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Genetic variation of the more complex retroviruses in the human T-cell leukemia virus/bovine leukemia virus
(HTLV/BLV) group is less than in some other retroviral genera. To test whether reverse transcription of
HTLV/BLV group members is less error prone than that of members of other groups, we developed an assay
for detecting forward mutations in BLV, similar to that developed for the simpler spleen necrosis virus (SNV).
We used this system to study the rates and types of mutations that occur during a single replication cycle. We
found that BLV reverse transcription is approximately two and one-half times less error prone than SNV
reverse transcription (4.8 X 107° versus 1.2 X 10~° mutation per bp per cycle, respectively). The relative
numbers of all types of observed mutations (that is, base pair substitutions, frameshifts, deletions, and

deletions with insertions) were similar for BLV and SNV.

Retroviruses are a family of RNA animal viruses that use
reverse transcription in replication (1, 40, 41, 44). Retroviruses
have been classified as simpler or more complex on the basis of
genetic organization and replication (9, 10). Retrovirus popu-
lations show great genetic variability (8, 17, 22, 37). This
retroviral genetic variation is the composite of three variables
(7): the mutation rate per replication cycle, the number of
replication cycles, and the selective advantage or disadvantage
possessed by the variant viruses. Also, the rate of recombina-
tion in retrovirus replication is high (20, 46; for a review, see
18).

Genetic variation in the human T-cell leukemia virus/bovine
leukemia virus (HTLV/BLV) genus appears to be less than
that of some other groups in the Retroviridae family (5). For
example, low levels of sequence variation among isolates of
BLV (26, 45), HTLV-I (16, 21, 24, 28, 35), and HTLV-II (15,
21) have been reported, in contrast to the relatively high levels
of genetic variation of the lentiviruses (4, 6, 25) and of murine
leukemia virus (8, 22). One possible explanation for these
observations is that reverse transcription of lentiviruses is more
error prone than reverse transcription of HTLV/BLV group
viruses. Alternatively, the members of the HTLV/BLV genus
are thought to replicate more often as proviruses during cell
division, rather than as viruses by reverse transcription and
integration (5).

The mutation rate per base pair per replication cycle has
been reported for spleen necrosis virus (SNV), an avian type C
retrovirus similar to the murine type C retroviruses (13, 14, 31,
32, 43). With the lacZa peptide gene as a reporter gene for
mutations and the blue/white colony color selection method
for identifying mutant proviruses, the in vivo forward mutation
rates for various types of mutations were determined (31, 32).
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The major types of mutations found were base pair substitu-
tions, frameshifts, simple deletions, deletions with insertions,
and hypermutations (31, 32). These studies indicated that
errors in reverse transcription during retroviral replication may
be an important factor leading to the genetic variation that has
been observed with SNV (29, 30).

To determine whether reverse transcription of the HTLV/
BLV group is less error prone than that of some other genera
of retroviruses, we adapted the previously described forward
mutation assay (31, 32) to study the rate of mutation of a more
complex retrovirus, BLV. A BLV shuttle vector (Fig. 1A),
BLV-SVNEO/ACYCLacZ, was constructed from the retrovi-
rus vector BLV-SVNEO (11), which was kindly provided by
David Derse (National Cancer Institute, Frederick, Md.). The
pACYC origin of replication and the lacZo gene sequences
from the plasmid pSU 20 (2) (kindly supplied by Borja
Bartolomé, Universidad de Cantabria, Santander, Spain) were
amplified by polymerase chain reaction with primers contain-
ing EcoRI sites; the amplified DNAs were digested with EcoRI
and were cloned into the EcoRI site immediately after the neo
gene in BLV-SVNEO to create the BLV shuttle vector. The
BLYV tax/rex expression plasmid, pBLPX-RSPA (Fig. 1C), was
kindly supplied by D. Derse.

The BLYV shuttle vector, BLV-SVNEO/ACYCLacZ, is de-
ficient in the expression of the two regulatory genes, fax and
rex. The BLV shuttle vector contains the BLV gag, pol, and env
genes (Fig. 1A). The BLV shuttle vector also contains the neo
gene, which allows selection in mammalian cells with the
neomycin analog G418 and in bacterial cells with kanamycin.
In addition to the selectable marker, the BLV shuttle vector
contains a bacterial origin of replication and the lacZa peptide
gene. The vector also contains a packaging signal. Therefore,
the vector can replicate in mammalian cells as a retrovirus and
in bacterial cells as a plasmid.

