus integration sites. The presumptive AMV provirus was present
in all the leukemic myeloblast clones regardless of the endogenous proviral
content of the target cells or the AMV pseudotype used for conversion. Multiple
cellular sites were suitable for integration of the putative AMV genome and the
helper genomes. The proviral genomes were all integrated colinearly with respect
to linear viral DNA.

A library of A chicken recombinant phage had
been constructed with DNA from avian myelo-
blastosis virus subgroup B (AMV-B)-producing
leukemic myeloblasts (17) to isolate AMV and
myeloblastosis-associated virus (MAV) provi-
ruses. One recombinant, AllAl-1, has been par-
tially characterized with EcoRI and HindIII and
shown to contain a complete presumptive AMV
provirus flanked on both sides by cellular DNA
(17). A second recombinant, XlOA2-1, is charac-
terized herein and contains 85% of a MAV-l-like
provirus. In this study we have compared the
viral and cellular sequences in XllAl-l with
those in A1OA2-1 by restriction endonuclease
analyses.
Leukemic myeloblasts from the peripheral

blood of leukemic chicks contain the putative
AMV genome and in most cases a helper genome
(16). Juncture fragments are generally not de-
tectable in the leukemic myeloblasts isolated
from leukemic chickens (16). Leukemic myelo-
blast clones were isolated, and their DNA was
analyzed by restriction endonuclease digestion
and Southern blotting to demonstrate the fol-
lowing: (i) all leukemic myeloblasts contain the
putative AMV genome, (ii) helper virus may or
may not be present in a leukemic myeloblast,
and (iii) integration of the putative AMV ge-
nome and the helper genomes can occur at mul-
tiple cellular sites.

MAV-1 and MAV-2 and AMV viral DNAs can
be distinguished from one another by HindIII
cleavage (3). HindIII cleaves linear viral DNA
of MAV-1 and MAV-2 within 0.2 megadaltons
(Md) of both termini and twice more internally
in MAV-1 and once internally in MAV-2. The
putative AMV provirus is also cleaved within 0.2
Md of both termini as well as at one other
internal site (17). HindIII digestion of chicken
embryo fibroblast DNA containing integrated
MAV-1 or MAV-2 indicates the DNA interme-
diates integrate colinearly with respect to their
linear viral DNA and outside the two terminal
HindIII sites (3). Therefore, by digesting the
leukemic myeloblast clone DNAs with HindIII,
we can identify their proviral content. After
inspecting the restriction maps generated for the
proviruses in the A recombinants, we chose
EcoRI and KpnI for detecting juncture frag-
ments in the leukemic myeloblast clones.
The number of endogenous proviruses and

integration sites for these proviruses varies
greatly from one chicken strain to another and
even within a strain (1, 7, 10, 15). Integration of
avian sarcoma virus (ASV) DNA in clones of
rat, duck, and quail cells has been characterized
(4, 8, 12), but the integration of these exogenous
viruses in chicken cells is less well documented.
Studies with various clones of ASV-transformed
cells indicate that there are many sites for inte-
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gration within the cellular DNA, as well as a
specific region in the viral DNA for integration
(4, 8, 12).
We have found that the putative AMV ge-

nome and the genomes of its helper viruses can
integrate at multiple sites in the cellular DNA.
All of these viruses also integrate colinearly with
respect to linear viral DNA at a site(s) on the
viral DNA at or very near the termini defined
by linear viral DNA.

MATERIALS AND METHODS

Chicken strains and viruses. In addition to the
chicken strains used in the accompanying paper (16),
the following two strains were used: C/O H&N gs-
chf V- from H&N Farms, Redmond, Wash., and L72
C/ABE V+ from the Regional Poultry Laboratory,
East Lansing, Mich. The virus stocks used are de-
scribed in the accompanying paper (16).

Isolation of leukemic myeloblast clones. Yolk
sac cultures were prepared from 13-day-old chicken
embryos as previously described (2). The embryos
were immediately frozen in liquid nitrogen for subse-
quent DNA extraction to determine the endogenous
proviral content. The yolk sac cells were cultured in
BM II (2) supplemented with 5% calf serum, 5% heat-
inactivated chicken serum, and 10% tryptose phos-
phate. Yolk sac cells were seeded at approximately 106
cells/60-mm dish and infected with AMV-S, AMV-B,
or AMV-C. Approximately 24 h after infection, the
yolk sac cultures were overlayed with 3 ml of medium
containing 0.7% agar (Difco Laboratories, Detroit,
Mich.). The cultures were overlayed every 4 days with
2.5 ml of medium containing 0.7% agar. Foci of leu-
kemic myeloblasts (clones) were picked from the
AMV-infected yolk sac cells and cultured on chicken
embryonic fibroblast feeder layers irradiated with
10,000 rads until they reached a concentration of ap-
proximately 5 x 106 cells/ml.
Two approaches were taken to isolate clones of

leukemic myeloblasts which would not contain helper
proviral DNA as determined by Southern blot analy-
sis. First, L72 C/ABE yolk sac cultures were infected
with AMV-S which contains subgroup A and B viruses
at a high multiplicity of infection (MOI), i.e., leukemic
plasma diluted fivefold. Only one L72 clone, 333E10,
out of 50 originally isolated multiplied to more than 5
x 10'; cells and was analyzed by blot analysis. The
second approach was to use Hubbard cross chickens
selected for their unusually fast growth characteristics
and hardiness. Hubbard cross yolk sac cultures were
infected with AMV-S at a 5-, 50-, or 500-fold dilution
of AMV-S. Leukemic myeloblast clones isolated from
cells infected at the higher dilutions ofAMV-S should
be more likely to contain only the AMV genome. Two
clones, HL25D2 and HL25C39, out of 35 isolated from
cultures infected at the lowest MOI multiplied to more
than 108 cells.

