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The pathogenic Friend virus complex is of considerable interest in that, although members of this group are
genetically related, they differ markedly in biochemical and biological properties. Heteroduplex mapping of
molecular clones of the Friend virus complex, which includes the replication-competent ecotropic Friend
murine leukemia virus (F-MuLV) and mink cell focus-forming virus (F-MCF) and replication-defective
polycythemia- and anemia-inducing strains of spleen focus-forming virus (SFFVp and SFFVa, respectively),
was employed to provide insight into the molecular basis of their relationships. In heteroduplexes of F-MuLV x
F-MCF, a major substitution of 0.89 kilobases in the env gene of F-MCF was discerned. Heteroduplexes of
SFFVp x F-MuLV or F-MCF and SFFVa x F-MuLV or F-MCF showed several major deletions in the pol gene
region and a single major deletion in the 3' half of the env gene region of SFFVp and SFFVa. A major
substitution of 0.89 kilobases was mapped to the 5' end of the env deletion of SFFVp and SFFVa in
heteroduplexes with F-MuLV, similar to that seen in F-MuLV x F-MCF heteroduplexes. In contrast, this env
gene region was totally homologous in F-MCF x SFFVp or SFFVa and SFFVp x SFFV. heteroduplexes. Our
results suggest that (i) both SFFVp and SFFVa lack part of the env gene at its 3' end, corresponding to the
p15(E) coding region, (ii) major deletions occur in the pol and env genes which account for the replication
defectiveness of SFFVp and SFFVa, (iii) minor substitutions occur in the gag gene region of SFFVa that are not
present in SFFVp, F-MuLV, or F-MCF, (iv) a major substitution exists in the gp7O region of the env gene
between F-MuLV and F-MCF that probably accounts for the differences in their host range specificities, (v) this
substitution in F-MCF is identical to the gp7O part of the gp52 coding region of SFFVp and SFFVa, and (vi) het-
eroduplexes to F-MCF show unambiguously that no additional large substitutions are present in SFFVp or
SFFVa that could account for differences in their leukemogenicity.

The original isolate of Friend virus described in 1957
caused acute erythroblastosis associated with anemia (13).
Passage of this Friend virus stock in several laboratories has
resulted in the identification of several pathogenic strains
that differ in their biological and biochemical properties (for
a review, see reference 44). For example, Axelrad and
Steeves (2) and Mirand et al. (24) described strains of Friend
virus that caused polycythemia in susceptible mice, rather
than anemia as originally described (13). Although all of
these "strains" produce rapid erythroid proliferation, eryth-
roleukemia, splenomegaly, and splenic foci, they can be
distinguished by diagnosis of the terminal stages of their
disease as being accompanied by polycythemia or anemia (2,
13, 24, 37, 44).
The polycythemia and anemia strains of the Friend virus

complex are each composed of at least two distinct viral
components: (i) a replication-competent, ecotropic helper
type C virus (F-MuLV) (23, 26, 38, 43, 45, 46) and (ii) a
replication-defective, spleen focus-forming virus (SFFV)
(18, 21, 42, 43). Alone, F-MuLV causes a relatively rapid
erythroleukemia in susceptible newborn mice; however, F-
MuLV does not induce this disease syndrome in adult mice.
Uncloned polycythemia and anemia strains have the ability
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to cause erythroleukemia in both newborn and adult mice in
addition to causing the characteristic splenic foci. Further-
more, pseudotypes of SFFV with thymic or lymphatic
leukemia viruses also cause their characteristic erythropro-
liferative disease with associated splenic foci, suggesting
that the SFFV component of polycythemia and anemia
strains (SFFVp and SFFVa, respectively) are solely respon-
sible for the production of polycythemia and anemia (44).
SFFVp and SFFVa infected cells synthesize a viral glyco-

protein with a molecular weight of approximately 52,000
(gp52), which is not shed from cells or incorporated into
virions and which shares antigenic determinants with the
major 70,000-molecular-weight glycosylated envelope pro-
tein (gp7O) of Friend mink cell focus-forming virus (F-MCF)
not present on F-MuLV gp7O (31, 32, 35, 43, 44, 47). The
association of gp52 with Friend erythroleukemia suggests
that it is essential for the maintenance of the SFFV-induced
disease. Using a two-stage cotransfection assay with subge-
nomic fragments derived from SFFVp and SFFVa, Line-
meyer et al. (22) and Kaminchick et al. (18) have confirmed
this hypothesis and biologically traced the pathogenicity of
each strain to a 3' subgenomic fragment coding for the gp52s.
However, the molecular basis for differences in the pathoge-
nicity of SFFVp and SFFVa remained to be determined.
The molecular cloning of each of the individual compo-
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nents of the Friend virus complex (F-MuLV, F-MCF,
SFFVp, and SFFVa) now makes such analyses possible (18,
21, 26, 27). We employed these molecular clones in detailed
heteroduplex mapping studies to define sequence homolo-
gies and differences between F-MuLV, F-MCF, SFFVp, and
SFFVa strains and to derive molecular information about the
origin and distinctive biological properties responsible for
the erythroproliferative diseases induced by the members of
the pathogenic Friend virus complex, focusing in particular
on the relationship of SFFVp to SFFVa. Although heterodu-
plex mapping demonstrated homology to and conservation
of F-MCF env sequences in SFFVp and SFFVa in the region
believed to be responsible for the SFFV-induced disease, no
clear demonstration of molecular differences between
SFFVp and SFFVa was obtained that could account for their
individual and unique pathogenic properties.