The systems developed for this study utilize a helper virus or
helper plasmid for production of vector virus. The BLV helper
virus and helper plasmid used for vector virus production are
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FIG. 1. (A) BLV shuttle vector; (B) BLV; (C) the BLV helper
plasmid used for forward mutation rate studies. The BLV shuttle
vector and BLV are shown in proviral DNA forms. Solid black boxes
represent BLV long terminal repeats (LTRs). Solid black lines indicate
viral sequences. Rectangular boxes above or below the solid black lines
indicate viral coding sequences, with the relative locations of the boxes
corresponding to the translational reading frame. Retroviral genes are
indicated as gag, pro, pol, env, tax, and rex. Bent lines in between the
coding regions for tax and rex in panel B show reading frames joined
by splicing events. E in panels A and B indicates the location of the
encapsidation sequence. In panel A, the simian virus 40 promoter (SV)
is represented as a dark gray box; the neo gene is represented as a
hatched rectangular box; the pACYC origin of replication (pACYC
ori) is represented as a cross-hatched box; and the lacZa peptide gene
is represented as an open rectangular box with a black band repre-
senting the lac operator sequence. The box with horizontal lines in
panel C represents the Rous sarcoma virus (RSV) LTR, and the thin
black box indicates the simian virus 40 late gene polyadenylation signal
[SV40 (pA)].

shown in Fig. 1B and C. Two approaches were used for shuttle
vector virus production. One consisted of a wild-type, replica-
tion-competent BLV helper virus, and the second used a BLV
tax/rex expression helper plasmid, pBLPX-RSPA. The BLV
helper virus and helper plasmid were used to complement the
BLYV shuttle vector in trans and allow for packaging of the
vector. Since the BLV helper virus has a packaging signal, it is
also packaged. The BLV helper plasmid constitutively ex-
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presses the tax and rex genes. The tax gene product is a
trans-acting transcriptional activator; the rex gene product
increases the ratio of the nonspliced viral mRNA to spliced
viral mRNA. The Tax and Rex proteins aid in efficient virus
production of the shuttle vector.

The experimental protocols developed to obtain a single
cycle of BLV shuttle vector virus replication are shown in Fig.
2. Fetal lamb kidney (FLK) cells (graciously supplied by Judy
Mikovits, National Cancer Institute) and FLK cells producing
wild-type BLV (FLK-BLV) cells (kindly provided by Martin
Van der Maaten, National Animal Disease Center, Ames,
Iowa) were used in these studies (42). Cells were grown in
Temin-modified Eagle’s medium (38) supplemented with 10%
fetal bovine serum (Sigma Chemical Co., St. Louis, Mo.) and
were maintained at 37°C with 6% CO,. The first strategy uses
a replication-competent BLV helper virus to produce BLV
shuttle vector virus (Fig. 2A). The BLV shuttle vector was first
transfected (23) into FLK-BLV cells, which were then placed
under G418 selection (Step 1 cells) in the presence of a-BLV
antiserum to prevent reinfection of cells producing the vector
virus. To prevent reinfection and spread of BLV shuttle vector
virus, cells were maintained in medium containing a-BLV
polyclonal antisera from BLV-infected cows (kindly supplied
by Ronald Schultz, University of Wisconsin—Madison, Madi-
son). All a-BLV antiserum used was tested for the ability to
neutralize vector virus produced from FLK-BLV cells and
FLK cells containing the BLV tax/rex expression plasmid,
pBLPX-RSPA. To eliminate mutations occurring during the
transfection process, virus harvested from these cells was used
to infect (19) virus-free FLK cells that were subsequently
placed under G418 selection in the presence of a-BLV anti-
serum (Step 2 cells). Virus harvested from Step 2 clones was
used to infect fresh FLK target cells, with infected cells being
selected for G418 resistance in medium containing a-BLV
antiserum (Step 3 cells). Step 3 cells were also obtained by
cocultivation of mitomycin-treated Step 2 cells with fresh FLK
target cells and selection for G418 resistance in the presence of
a-BLV antiserum. (To increase the number of infected target
cell clones obtained, we cocultivated mitomycin-treated, virus-
producing cells with FLK target cells. First, virus-producing
cells [typically, 2.5 X 10° cells] were treated with mitomycin
[10 pg/ml] for 2 h at 37°C. The cells were then washed three
times with fresh medium, and 2.5 X 10° FLK target cells were
added. Following cocultivation, medium containing a-BLV
antisera was added, and selective medium containing G418 was
added 2 days later.)