Isolation and restriction endonuclease diges-
tion ofleukemic myeloblast DNA. High-molecular-
weight DNA was isolated from leukemic myeloblast
clones by the Hirt procedure for clones consisting of
more than 108 cells and by the procedure described by
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Gross-Bellard et al. (5) for clones with 108 cells or less.
Digestion of cellular DNA with restriction endonucle-
ases has been described (15).
The DNAs from the three AMV-B-induced leu-

kemic myeloblast clones were run on sucrose gradients
as described by Maniatis et al. (9) to separate high-
molecular-weight cellular DNA from linear proviral
DNA which had been detected by EcoRI analysis.
DNA greater than 30 kilobases was selected from the
sucrose gradients and ethanol precipitated. This DNA
was resuspended in water and used for KpnI analysis.

Isolation of A proviral DNA recombinant
phage. A library of A chicken recombinant phage was
created by inserting 16- to 20-kilobase fragments of
EcoRI partially digested DNA from leukemic myelo-
blasts into A charon 4a (17). The DNA was isolated
from AMV-B virus-producing leukemic myeloblasts
taken from the peripheral blood of chicken 21710 (16).
Two of six recombinants detected by hybridization
with AMV-S '25I-labeled RNA were used to prepare
high-titer stocks for subsequent DNA purification as
described by Souza et al. (17).

Restriction endonuclease cleavage of DNA
from A hybrids. Restriction endonucleases, EcoRI,
HindIII, XbaI, and BamHI were prepared in our lab-
oratory. KpnI, XhoI, and BglIl were purchased from
New England Biolabs, Beverly, Mass. Digestions of
0.5 Mg of A proviral recombinant DNAs were carried
out with a three- to fivefold excess of the appropriate
enzyme under the following conditions: EcoRI, 100
mM Tris (pH 7.4), 10 mM MgC92, and 50 mM NaCl;
HindIII, 10 mM Tris (pH 7.4), 10 mM MgCl2, 60 mM
NaCI, and 50 ,tg of gelatin per ml (Difco); XbaI, 6 mM
Tris (pH 7.4), 6 mM MgCI2, 6 mM 2-mercaptoethanol
(2-ME), 150 mM NaCI, and 50 ,ug of gelatin per ml;
BamHI, 6 mM Tris (pH 7.4), 6 mM MgCI2, 6 mM 2-
ME, 50 mM NaCl, and 50,tg of gelatin per ml; XhoI,
6 mM Tris (pH 7.4), 6 mM MgC92, 6 mM 2-ME, 150
mM NaCl, and 50 Mg of gelatin per ml; Bglll, 10 mM
Tris (pH 7.4), 10 mM MgCI2, 1 mM dithiothreitol, 60
mM KCI, and 50 jig of gelatin per ml; and KpnI, 6 mM
Tris (pH 7.4), 6 mM MgCI2, 6 mM 2-ME, 6 mM NaCl,
and 50M,g of gelatin per ml.

1261I labeling of RNA. AMV-S 35S or 70S RNA
was iodinated with '"I (Amersham Corp., Arlington
Heights, Ill.) to a specific activity of approximately 2
x 108 cpm/pLg as reported by Souza and Baluda (15).
Agarose gels, transfer, hybridization, and au-

toradiography. Restriction endonuclease-digested
cellular DNA was electrophoresed in 0.7% agarose gels
(Sigma Chemical Co., St. Louis, Mo.; low electroen-
dosmosis) and further treated as described in the
accompanying paper (16). Restriction endonuclease-
digested A hybrid DNA was electrophoresed in 1.2%
agarose gels containing ethidium bromide (0.4 jg/ml).
Gels were photographed with a Polaroid camera, using
Polaroid type 55 film; then the gels were prepared for
blotting. The internal proviral EcoRI fragments from
the two A proviral recombinants were purified by
electrophoretic fractionation of total EcoRI digests in
a Seaplaque gel (Seakem low-temperature-melting
agarose, Marine Colloids, Rockland, Maine). The
DNA fragments were eluted from the gel after adding
5 volumes of buffer C (50 mM Tris, pH 8.0, 10 mM
EDTA, and 10 mM NaCl) and melting the agarose at
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65°C for 10 min. This was followed by two phenol
extractions at 37°C, two chloroform extractions at
room temperature, and two ether extractions. The
DNA was ethanol precipitated and resuspended in
water.

Physical and biological containment. This work
was carried out at the P2-EK2 containment levels as
stated in the revised guidelines of the National Insti-
tutes of Health (1978).