(This work was presented ip part at the UCLA Sympo-
sium on Tumor Viruses and Differentiation, Squaw Valley,
Calif., 21 to 28 March 1982.)

MATERIALS AND METHODS
Cloned viral DNAs. The strategies for cloning and charac-

terizing the F-MuLV (26), F-MCF (27), SFFVp (21), and
SFFVa (18) viral genomes were previously described, as
were the restriction enzyme maps (18, 21, 26, 27). The viral
inserts were freed from their cloning vectors by restriction
enzyme digestion and preparative gel electrophoresis in low-
melting-temperature agarose (Bethesda Research Labora-
tories, Bethesda, Md.) according to the manufacturer's
specifications. The DNA was further purified by phenol
extraction (2x), ethanol precipitation, and pelleting. DNA
for heteroduplexing was dissolved in a solution of 10 mM
Tris-hydrochloride and 1 mM EDTA (pH 7.2) and brought to
a final concentration of 0.1 mg/ml.

Heteroduplexing and electron microscopy. Heteroduplexes
were prepared by the method of Davis et al. (10). Briefly, a
mixture of linear DNA (0.1 ,ug of each) was denatured in 0.1
N NaOH for 10 min at 37°C. The solution was neutralized by
the addition of 0.2 volume of 1 M Tris-hydrochloride (pH
7.0). Deionized formamide was added to a final concentra-
tion of 50%, and renaturation at room temperature was
permitted for 15 to 30 min. The heteroduplexes were imme-
diately mounted for electron microscopy by the basic protein
film technique (10). Hyperphases typically contained 100
mM TES [N-tris(hydroxymethyl)methyl-2-aminoethanesul-
fonic acid] (pH 8.5), 10 mM EDTA, cytochrome c at a
concentration of 30 to 50 ,ug/ml, and the duplexed DNA (49).
To obtain a differential in the effective temperature at which
DNA was mounted for electron microscopy, the concentra-
tion of formamide in the hyperphase was varied from 40 to
70% (9). The salt concentration and pH were kept constant.
Heteroduplexes were rotary shadowed with platinum-palla-
dium and were examined and photographed in a Hitachi HU-
12A electron microscope at 25 kV. Contour lengths were
measured from actual micrographs with a digital length
calculator (Numonics Corp., Lansdale, Pa.). The sizes of
cloned DNAs were determined comparatively in separate gel
electrophoresis experiments.

RESULTS
Restriction enzyme maps: comparison of F-MuLV, F-MCF,

SFFVp, and SFFV.. The restriction enzyme maps shown in
Fig. 1 were compiled from references 18, 21, 26, and 27. All
genomes were cloned in a permuted fashion with respect to
their viral RNAs from circular proviral DNA obtained from
Hirt extractions of newly infected cells. The F-MuLV

genome was cloned at an EcoRI site in the gag gene region of
the genome. This clone is 8.3 kilobase pairs (kbp) in length
and contains a single long terminal repeat (LTR) (26). The F-
MCF genome was cloned at an SphI site at or near the 3'
terminus of the pol gene. This clone is 8.2 kbp in length and
contains a single copy of the LTR (27). The SFFVp genome
was cloned at a unique HindIII site, also at or near the 3'
terminus of the pol gene. This clone is 5.7 kbp in length and
contains a single copy of the LTR (21). The SFFVa genome
was cloned at a unique ClaI site near the 3' terminus of the
env gene. This clone is 5.3 kbp long and contains two copies
of the LTR (18). The cloning strategies were fortuitous and
permitted a clear and easy identification of complete hetero-
duplexes since overlapping arms of each genome of the
recombinant molecule generated a circular heteroduplex
(49). Only complete circular heteroduplexes were utilized in
these studies. It was also fortunate that one of the clones,
SFFVa, had two copies of the LTR; thus, in heteroduplexes
with other clones containing a single copy of the LTR, a 500-
base pair substitution would be present that could be easily
identified and definitely assigned to the SFFVa genome. We
used this feature to our advantage as it provided a method of
determining the 5' and 3' junctions of the permuted duplexed
recombinants. As can be seen by comparing the compilation
of the unpermuted, colinear restriction enzyme maps of
these viruses (Fig. 1), F-MuLV and F-MCF appeared to be
very closely related, sharing common enzyme sites through-
out their gag, pol, and LTR regions; however, they differed
in multiple restriction sites in the env gene. With the
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FIG. 1. Restriction endonuclease maps of F-MuLV, F-MCF,
SFFVP, and SFFVa molecular clones schematically drawn in colin-
ear form (information derived from references 18, 21, 26, and 27).
An integrated F-MuLV genome (top) is schematically drawn with
two LTRs (black boxes) and labeled to show the relative positions of
the gag, pol, and env genes. All cloned genomes have been
unpermuted and aligned at a single Kpn site in the LTR, a portion of
which now resides at the 5' and 3' ends of the linearized genomes
(with the exception of SFFVa, which contains a complete permuted
LTR at each end). The black arrows beneath the restriction maps
indicate the particular site at which each of the genomes was cloned
into pBR322.
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exception of this similarity, any relationship among the maps
of these viruses is more obscure.