In the second method (Fig. 2B), the BLV shuttle vector was
introduced into FLK cells and was placed under G418 selec-
tion. Cell clones were then transiently transfected with the
BLYV helper plasmid, pBLPX-RSPA, and the cells were placed
in medium containing «-BLV antiserum (Step 1 cells). Virus
was harvested and used to infect fresh FLK cells. G418-
resistant cell clones were transiently transfected with the BLV
helper plasmid (Step 2 cells), and the cells were placed in
medium containing o-BLV antiserum. Virus was harvested
from Step 2 cells and was used to infect fresh FLK target cells,
or Step 2 cells were cocultivated with FLK target cells; cells
were then selected with G418 (Step 3 cells). Proviral DNA
from all Step 3 cells was purified and used to determine
mutations in the lacZa peptide gene mutational target se-
quence.

The titer of vector virus produced from Step 1 and Step 2
cells was low for both experimental protocols. Typically, virus
titers ranged from 5 to 40 CFU/ml. To increase the number of
infected Step 3 target cells, cocultivation of virus-producing
cells with target cells was performed. We found that coculti-
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FIG. 2. Experimental protocols for studying one round of BLV
shuttle vector virus replication. (A) Virus production using wild-type,
replication-competent BLV helper virus. In Step 1, FLK-BLV cells
were transfected with pBLV-SVNEO/ACYCLacZ and were placed
under G418 selection in the presence of a-BLV antiserum (to prevent
reinfection of vector virus). Virus was harvested from these cells and
was used to infect fresh (virus-free) FLK cells; these cells were placed
under G418 selection in the presence of a-BLV antiserum (Step 2
cells). Virus was harvested from Step 2 clones and was used to infect
fresh FLK cells, which were then placed under G418 selection in the
presence of a-BLV antiserum (Step 3 cells). Alternatively, Step 3 cells
were produced by cocultivation of mitomycin-treated Step 2 cells with
fresh FLK cells and G418 selection in medium containing a-BLV
antiserum. (B) Virus production using a BLV helper plasmid. pBLV-
SVNEO/ACYCLacZ was transfected into FLK cells, and G418-
resistant cells were selected. These cells were transiently transfected
with the BLV tax/rex expression plasmid, pBLPX-RSPA, and were
placed in medium containing «-BLV antiserum (Step 1 cells). Virus
was harvested and was used to infect fresh FLK cells. G418-resistant
cell clones were transiently transfected with pBLPX-RSPA, and cells
were placed in medium containing o-BLV antiserum (Step 2 cells).
Virus was harvested and used to infect fresh FLK cells (Step 3 cells).
Alternatively, Step 3 cells were made by cocultivation of mitomycin-
treated Step 2 cell clones with fresh FLK cells.
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TABLE 1. Mutation frequency in recovered proviruses

No. of mutants/

Step 2 Mutation type” total no. of Mutation
clone no.” (mutant isolate no.) bacterial ct;lonies frequency

1 D (1) 1/3,415 29 x 107*

2 S4) 1/480 21 %1073

3 S(5) 2/2,236 89 x 104
F(9)

4 DI (2) 2/1,050 1.9 x 1073
DI (3)

2c D (12, 13)" 2/3,181 6.3 x 1074
F (14)

4c¢ S (10) 2/3,616 55 x 107*
F (11)

Sc F (15) 1/4,031 25 x 1074

Total 11/18,009 6.1 x 10~*

“ Step 2 clones 1 through 3 were made with wild-type BLV helper virus; clones
4 and 5 were made with the BLV helper plasmid.