RESULTS
Identification and restriction endonucle-

ase mapping of A chicken recombinants
containing AMV or MAV proviral DNA.
The A proviral recombinants could contain
either endogenous, AMV, or MAV-1-like pro-
viral DNA, which can be distinguished from one
another by analysis of EcoRI and HindIII blots.
One recombinant, AllAl-1, has been partially
characterized with the restriction enzymes
EcoRI and HindIII (17) and contains the entire
putative AMV genome as evidenced by the pres-
ence of an EcoRI 2.2-Md fragment (Fig. lb, b')
and HindIII 2.6- and 1.95-Md fragments (Fig.
id, d').
A second recombinant, AlOA2-1, contained

MAV-1-like proviral DNA as demonstrated by
the presence of an EcoRI 2.6-Md fragment and
HindIII 1.95-Md fragment (Fig. lc,c' and e,e').
XlOA2-1 did not contain a complete MAV-l-like
provirus because EcoRI generated only one
juncture fragment (5.1 Md) (Fig. 1c'). Since the
MAV viral DNAs integrate colinearly with re-
spect to linear viral DNA (3), a second EcoRI
juncture fragment should have been present. A
HindIII blot of X10A2-1 revealed fragments of
5.6 and 0.25 Md in addition to the MAV-1-like
5'-proximal 1.95-Md fragment (Fig. le'). All the
internal fragments generated in an EcoRI-
HindIII double digest of MAV-1 linear viral

DNA (2.3, 1.6, 0.8, and 0.3 Md) (3), except for
the 0.8-Md fragment which represents 3'-proxi-
mal viral DNA, were present in XlOA2-1 (Fig.
1g'). This demonstrates that AlOA2-1 lacks
MAV-1-like proviral DNA beyond the 3'-proxi-
mal EcoRI site. The analyses of AlOA2-1 by
EcoRI, HindIII, EcoRI-HindIII, and subse-
quent enzyme digests show that AlOA2-1 con-
tains 85% of a MAV-1-like provirus beginning
with 5' juncture sequences and ending at the 3'-
proximal proviral EcoRI site, which is adjacent
to the right arm of the charon 4a vector.
The MAV-1 HindIll site near the 3'-proximal

EcoRI site could not be positioned relative to
that EcoRI site in linear viral DNA (3). The
lack of a HindIII 2.3-Md fragment in the MAV-
1-like proviral DNA of AlOA2-1 now permits us
to position this HindIII site on the 3' side of the
3'-proximal EcoRI site.
There are two HindIII sites in the linear DNA

of ASVs positioned within 0.1 Md of each other
approximately 2.1 Md from the 5' end (13, 18).
In our previous studies, only one HindIII site
was apparent at this position in MAV-1 and
MAV-2 linear DNAs (3). By isolating the inter-
nal EcoRI proviral fragments from AlOA2-1 (2.6-
Md MAV-1-like) (Fig. 2b) or AllAl-l (2.2-Md
AMV) (Fig. 2d) and subjecting these fragments
to partial digestion with HindIII, we could de-
termine whether a second HindIII site exists in
these fragments. If only one HindIII site exists,
then three fragments should be generated after
partial digestion with HindIII. If two sites exist,
however, six fragments should be generated with
two sets of two fragments differing by approxi-
mately 0.1 Md in addition to the uncut fragment
and a fragment of 0.1 Md which would not be
detectable in our gels. HindIII partial digestion
of either the AMV or MAV internal EcoRI
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FIG. 1. Ethidium bromide stains (lanes b-s) and Southern blots (lanes b'-s') of restriction endonuclease-
cleaved A11AI-1 (presumptive AMV9 and AlOA2-1 (MAV-1-like). Ethidium bromide stain of HindIII-cleaved
XA DNA is shown in lane a. EcoRI: (b, b') lAI1, (c, c) 1OA2-1. HindIII: (d, d') llAl-I, (e, e') 1OA2-1. EcoRI-
HindIII: (f) 1AI-I, (g, g) 1OA2-1. KpnI: (h, h) 1AI-, (i, i) 1OA2-1. KpnI-EcoRI: (j,f) lAh-, (k, k') 1OA2-1.
KpnI-HindIII: (1, l) llAl-, (m, m') 1OA2-1. BamHI: (n, n) llAl-1, (o, o') 1OA2-1. BamHI-EcoRI: (p, p') lAl-
1, (q, q') OA2-1. BamHI-HindIII: (i, i') llAl-, (s, s) 1OA2-1.
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fragment yielded the patterns expected for two
HindIII sites separated by 0.1 Md (Fig. 2c, e).
The small set of doublets (at 0.35 Md) common

to both AMV and MAV are not readily detect-
able in Fig. 2c and e, but were seen in a longer
exposure. Thus, these two HindIII sites appear
to be conserved in the AMV-S viral DNAs, as
well as in the ASV viral DNAs.
The EcoRI and HindIII sites in the chicken

proviral DNA inserts of XllA1-1 and XlOA2-1
were mapped by a combination of ethidium bro-
mide staining (Fig. lb-g) and Southern blotting
(Fig. lb'-e', g'). In XlOA2-1, only the HindIII
site adjacent the proviral DNA in the cellular