Heteroduplex mapping. (i) Analysis of F-MuLV and F-MCF
genomes. Despite the lack of similarity in the restriction
enzyme maps among the members of this virus complex
(with the exceptions noted) compared in Fig. 1, nucleic acid
hybridization data have shown that SFFVs are recombinant
viruses composed of sequences in F-MuLV and unique
SFFV sequences related to F-MCF (40, 41, 44, 46). Further-
more, F-MuLV and F-MCF are replication-competent virus-
es of full genomic length, whereas the smaller SFFVs are
replication defective; their smaller sizes suggest that major
deletions have occurred. To demonstrate and localize the
molecular basis for the differences and similarities that exist
between members of this family, heteroduplexes were con-
structed between F-MuLV and F-MCF and spread from high
(60% formamide) and low (40% formamide) stringency hy-
perphases. A heteroduplex of F-MuLV and F-MCF is shown
in Fig. 2A to F. In the heteroduplex figures (see Fig. 2 to 7),
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FIG. 2. Heteroduplex analysis of the relationship between F-
MuLV and F-MCF clones. Heteroduplexes were mounted for
electron microscopy from 60% (A to C) and 40% (D to F) forma-
mide. (A and D) Actual heteroduplexes; (B and E) interpretive
drawings; (C and F) schematic representations. The dimensions
given in C and F are based on measurements of more than 20
molecules. Contour lengths (in kb) for C were as follows: a, 6.73
0.28; b, 0.21 + 0.05; c, 0.22 + 0.04; d, 0.30 + 0.05; e, 0.89 + 0.09; f,
1.05 + 0.12. Dimensions for F-MuLV are a, c, d, and f; those for F-
MCF are a, b, d, and e. Contour lengths (in kb) for F were as

follows: h, 7.43 + 0.29; e', 0.36 + 0.05; f', 0.40 + 0.05; g, 0.12
0.04; e", 0.23 + 0.04, and f", 0.34 0.06. Dimensions for F-MuLV
are h, f', g, and f'; dimensions for F-MCF are h, e', g, and e".

FIG. 3. Heteroduplex analysis of the relationship between F-
MuLV and SFFVp clones. Heteroduplexes were mounted for elec-
tron microscopy from 60% (A to C) and 40% (D to F) formamide. (A
and D) Actual heteroduplexes; (B and E) interpretive drawings; (C
and F) schematic representations. The dimensions given in C and F
are based on measurements of over 20 molecules. Contour lengths
(in kb) for C were as follows: a, 3.01 ± 0.18; b, 0.69 ± 0.09; c, 0.15 ±
0.03; d, 1.02 ± 0.14; e, 0.89 ± 0.12; f, 0.64 ± 0.06; g, 0.95 ± 0.15; h,
1.10 ± 0.17; and i, 0.73 ± 0.08. Dimensions for F-MuLV are a, b, c,
d, f, g, h, and i; dimensions for SFFVp are a, c, e, f, and h. Contour
lengths (in kb) for F were as follows: a, 2.92 ± 0.13; b, 0.69 ± 0.08;
c, 0.24 ± 0.06; d', 0.35 ± 0.05; e', 0.33 ± 0.05;j, 0.15 ± 0.04; d", 0.36
± 0.06; e", 0.24 ± 0.05; f, 0.75 ± 0.08; g. 0.98 ± 0.09; h, 1.16 ± 0.08;
and i, 0.78 ± 0.08. Dimensions for F-MuLV are a, b, c, d', j, d", f, g,
h, and i; dimensions for SFFVp are a, c, e', j, e", f, and h.