FIG. 2. Ethidium bromide stains of (a) HindIII-
digested A+, (b) MA V-I-like proviral EcoRI 2.6-Md
fragment, (c)MA V-I-like proviral EcoRI2.6-Mdfrag-
ment partially digested ulith HindIII, (d) presumptive
AMV proviral EcoRI 2.2-Md fragment, and (e) pre-

sumptive AMVproviral EcoRI 2.2-Md fragment par-
tially digested uwith HindIII. Both HindIII partial
digestions uwere done for approximately one-third the
time necessary for complete digestion.

sequences could be mapped, but at least three
other HindIII sites exist in the cellular se-
quences. Hindlll digestion of the two X recom-
binants showed that both the putative AMV and
MAV-like proviruses had integrated colinearly
with respect to their linear viral DNA.
Using five additional enzymes with hexanu-

cleotide recognition sites, we derived the physi-
cal maps of XlOA2-1 and XllAl-l presented in
Fig. 3. Ethidium bromide stains and autoradi-
ographs of Southern blots ofKpnI, KpnI-EcoRI,
and KpnI-HindIII digests ofXllAl-i and X1OA2-
1 are shown in Fig. lh-m and h'-m'. The proviral
sequences in each X recombinant contained one

KpnI site (Fig. 3), but no KpnI sites existed in
the cellular sequences. Similar sets of single and
double digests were also done and analyzed for
BamHI (Fig. ln-s and ln'-s') and BgllI (Fig.
4b-g and 4b'-g') sites. The proviral sequences in
the presumptive AMV clone contained four
BamHI sites and two BglII sites, whereas the
MAV-1-like proviral sequences contained five
BamHI sites and two BgllH sites (Fig. 3). The
cellular sequences adjacent to the 3' end of the
presumptive AMV provirus contained one

BamHI site, but no other BamHI sites were

present in the cellular sequences of either X

recombinant. BgliI sites were not mapped in the
cellular sequences of either recombinant. XhoI
and XbaI sites were mapped by single digests
(Fig. 4h, i, h', i' and 41, m, 1', m') and by double
digests with KpnI (Fig. 4j, k, j', k' and 4n, o, n',
o'). The putative AMV proviral sequences con-

tained two XhoI and two XbaI sites, whereas the
MAV-1-like proviral sequences contained two
XhoI sites but only one XbaI site (Fig. 3). The
cellular sequences adjacent to the 3' end of the
presumptive AMV provirus contained one XbaI
site, as did the cellular sequences adjacent to the
5' end of the MAV-1-like provirus (Fig. 3). XhoI
sites were not found in the cellular sequences of
either A recombinant.

XII A 1-1
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FIG. 3. Restriction endonuclease map ofAJlA 1-I and AlIA2-1 showing the A vector sequences (_), cellular
sequences (-), and proviral sequences (-). The symbols represent the following restriction endonucleases:
(V) HindIII, (*) BamHI, (V) XhoI, (-) BglII, (O) EcoRI, (0) XbaI, and (O) KpnI. The enlargements represent
the proviral DNA at twice the scale of the uhole recombinant. The presumptive AMV proviral DNA is
invertedl for comparing enzyme sites 5' to 3'.
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FIG. 4. Ethidium bromide stains (b-o) and Southern blots (b'-o') ofrestriction endonuclease-cleaved AIIAI-
I (presumptive AMV) and AIOA2-1 (MAV-I-like). Ethidium bromide stain of HindIII-cleaved A DNA is
shown in lane a. BglII: (b, b') IIAI-I, (c, c') IOA2-1. BglII-EcoRI: (d, d') 11AI-I, (e, e') IOA2-1. BglII-HindIII:
(f, f') IIAI-I, (g, g) IOA2-1. XhoI (h, h) IIAI-( ,(in i) IOA2-1. XhoI-KpnI:. (j, j) IlAl-1, (k, k) IOA2-1. XbaI:
(1,1') IIAI-I, (m, m') IOA2-1. XbaI-KpnI:- (n, n'J IIAI-, (o, o') IOA2-1.

The polarity of the proviral DNA in AllAl-1
(with respect to viral RNA) was opposite the
polarity of the proviral DNA in AlOA2-1 (Fig. 3).
All the enzyme sites in the proviral sequences of
the putative AMV or partial MAV-1-like ge-
nomes mapped identically from the 5'-proximal
HindIII site and up to the KpnI site. Between
the KpnI site and the 3'-proximal EcoRI site in
the MAV-1-like proviral DNA there were two
enzyme sites (one XhoI and one BamHI) which
were not present in the same region of the pu-
tative AMV provirus. The difference in mass
(0.4 Md) between the two KpnI-EcoRI frag-
ments from the MAV-1-like and the putative
AMV proviruses corresponds to the total differ-
ence in mass between the two proviruses (3, 17).
The enzyme sites on the 3' side ofthe 3'-proximal
EcoRI site in the putative AMV and MAV-1-
like proviruses could not be compared because
that portion of the provirus is not present in the
partial MAV-1-like A recombinant. The varia-
tion in number and position of enzyme sites in
the cellular sequences adjacent to the proviral
DNA in each A recombinant shows that each
provirus had integrated at a different location in
the chicken genome.
Hindu analysis of DNA from leukemic