all actual heteroduplexes, interpretive drawings, and sche-
matic representations are oriented such that the LTR region
is at the top (12 o'clock) of each circular heteroduplex. This
orientation allowed gag, pol, and env gene regions to be
located by counterclockwise movement from this point. In
spreads from 60% formamide (Fig. 2A to C), two substitu-
tions were seen; the exact location within the genome could
not be immediatley determined. In a previous study, in
which heteroduplexes between cloned AKR ecotropic and
MCF viruses were performed and spread under similar
conditions, a single unequal substitution was localized in the
env region that occurred in two forms (29). The majority of
these heteroduplexes appeared to be like ours (Fig. 2A to C).
However, in the study by Rapp et al. (29), when the
stringency was lowered, a second form appeared that had a
small region of homology within the middle of the substitu-
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tion (0.13 kilobases [kb]). When we reduced the spreading
conditions to 40% formamide, the larger of the two substitu-
tions (Fig. 2A to C, features e and f) annealed in the middle
and appeared to be like those described above for cloned
AKR ecotropic and MCF viruses (Fig. 2D to F, features e',
f', g, e", and f'). The smaller substitution (Fig. 2A to C,
features c and b) appeared to reside in the 3' terminus of the
pol gene, as it was not present under the milder conditions
here and as substantiated in the heteroduplexes described
below; thus, we consider it to be of minor importance.
To confirm that the larger substitution was indeed in the

env gene region, heteroduplexes were performed between
the complete F-MCF genome and a subgenomic fragment
(HindlIl to Xba) that encompasses all of the env gene
through the LTR and the NH2-terminal coding portion of the
gag gene of F-MuLV (Fig. 1). This fragment contains the
sequences responsible for F-MuLV-induced erythroleuke-
mia (28). Again, heteroduplexes were mounted for electron
microscopy from 60 and 40% formamide. A similar topo-
graphical distribution of features was present, with the
exception of the minor substitution seen in Fig. 2A to C
(features b and c), demonstrating that the major substitution
of 0.89 kb was indeed derived from the env region (data not
shown). Further confirmation of this assignment was derived
from heteroduplexes of F-MuLV to SFFVp and SFFVa,
described below.

(ii) Analysis of F-MuLV and SFFVp genomes. A heterodu-
plex analysis of F-MuLV and SFFVp cloned genomes is
shown in Fig. 3A to F. Under strong denaturing conditions
(Fig. 3A to C), a single large substitution (Fig. 3C, segments
d and e) and three deletions (Fig. 3C, segments b, g, and i)
were apparent. The substitution was similar to that seen in
the env gene region between F-MuLV and F-MCF genomes
(Fig. 2) and, in spreads from lower stringencies, demonstrat-
ed the small region of homology in the middle of the
substitution (Fig. 3D to F, segment j). The smaller of the
deletions (Fig. 3C and F, segment b) appeared to be at the 3'
end of the env region. This deletion maps in the p15(E)
region of the env sequences. The protein studies of Schultz
et al. (36) demonstrated the absence of p15(E) antigen in
SFFV nonproducer cells; however, it was not clearly estab-
lished whether the lack of p15(E) determinants represented a
substitution of only a few amino acid residues involved in
forming p15(E) antigenic sites or whether there was a
deletion of p15(E) sequences. Recent nucleotide sequencing
data (7, 48) have clearly established that most p15(E) se-
quences are deleted as shown here in the heteroduplexes,
with the exception of the most carboxy-terminal sequences,
which have two unique insertions that could account for lack
of immunological detection with anti-p15(E) sera. The other
deletions could also be assigned to the smaller SFFVp
genome based on measurements, and they appear to map in
the region of the pol gene. Similar topographical features
were observed by Bosselman et al. (3) in heteroduplexes of
long cDNAs of F-MuLV and RNAs of SFFV, presumably of
Friend virus polycythemia strain stocks.

(iii) Analysis of F-MuLV and SFFVa genomes. Heterodu-
plex analysis of F-MuLV and SFFVa (Fig. 4A to F) showed a
more complex topography and further confirmed our results
on the identification and location of the large env substitu-
tion seen in heteroduplexes of F-MuLV to F-MCF and
SFFVp. In spreads from 60% formamide, the large env
substitution (Fig. 4C, segments e and f) was present and was
of the same size as that seen in heteroduplexes with F-MCF
and SFFVp and a minor substitution in the gag gene (Fig.
4C, segment m, features a and o'). This minor gag substitu-

tion showed complete homology in heteroduplexes between
F-MCF and SFFVp under lower (40%) stringencies (Fig. 4F,
segment m). Five major deletions were mapped. Three of
these deletions occurred between the env and gag gene
substitutions in the pol gene (Fig. 4C and F, segments h, j,
and 1). A deletion in p15(E) sequences (Fig. 4C and F,
segment c), 3' of the env gene substitution, was also dis-
cerned, as well as a deleted LTR (Fig. 4C and F, segment a)
in the F-MuLV single-LTR clone. The position of this LTR
deletion oriented the various deletion-substitution features,
particularly when the lower stringency was used (Fig. 4D to
F). With the 40% formamide conditions, the large env gene
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FIG. 4. Heteroduplex analysis of the relationship between F-
MuLV and SFFVa clones. Heteroduplexes were mounted for elec-
tron microscopy from 60% (A to C) and 40% (D to F) formamide. (A
and D) Actual heteroduplexes; (B and E) interpretive drawings; (C
and F) schematic representations. The dimensions given in C and F
are based on measurements of more than 20 molecules. Contour
lengths (in kb) for C were as follows: a, 0.47 + 0.05; b, 0.63 + 0.14;
c, 0.66 + 0.09; d, 0.12 ± 0.02; e, 1.03 ± 0.09; f, 0.89 ± 0.09; g, 0.61
± 0.09; h, 1.15 + 0.07; i, 0.14 ± 0.02;j, 0.67 ± 0.07; k, 0.12 ± 0.02; 1,
0.69 ± 0.03; m, 2.42 ± 0.13. The notations a and a' mark an area of
unpaired sequences which was seen in less than 30% of heterodu-
plexes and varied greatly in size. Dimensions for F-MuLV are b, c,
d, e, g, h, i, j, k, 1, and m; dimensions for SFFVa are a, b, d, f, g, i, k,
and m. Contour lenghts (in kb) for F were as follows: a, 0.49 ± 0.08;
b, 0.58 ± 0.05; c, 0.63 ± 0.05; d, 0.20 ± 0.06; e', 0.39 ± 0.06; f', 0.36
± 0.03; n, 0.12 ± 0.04; e", 0.41 ± 0.10; f', 0.28 ± 0.09; g, 0.74 + 0.09;
h, 1.09 ± 0.09; i, 0.13 ± 0.02;j, 0.70 ± 0.06; k, 0.13 ± 0.01; 1, 0.62 ±
0.04; and m, 2.55 ± 0.12. Dimensions for F-MuLV are b, c, d, e', n,
e", g, h, i,j, k, 1, and m; dimensions for SFFVa are a, b, d, f', n, f', g,
i, k, and m.
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substitution was reduced as in heteroduplexes of F-MuLV to
F-MCF and SFFVP, and it now demonstrated the common
small region of homology in its middle (Fig. 4F, segment n).

(iv) Analysis of F-MCF and SFFVp genomes. The common
size of substitutions in the same location of the enm gene of
F-MCF, SFFVP, and SFFVa; the immunological cross-
reactivity of the gp52 of SFFVp and SFFVa with F-MCF
gp7O (32, 35, 47); and the two-stage cotransfection data with
3' subgenomic fragments (18, 22) suggest that this region
contains some related and unique sequences responsible for
the biological and pathogenic properties of these viruses. We
therefore prepared heteroduplexes between F-MCF and
SFFVP to examine this hypothesis. Figure 5A to F shows the
results of this analysis. The only topographical features
present at both high and low stringencies were three dele-
tions in the SFFVp genome. One of these (Fig. SC and F,
segment f) was the same size as the p15(E) deletion demon-
strated in heteroduplexes between F-MuLV and SFFVP
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FIG. 6. Heteroduplex analysis of the relationship betwen F-
MCF and SFFVa, clones. Heteroduplexes were mounted for electron
microscopy from 60% (A to C) and 40% (D to F) formamide. (A and
D) Actual heteroduplexes; (B and E) interpretive drawings; (C and
F) schematic representations. The dimensions given in panel C and
F are based on measurements of more than 20 molecules. Contour
lengths (in kb) for C were as follows: a, 0.59 + 0.08; b, 0.80 ± 0.06;
c, 0.62 ± 0.06; d, 1.54 ± 0.10; e, 0.97 ± 0.07; f, 0.13 ± 0.03; g, 0.73
± 0.08; h, 0.12 ± 0.02; i, 0.81 ± 0.08; and j, 2.44 ± 0.30. The
notations a and o.' mark an area of unpaired sequences, which was

F-MCF f seen in less than 25% of the heteroduplexes and varied greatly in
size. It is in a similar location to a. and o' in Fig. 4A to C.
Dimensions for F-MCF are b, c, d, e, f, g, h, i, and j; dimensions for
SFFVa are a, b, d. f, h, and j. Contour lengths (in kb) for F were as

e follows: a, 0.62 ± 0.08; b, 0.80 ± 0.07; c, 0.68 ± 0.06; d, 1.54 ± 0.05;
SFFV-P e, 1.05 ± 0.05; f, 0.12 + 0.02; g, 0.76 ± 0.08; h, 0.12 ± 0.02; i, 0.82 ±

0.09; andj, 2.33 ± 0.12. Dimensions for F-MCF are b, c, d, e, f, g, h,
i, and j; dimensions for SFFVl, are a, b, d, f, h. and j.

d
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FIG. 5. Heteroduplex analysis of the relationship between F-
MCF and SFFVP clones. Heteroduplexes were mounted for elec-
tron microscopy from 60% (A to C) and 40% (D to F) formamide. (A
and D) Actual heteroduplexes; (B and E) interpretive drawings; (C
and F) schematic representations. The dimensions given in panel C
and F are based on measurements of over 20 molecules. Contour
lengths (in kb) for C were as follows: a, 2.81 0.11; b, 0.96 0.09;
c, 1.21 + 0.07; d, 0.83 + 0.06; e, 1.62 + 0.06; and f, 0.71 + 0.05.
Dimensions for F-MCF are a, b, c, d, e, and f; dimensions for
SFFV are a, c, and e. Contour lengths (in kb) for F were as follows:
a, 2.85 0.11; b, 0.99 + 0.08; c, 1.12 ± 0.06; d, 0.95 ± 0.08: e, 1.55

0.12; and f, 0.72 ± 0.07. Dimensions for F-MCF are a, b, c. d, e,
and f; dimensions for SFFVP are a, c, and e.