myeloblast clones induced by AMV-S or
AMV-B. DNAs from three Spafas C/E AMV-
B-induced leukemic myeloblast clones (13-3A1,
13-3A5, and 13-3C9), one L72 C/ABE AMV-S-
induced leukemic myeloblast clone (333E10),
and five Hubbard cross AMV-S-induced leu-
kemic myeloblast clones (HL25D2, HL2500A3,
HL25OC11, HL2500B61, and HL25C39) were an-
alyzed with HindIII (Fig. 5). HindIII-digested
DNA from Spafas C/E embryo 13-3 (Fig. 5a),
Hubbard embryo HL2 (Fig. 5f), and L72 embryo

333 (Fig. 8a) served as controls to show the
endogenous proviral DNA background. All the
leukemic myeloblast clones contained a HindIII
2.6-Md DNA fragment (Fig. 5), indicating the
presence of the putative AMV genome (17). All
the clones also contained a HindIII 1.95-Md
fragment. This fragment comigrated with an

endogenous fragment in the Hubbard chicken
DNA but was clearly quantitatively different in
intensity in the DNA from leukemic myelo-
blasts. A third HindIII fragment of 0.8 Md was
present in all the clones except for the AMV-S-
induced L72 C/ABE 333E10 clone and an AMV-
S induced Hubbard clone (HL25D2 low MOI).
The 0.8-Md fragment indicates the presence of
MAV-1 (3) or the MAV-1-like genome present
in AMV-B virus preparations (16). Therefore, of
the nine AMV-B and AMV-S clones examined,
seven contained both the putative AMV genome
and a MAV-1-like helper and two contained only
the putative AMV genome.
Supernatant from clone 333E10 did not induce

formation of leukemic myeloblasts in C/E yolk
sac cultures, whereas the supernatant from three
other clones tested, AMV-B-induced clone 13-
3A5 and AMV-C-induced clones 333B4 and
333C1, converted C/E yolk sac cultures. There-
fore, in clone 333E10 the absence of helper pro-
viral DNA is correlated with the inability to
produce leukemogenic virus (AMV), whereas
three of the clones containing helper provirus
were able to produce AMV.
A faint HindlIl fragment of approximately 3.1

Md could be detected in AMV-B clone 13-3C9
(Fig. 5d). This fragment was similar in size to
that expected for MAV-2 (3.1 Md) and probably
was not a juncture fragment, since other junc-
ture fragments could not be detected in any of
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FIG. 5. HindIII blots ofAMV-B (b-d) and AMV-S (e, g-k) leukemic myeloblast clone DNAs. (a) Spafas C/
E 13-3 embryo, (b) 13-3A1, (c) 13-3A5, (d) 13-3C9, (e) 333E10, (f) Hubbard HL2 embryo, (g) HL25D2, (h)
HL2500A3, (i) HL250C11, (j) HL2500B61, and (k) HL25C39.

the clones whose DNA was treated with HindIII.
This fragment may be the result of a recombi-
nation event between different viral DNAs.

All of the HindIII-treated DNAs from AMV-
B- and AMV-S-induced leukemic myeloblast
clones generated fragments identical in mass to
those generated by HindIII cleavage of MAV-1
and putative AMV linear viral DNA (3). This
demonstrates that both the putative AMV pro-
virus and the MAV-1-like provirus integrate co-

linearly with respect to linear viral DNA.
Eco RI and KpnI analyses of DNA from

leukemic myeloblast clones induced by
AMV-S or AMV-B. The restriction enzyme
map of the putative AMV provirus presented in
Fig. 3 indicates that EcoRI and KpnI would be
appropriate enzymes for the detection of AMV
juncture fragments. Comparison of the MAV-1
linear viral DNA restriction map (3) with that
presented in Fig. 3 also indicates that KpnI and
EcoRI are suitable for detection of MAV-1 junc-
ture fragments. Both enzymes should generate
two juncture fragments containing sufficient
proviral DNA for detection. We have been un-
able to find an enzyme which does not cleave
the viral DNAs of the AMV-S virus complex.
EcoRI blots of DNA from leukemic myelo-

blast clones induced by AMV-S or AMV-B
revealed zero, one, or two juncture fragments
(Fig. 6). Because of the small number (2 x 107 to
8 x 107 cells) of myeloblasts in each AMV-B-
induced clone, the Hirt procedure was not used
for DNA isolation. Consequently, some linear
viral DNA intermediates were present as dem-
onstrated by the generation ofEcoRI fragments

of 4.4, 1.8, and 0.9 Md. All the leukemic myelo-
blast clones contained an EcoRI 2.2-Md frag-
ment characteristic of the putative AMV ge-
nome. In clone 333E10 (Fig. 6e), this fragment
comigrated with an endogenous fragment but it
was clearly quantitatively different from the en-
dogenous fragment detectable in the embryonic
DNA (Fig. 9a). Some of the juncture fragments
in the EcoRI digests of DNA from the different
AMV-B-induced clones appeared to have the
same molecular mass (Fig. 6b-d). However, the
use of a second enzyme, KpnI, showed that in
those myeloblast clones which had EcoRI junc-
ture fragments of similar size, the exogenous
proviruses were actually integrated at different
sites (Fig. 7b-d). KpnI digestion revealed from
one to six juncture fragments in DNA from the
various AMV-S- and AMV-B-induced leukemic
myeloblast clones (Fig. 7).