(Fig. 3) and SFFV,, (Fig. 4). The other two deletions (Fig. SC
and F, segments b and d) were of the same size and location
as pol gene deletions also mapped in heteroduplexes be-
tween F-MuLV and SFFVp (Fig. 3). Strikingly, the large env
substitution was not seen in heteroduplexes between F-MCF
and SFFVP, even under the highest stringency tested (60%
formamide), suggesting that their env genes, within the limits
of resolution of heteroduplex technology, were very closely
related, except for the deletion of p15(E) sequences from
SFFVP.

(v) Analysis of F-MCF and SFFVa genomes. Heterodu-
plexes of F-MCF and SFFV, clones were also analyzed.
These heteroduplexes (Fig. 6A to F) showed the same
complex topography of deletions and minor substitutions as
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FIG. 7. Heteroduplex analysis of the relationship of SFFVP and
SFFVa clones. Heteroduplexes were mounted for electron micros-
copy from 60% (A to C) and 40% (D to F) formamide. (A and D)
Actual heteroduplexes; (B and E) interpretive drawings; (C and F)
schematic representations. The dimensions given in C and F are

based on measurements of over 20 molecules. Contour lengths (in
kb) for C were as follows: a, 0.49 + 0.05; b, 2.11 + 0.12; c, 0.22 +

0.02; d, 0.14 + 0.03; e, 0.63 ± 0.06; f, 0.12 ± 0.02; g, 0.33 ± 0.03; h,
0.22 ± 0.02; and i, 2.33 ± 0.23. The notations a and a' and a and ,B'
are minor substitutions that are present in less than 50% of measured
heteroduplexes. They are located in the same region as the previous-
ly designated a and a' in Fig. 4 and 6 (A to C). The dimensions for
SFFVp are b, c, d, e, f, g, and i; dimensions for SFFVa are a, b, d, f,
h, and i. Contour lengths (in kb) for F were as follows: a, 0.50 ±

0.07; b, 2.14 ± 0.13; c, 0.27 ± 0.04; d, 0.14 ± 0.02; e, 0.59 ± 0.08; f,
0.13 ± 0.02; g, 0.33 ± 0.06; h, 0.22 ± 0.03; and i, 2.17 ± 0.11.

that discerned in heteroduplexes of F-MuLV and SFFVa
(Fig. 4) and again, strikingly, the env substitution was absent
(Fig. 6C and F, segment d) between the pol and p15(E)
deletions, suggesting that the glycoprotein coding regions
were identical.

(vi) Analysis of SFFVp and SFFVa genomes. Since the
heteroduplexes between the SFFVs and F-MCF did not

reveal any significant differences that could account for the
pathogenic properties of these viruses, we wanted to deter-
mine whether any minor differences in an additive relation-
ship could be demonstrated in heteroduplexes between
SFFVp and SFFVa. That is, could we determine whether
there was a greater divergence in the env sequences between
SFFVp and SFFVa than between F-MCF and SFFVp or

SFFVa. Figure 7A to F shows the results of this examina-
tion. In spreads from 60% formamide, the presence of an

additional LTR in SFFVa (Fig. 7C, segment a) and differ-
ences in amount and location of pol gene deletions and
substitutions (Fig. 7C, segments c, e, g, and h) were readily
apparent. Minor substitutions within the gag gene region
(Fig. 7C, segment i, features a and a', ,B and 1B') were
discerned in less than 50% of the molecules mapped. At
lower formamide concentrations (40%), these substitutions
were not present (Fig. 7F, segment i). These data further
strengthened the earlier observation on the strong homology
between the envelope coding regions of F-MCF, SFFVP, and
SFFVa genomes. It further defined the location of the p15(E)
deletion as being exactly the same in both SFFVP and
SFFVa-
As a final examination of the enm' gene regions of these

viruses, and to demonstrate the correctness of our bias for
assignment of the minor substitutions (Fig. 7C, segment i,
features a and a*', 13 and 13') at high stringency to the gag
gene region and not the env gene, we performed heterodu-
plexing between the entire SFFVa genome and a complete 3'
env subgenomic SFFVp fragment. In addition to the en'
region of SFFVp, this fragment, cut out of its vector by Pstl,
contains a small PstI to HindlIl pBR322 sequence tail at the
viral 5' HindIll cloning site as a marker. This construct
spread from 70% formamide clearly oriented the heterodu-
plex and demonstrated that no substitutions existed in the
env region between SFFVp and SFFVa (data not shown).

Figure 8 is a schematic summary of the heteroduplex
findings with unpermuted, colinear forms of the virus ge-
nomes.

DISCUSSION

Mammalian transforming retroviruses can be classified
into two broad categories: those that have acquired rapid
oncogenic potential through deletion of viral genes (gag, pol,
or env) and recombination with one of a number of cellular
oncogenes (15, 19), and those that are viral env gene
recombinants (6, 8, 11, 17, 32). Viruses in the first category
are capable of rapidly transforming cells in vivo or in vitro.
In the latter category, only the SFFVs of the Friend virus
complex act in an acute fashion; they are also replication
defective, with their transforming activity being restricted to
a specific erythroid precursor cell in vivo (12, 14, 25, 39, 43).

In this report, we have used detailed heteroduplex map-
ping studies to derive molecular information about the origin
and distinctive biological properties of sequences responsi-
ble for the erythroproliferative diseases induced by SFFVp
and SFFVa. Heteroduplex mapping of SFFVp and SFFVa to
replication-competent F-MuLV and F-MCF demonstrated
that major deletions had occurred in the pol gene of each of
the SFFVs, which would account for their replication defec-
tiveness. For SFFVp, two major deletions of 0.71 and 0.83
kbp were mapped in the pol gene, and a single deletion of
0.69 kbp was mapped in the p15(E) region of the env gene.
Our results are in agreement with those of Clark and Mak
(7), who have determined the complete nucleotide sequence
of an infectious strain of SFFVp; they demonstrated these
three deletions and an additional large deletion of 0.15 kbp
between the two pol gene deletions, and two minor, yet
significant, deletions of 6 and 13 base pairs, respectively, in
the gag gene. The size of the gag substitutions put them
below the resolution of heteroduplex mapping; however, the
finding of an additional deletion of 0.15 kbp by Clark and
Mak (7) in their strain of SFFVp would have been resolved in
our heteroduplexes had it been present. Its absence in our
clone might represent SFFVp strain-specific differences be-
tween the clone used here and that of Clark and Mak.
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Comparison of SFFVp with SFFVa further demonstrated
that there were differences in the amount and location of
these pol gene deletions and substitutions. The additional
deletion that corresponds to the p15(E) coding sequences in
F-MuLV and F-MCF was mapped to exactly the same site in
the 3' half of the env gene of SFFVP and SFFVa; it also
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SFFVp
SFFV,

kbp
QO 1.0 2.0 3.0 4.0 5.0 6.3

FIG. 8. Schematic summary of the heteroduplex findings from
Fig. 2 to 7, using unpermuted colinear forms of the virus genomes.

For this presentation, all genomes were considered to have two
LTRs (one at the 5' end and the other at the 3' end of the
heteroduplex molecule). (A) A complete double-stranded replica-
tion-competent F-MuLV genome (top) is shown indicating the
relative positions of the gag, pol, enm, and LTR (black boxes)
regions. The gp7O and p15(E) coding sequences in env are indicated.
All heteroduplex features are mapped relative to the replication-
competent helper viruses (F-MuLV or F-MCF). In the F-MuLV and
F-MCF heteroduplex, the features are mapped relative to F-MuLV.
The thick solid line represents regions of homology. The hatched
areas represent substitutions in the F-MCF or replication-defective
SFFVP and SFFVa genomes relative to F-MuLV. The dotted lines
indicate deleted sequences in the SFFVP and SFFVa genomes

relative to the replication-competent F-MuLV or F-MCF. The open

arrows indicate regions of minor substitutions in the gag gene

detected in less than 50% of the molecules at high stringency. (B) A
complete double-stranded replication-defective SFFVp genome

(top) is shown indicating the relative positions of remaining gag, pol,
and gp55 (en') sequences. The thick solid line represents regions of
homology. The hatched areas represent substitutions between
SFFVP and SFFVa, and the dotted lines indicate deleted sequences
in SFFV, relative to SFFVP. The open arrow denotes regions of
minor substitution found in less than 50% of the molecules.

contributes to the overall defectiveness of these viruses.
Minor substitutions were also observed in the gag gene of
SFFVa, only at high stringency (in 60% formamide spreads),
and were not present in SFFVp, F-MuLV, or F-MCF; this
region in these genomes appeared identical under the same
spreading conditions. Perhaps this difference can be ac-
counted for by an additional recombinant event with a
murine retrovirus unrelated to the replication-competent
members of the Friend virus complex during passage of this
strain over the years.
SFFVP and SFFVa-infected cells synthesize a glycopro-