All of the AMV-B and AMV-S clones revealed
at least one juncture fragment if analyzed with
both EcoRI and KpnI. Some clones contained
zero or an odd number of juncture fragments
after either an EcoRI or KpnI digestion. This
was probably due to the comigration of some
juncture fragments with endogenous fragments
or with internal fragments of the exogenous pro-
viruses. Another possibility could be that incom-
plete proviruses lacking some EcoRI or KpnI
sites might have been integrated. In this case,
fewer juncture fragments could be generated
after digestion with these two enzymes. How-
ever, this alternative does not appear likely be-
cause all the leukemic myeloblast clones con-
tained all the HindIII internal fragments of the

J. VIROL.
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FIG. 6. EcoRI blots ofAMV-B (b-d) and AMV-S (e, g-k) leukemic myeloblast clone DNAs. (a) Spafas C/E
13-3 embryo, (b) 13-3A1, (c) 13-3A5, (d) 13-3C9, (e) 333E10, (t) Hubbard HL2 embryo, (g) HL25D2, (h) HL2500AA3,
(i) HL25OC11, (j) HL2500B61, and (k) HL25C39. The arrowheads point to the juncture fragments detected in
the individual clones.
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FIG. 7. KpnI blots ofAMV-B (b-d) and AMV-S (e, g-j) leukemic myeloblast clone DNAs. (a) Spafas CIE
13-3 embryo, (b) 13-3A1, (c) 13-3A5, (d) 13-3C9, (e) 333E10, (t) Hubbard HL2 embryo, (g) HL25D2, (h) HL250CJ1,
(i) HL2500B61, and (j) HL25C39. The arrowheads point to the juncture fragments detected in the individual
clones. DNA 30 kilobases or larger from the AMV-B clones was selected from sucrose gradients for KpnI
digestion.

appropriate genomes present. The HindIII anal-
ysis combined with the enumeration of EcoRI
or KpnI juncture fragments indicated that the
individual myeloblast clones contained from one

to three proviruses per cell, each integrated at a

different site. Even the two Hubbard clones
(HL2500A3 and HL2500B61) isolated from cul-
tures infected at high MOI (100 or more infec-
tious units/cell) appeared to contain only two

exogenous proviruses per cell. Juncture frag-
ment analysis was also consistent with the pres-
ence of only one exogenously introduced provi-
rus (AMV) in clones 333E10 and HL25D2 as

suggested by the HindIII analysis.
The putative AMV genome shares extensive

sequence homology with the helper MAV-1-like
genome as evidenced by the restriction maps of
the two genomes. Therefore, our hybridization
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probe cannot distinguish between juncture frag-
ments that are generated from the AMV provi-
rus and those generated from the MAV provirus.
Hindu analysis of DNA from leukemic

myeloblast clones induced with AMV-C.
AMV-C was used to generate leukemic myelo-
blast clones because the HindIII and EcoRI
restriction sites in the helper tdB77 DNA (4) are
sufficiently different in location from those in
the DNA of either the putative AMV or MAV
genomes to allow easy distinction between those
proviral DNAs. Hindm-digested tdB77 proviral
DNA yields two juncture fragments each con-
taining at least 2.0 Md of proviral sequence and
an internal fragment of approximately 0.1 Md
(4) which would migrate off our 0.7% gels. Junc-
ture bands could not be detected in the AMV-S-
and AMV-B-induced clones after digestion with
HindIII because there are HindIll sites in the
proviral DNAs of the putative AMV or MAV
genomes very close to the cell-provirus junc-
tions. This does not leave sufficient viral DNA
in the HindIII juncture fragments to be detected
with our experimental approach. Therefore, any
juncture fragments apparent after HindIlI
cleavage of DNA from AMV-C-induced leu-
kemic myeloblast clones should belong to the
tdB77 helper. HindIII-digested DNAs from
AMV-C-induced L72 and H&N C/O leukemic
myeloblast clones are shown in Fig. 8. All of
these clones contained HindII fragments of 2.6
and 1.95 Md, again indicating the presence of

rnM(

the putative AMV genome. None of the AMV-C
clones contained the MAV-i-specific 0.8-Md
fragment. The expected juncture fragments of
tdB77 were not readily apparent in the clones
except for the two in clone 8A61 (Fig. 8i). Clone
8A11 (Fig. 8g) contained five faint juncture frag-
ments, and clone 333A1 (Fig. 8c) contained one
faint juncture fragment in addition to the puta-
tive AMV and endogenous fragments. There are
three possible explanations: (i) all the clones
except 8A61 arose from more than one cell, (ii)
all the clones are clonal with respect to AMV
integration but not necessarily so with respect
to tdB77, or (iii) most of the clones do not
contain any tdB77. The presence ofHindu 2.6-
and 1.95-Md fragments in all the AMV-C clones
again demonstrates that the putative AMV pro-
virus is integrated colinearly with respect to
linear viral DNA.
AMV-C clone 333B2 (Fig. 8d) also contained