tein with a molecular weight of 52,000 that is essential for the
maintenance of the SFFV-induced disease; SFFV gp52s
share antigenic determinants with the gp7O envelope protein
of F-MCF that are not present on F-MuLV gp7O (32, 35, 47).
Thus, it appears that the pathogenicity of each strain of
SFFV could be genetically traced to the 3' env gene coding
region. We first sought to account for the differences in the
antigenic composition of F-MuLV and F-MCF by examining
the env coding sequences. A substitution of 0.89 kbp in F-
MCF was localized in this region in 60% formamide spreads.
However, under lower stringency (40% formamide), this
substitution contained some sequence homology (0.12 kbp)
in approximately the middle of the substitution. Similar
homologies in the gp7O region of env substitutions have been
described in heteroduplexes between AKR ecotropic
MuLVs and MCFs and SFFVP viruses (29) and by heterodu-
plex mapping and nucleotide sequence analysis of Moloney
MuLV and Moloney MCF viruses (4) and by direct nucleo-
tide sequence comparisons between F-MuLV (20) and
SFFVP by Clark and Mak (7). In the report by Bosselman et
al. (4), it was suggested that the sequence substitution in the
ent' gene was responsible for the dual-tropic properties of the
Moloney MCF viruses. The major substitution that exists in
the gp7O region of the ens' gene of F-MuLV and F-MCF
probably also accounts for the differences in their host range
specificities and pathogenicity (6, 30).
The most striking finding was in the heteroduplexes of

SFFVs to F-MuLV and F-MCF, which showed a complete
conservation of F-MCF gp7O sequences in both SFFVp and
SFFVa. Thus, one could hypothesize that both SFFVP and
SFFVa are derived from F-MCF or possibly another closely
related MCF species of env' sequences; the results further
suggested tha these sequences were identical in SFFVP and
SFFVa.

Since the heteroduplexes between the SFFVs and F-MCF
did not reveal any significant differences in the ens' region
that could account for the pathogenic properties of these
viruses, we wanted to determine whether any minor differ-
ences in sequence divergence in an additive relationship
could be demonstrated by comparing the molecular clones of
SFFVP and SFFVa. This analysis showed no differences in
the envelope coding region, even under the most stringent
(70% formamide) spreading conditions, thus strengthening
the hypothesis on the relationship of F-MCF, SFFVp, and
SFFVa. Furthermore, the heteroduplexes of the SFFVs to
F-MCF showed unambiguously that no additional large
substitutions, i.e., viral oncogenes (15, 19), are present in
SFFVP or SFFV,a that could account for the differences in
their leukemogenicity.
The murine mink cell focus-inducing leukemia viruses are

believed to arise by recombination between ecotropic MuLV
and other ens' genes, perhaps those of xenotropic MuLVs
(11, 34). Extensive restriction enzyme mapping of MCF
genomes by Chattopadhyay et al. (6), oligonucleotide and
peptide mapping studies by Green et al. (16), and the
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discovery of distinct receptors for MCFs (30), collectively
argue for the involvement of specific MCF genomes in the
recombination event and not xenotropic MuLVs as original-
ly proposed. The cytopathic MCFs are thymotropic and
appear to play a role in the development of thymic leukemias
in mice (6, 8). In contrast to the leukemogenicity and target
cell specificities of env sequences in replication-competent
MCFs, these sequences in the SFFVs cause disease only in
erythroid cells. Recently, Chatis et al. (5) reported that when
a 621-nucleotide-long fragment of the T-cell tropic Moloney
MuLV, encompassing the U3 region of its LTR, was used to
replace the corresponding region in the F-MuLV genome,
the resulting recombinant virus induced almost exclusively
T-cell lymphomas, instead of erythroleukemia. Their results
suggest that both genetic elements, i.e., envelope glycopro-
tein and LTR, play a role in disease induction.
Based on our results, the apparent differences between

SFFVp and SFFVa could only be accounted for by very
minor changes in the genetic composition of these viruses.
The nucleotide sequence analysis of the 3' env sequences of
SFFVp has shown that the presence of the large deletion
spanning the junction of gp7O and p15(E) and two small
insertions (of 1 and 6 bases, respectively) at the 3' terminus
of the gp52-encoding region, results in an SFFVp unique
amino acid sequence (1, 7, 48). Thus, the SFFVp gp52 results
from the fusion at its amino terminus of MCF-gp7O specific
sequences and the remaining p15(E) sequences at its car-
boxy terminus. This may account for some of the unusual
structural characteristics, aberrant processing, and patho-
genic properties of the SFFVp and its gp52 coding sequences
(1, 7, 48).

Differently processed envelope glycoproteins of similar
structure may vary greatly in biological function. Such
differences exist in the post-translational processing of
SFFVp and SFFVa and correlate with the differences in the
histology of the virus-induced disease (33). Our conclusions,
based on the extensive heteroduplex mapping data presented
here, are compatible with those derived from nucleotide
sequencing of SFFVp and MCF env sequences (1, 4, 7, 48).
One could predict that, based on the extensive homology
demonstrated in heteroduplexes between SFFVp and
SFFVa, similar small molecular changes will be discovered
upon nucleotide sequencing of SFFVa, which will confer
upon the SFFVa gp52 its unique biological and pathogenic
properties.
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