a HindlIl fragment of approximately 3.1 Md as
did AMV-B clone 13-3C9 (Fig. 5d), for which we
have no solid explanation.
EcoRI and KpnI analysis of leukemic

myeloblast clones induced with AMV-C.
EcoRI cleaves the linear DNA intermediates of
many ASV strains within 150 bases of each
terminus (6, 13, 18). These viral DNAs also
integrate outside of the EcoRI sites in a colinear
fashion with respect to linear viral DNA (8). As
for the other ASV viruses examined, tdB77 con-
tains an EcoRI site at each terminus of its linear
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FIG. 8. HindIII blots ofAMV-C leukemic myeloblast clone DNAs. (a) L72 C/ABE 333 embryo, (b) 333B4,
(e) 333A1, (d) 333B2, (e) 333C1, (/) H&N CIO 8 embryo, (g) 8AI1, (h) 8A3, and (i) 8A61. The arrowheads point
to tdB77juncture fragments detected in the individual clones.
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viral DNA and at two other internal sites (4).
Thus, for the same reason we cannot detect
HindIII juncture fragments in integrated puta-
tive AMV or MAV genomes from cloned cells,
we would not expect to detect the EcoRI junc-
ture fragments of tdB77. However, we should be
able to detect the EcoRI 1.7- and 0.9-Md internal
fragments of tdB77 if its genome is present. The
2.6-Md fragment would comigrate with an en-
dogenous fragment of the same mass. Any ad-
ditional fragments observed in EcoRI digests
should then represent juncture fragments of the
putative AMV provirus. All the clones contained
the AMV-specific EcoRI 2.2-Md fragment, al-
though it could only be seen as a quantitative
difference in the L72 C/ABE clones (Fig. 9). The
EcoRI 2.2-Md fragment was clearly seen in the
H&N C/0 clones (Fig. 9g-i) which were derived
by infecting H&N C/0 yolk sac cells with AMV-
C supernatant from the leukemic myeloblasts of
clone 333B4. All of the clones contained tdB77
proviral DNA as evidenced by the appearance
of the 1.7- and 0.9-Md fragments (Fig. 9). The
presence of these two fragments in all of the
AMV-C clones demonstrated that tdB77 also
integrates colinearly with respect to its linear
viral DNA (4). From one to three EcoRI junc-
ture bands were detected in the AMV-C clones
(Fig. 9). Clones 333B2 and 333C1 showed three
EcoRI juncture bands each, but only two should
have been detected if one AMV provirus was

present. A third fragment indicates that these
two clones could have originated from two con-
verted cells. Two of the three probable juncture
fragments (4.4 and 1.8 Md) in clone 333B2 (Fig.
9d) could represent the presence of free linear
viral DNA; however, KpnI digestion did not
support this possibility. The expected KpnI lin-
ear DNA fragments (3.6 and 1.7 Md for tdB77
or 3.6 and 1.3 Md for AMV) were not present.
KpnI cleaves the putative AMV genome once

and should also cleave tdB77 once because B77
contains one KpnI site (13, 18), and the restric-
tion map for five other enzymes used on tdB77
is identical to that for B77 (except for sites in
the src gene) (4). From one to five juncture
bands were apparent after KpnI digestion of
DNA from the AMV-C-induced leukemic mye-
loblast clones (Fig. 10).

Restriction endonuclease analyses of the
AMV-C clones indicated that they all contained
the tdB77 and the putative AMV genomes.
EcoRI analysis showed that the presumptive
AMV genome can integrate at many different
sites in the cellular DNA.

DISCUSSION

Restriction endonuclease analyses of two X
chicken recombinants have shown that AllA1-1
contains the putative AMV provirus flanked on
either side by cellular sequences and that A1OA2-
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FIG. 9. EcoRI blots ofAMV-C leukemic myeloblast clone DNAs. (a) L72 C/ABE 333 embryo, (b) 333B4, (c)
333A1, (d) 333B2, (e) 333CI, (9) H&N CIO 8 embryo, (g) 8A11, (h) 8A3, and (i) 8A61. The arrowheads point to
AMVjuncture fragments in the individual clones.
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FIG. 10. KpnI blots ofAMV-C leukemic myeloblast clone DNAs. (a) L72C/ABE 333 embryo, (b) 333B4, (c)

L72- C/ABE 333 embryo, (d) 333A1, (e) 333B2, (/) 333C1, (g) H&N CIO 8 embryo, (h) 8A11, and (i) 8A61. The
arrowheads point to the juncture fragments in the individual clones. The gels for blots a, b, and i were run
slightly longer than the gels for the other blots.

1 contains 85% of a MAV-1-like provirus with
cellular sequences adjacent to the 5' end of the
provirus. Restriction enzyme mapping of the
cellular sequences present in the two X proviral
recombinants clearly indicates a difference in
the cellular location of the two integrated pro-
viruses. HindIII analysis ofthese A recombinants
best demonstrates the colinear integration of
viral DNA with respect to their linear viralDNA
species. They also show that integration takes
place outside the proviral terminal HindIII sites
with respect to linear viral DNA.

All 16 leukemic myeloblast clones examined
contained the presumptive AMV genome char-
acterized in the A proviral recombinant, llAl-1.
The genome rescued by tdB77 from a nonpro-
ducer leukemic myeloblast clone to make an
AMV-C pseudotype (11) was shown to be the
putative AMV genome by its detection in all
AMV-C-induced clones. In two of the AMV-S-
induced clones (333E10 and HL25D2) only the
putative AMV provirus was detected. Superna-
tant harvested from one of these clones, 333E10,
was unable to convert yolk sac target cells in
vitro; however, supernatant from three clones
containing both helper and the putative AMV
genome were able to convert yolk sac target cells
into leukemic myeloblasts. Therefore, it appears
that the putative AMV genome as it resides in
clone 333E10 may be defective for replication.
We have examined the integration of the pu-

tative AMV provirus and the various helper
proviruses in leukemic myeloblast clones by

comparing juncture fragments generated by re-
striction endonuclease digestion. EcoRI junc-
ture fragments of various sizes belonging to the
putative AMV provirus were detected in all the
AMV-C-induced clones, demonstrating that
multiple cellular sites are suitable for integration
of this provirus. Two of the AMV-C-induced
clones may have been derived from two con-
verted target cells as indicated by the presence
of more than two EcoRI juncture fragments.
However, integration of two AMV proviruses at
different sites in the same cell cannot be ruled
out. By EcoRI analysis, helper tdB77 proviral
DNA was present in all the AMV-C clones;
however, by HindIII analysis of juncture frag-
ments, it could only be detected in three of the
seven clones analyzed. A possible explanation
for the lack of detectable tdB77 juncture frag-
ments in some of the AMV-C clones could be
that viral DNA did not become integrated until
after the converted cell had replicated several
times. Clone 8A61 is an example of a clone in
which both AMV and tdB77 must have been
integrated before the first cell division. Clone
8Al1, which contains at least five tdB77 juncture
fragments, may be an example of helper integra-
tion after the converted cell had already divided.
The HindIll analysis also shows that tdB77 viral
DNA can integrate at many sites in the cellular
DNA. In contrast, unique cellular integration
sites can be detected for the presumptive AMV
provirus in all the AMV-C-induced clones, sug-
gesting that integration of the presumptive
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AMV DNA may be necessary for target cell

conversion and replication. This type ofselective
pressure would not exist for tdB77 viral DNA.
These findings provide additional evidence that
the presumptive AMV genome is the agent re-

sponsible for acute myeloblastic leukemia. Since
juncture fragments of the putative AMV provi-
rus can be detected in all AMV-C-induced
clones, then most of the juncture fragments in
the AMV-B- and AMV-S-induced clones must
represent additional sites in which the putative
AMV genome can integrate. Only two of the
seven AMV-B and AMV-S clones which con-
tained both the MAV-1-like helper and the pu-
tative AMV genomes had more than two detect-
able juncture fragments after analysis with
either EcoRI or KpnI. As for tdB77, the integra-
tion of MAV helpers could also have occurred
at any time during the replication of a clone.
The analyses of the two clones (13-3A5 and
HL25OC11) which contain four or more KpnI
juncture fragments and of the MAV-1-like A

chicken recombinant suggest that the integra-
tion of MAV-1-like helper provirus can take
place at a miniimum of three or four sites and
probably at as many sites as AMV does. The use
of more sensitive techniques has led to the cur-

rent understanding of the great variation in
quantity and arrangement of endogenous provi-
ruses. Consequently, the previous model based
on a simpler endogenous provirus arrangement
that lead to the interpretation that AMV might
integrate in tandem with the endogenous provi-
rus is no longer adequate (14). The HindIII
analysis showed that the presumptive AMV or

helper viral DNA integrates colinearly with re-

spect to linear viral DNA in all the leukemic
myeloblast clones.
The putative AMV provirus has a mass of

approximately 4.9 Md (17) or about 0.4 Md
smaller than the MAV proviruses (5.3 Md) (3).
By restriction endonuclease analysis, the provi-
ruses of the MAV-1-like and putative AMV ge-
nomes are identical from their 5' terminus ex-

tending 3.6 Md to the KpnI site in each genome.
This has been confirmed by heteroduplex anal-
ysis (L. M. Souza, J. N. Strommer, R. L. Hill-
yard, M. C. Komaromy, and M. A. Baluda, Proc.
Natl. Acad. Sci. U.S.A., in press). The fragment
located between the KpnI site and the 3'-proxi-
mal EcoRI site is approximately 0.4 Md shorter
in the presumptive AMV genome than it is in
the MAV-1-like genome. The difference in mass
between these two fragments corresponds to the
total difference in mass between the presump-
tive AMV and MAV genomes. We have shown
that this difference in mass is the result of a

substitution for all or most of the env gene by a

cellular sequence (Souza et al., in press).
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