? D, deletion; DI, deletions with insertions; F, +1- or —1-bp frameshift; S,
base pair substitution.

“c, step 3 cells were made by cocultivation of FLK cells with mitomycin-
treated Step 2 cells.

< Proviral mutant isolates that contained identical sequences were recovered
from the same pool of Step 3 cells. These isolates were probably the result of
clonal expansion. Only one was used for calculations of mutation frequency and
rate. These clones are presented on the same line.

vation increased the number of G418-resistant colonies from
20- to 50-fold to produce 800 to 2,000 CFU/ml. We also found,
in control experiments done with each cocultivation experi-
ment, that the mitomycin-treated, virus-producing cells did not
proliferate and no longer adhered to the surfaces of culture
dishes. Therefore, G418-resistant cell colonies represented
infected FLK target cells (Step 3 cells).

The steps going from a parental shuttle vector provirus in
the Step 2 cells to a vector provirus in the Step 3 cells
constitute a single replication cycle of the shuttle vector virus.
These steps include transcription of the proviral RNA by the
cellular transcription machinery, packaging of the viral RNA
and release of viral particles, infection of target cells, reverse
transcription of viral RNA, and integration of newly synthe-
sized viral DNA to generate a vector provirus.

Five different Step 2 clones were used to generate Step 3
clones, by either infection or cocultivation (Table 1). In order
to determine whether the Step 2 clones used to generate the
Step 3 cell clones contained only a single shuttle vector proviral
DNA, we analyzed the Step 2 clone genomic DNAs by
Southern blot analysis. The Step 2 clones used contained only
a single BLV shuttle vector provirus (data not shown). Step 3
clones generated using the wild-type helper virus were found to
contain both the BLV helper and the shuttle vector (data not
shown); we found that the titer of vector virus was much lower
than that of the wild-type virus produced from either Step 1 or
Step 2 cells (data not shown).

Purified genomic DNA (36) from pools of Step 3 clones was
digested with Stul to release the neo, pACYC origin of
replication, and lacZa peptide gene sequences from the shuttle
vector proviral DNA (Fig. 1A). Proviral DNA was purified
with the lac repressor protein (Promega Corp., Madison, Wis.)
according to a protocol developed by Pathak and Temin (31).
Briefly, Stul-digested genomic DNA from FLK target cells was
incubated for 20 min at room temperature with the lac
repressor protein (8 pg of repressor protein per 400 pg of
genomic DNA). The lac repressor protein-DNA mixture was
filtered through nitrocellulose (Gelman) and rinsed with wash
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buffer, and the filter was placed (with the DNA side forming
the inside curvature) with forceps in a 1.5-ml Eppendorf tube.
The protein-bound DNA was then eluted from the filter, the
samples were extracted with phenol and chloroform, and the
proviral DNA was precipitated with ethanol. The proviral
DNA was ligated and was used to electroporate competent
Escherichia coli DHS5a cells. Kanamycin-resistant bacterial
colonies were selected in the presence of the 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal) color indica-
tor and the isopropyl-B-p-thiogalactopyranoside (IPTG) in-
ducer. The ratio of white plus light-blue bacterial colonies to
total bacterial colonies observed provided a forward mutation
rate for a single retroviral replication cycle.

A total of 18,009 bacterial colonies were recovered from
approximately 17,000 Step 3 cell clones obtained. Eleven of
these bacterial colonies had a light-blue or white colony color
phenotype. The overall mutation frequency was found to be 6.1
X 107% (Table 1), and the overall rate per base pair was
calculated to be 4.8 X 10~° mutation per bp per cycle (see
Table 3).

The nucleotide sequence of the lacZa gene from each of the
11 proviral mutants was determined by DNA sequencing. Plas-
mid DNA was purified (Qiagen, Chatsworth, Calif.) from white
and light-blue transformant colonies. The lacZa peptide gene
sequence of the plasmid was determined by using the Sequenase
kit and protocols (United States Biochemical, Cleveland, Ohio)
with the dGTP reactions. The M13 universal and reverse
primers (United States Biochemical) were used for most of the
sequencing reactions. The DNA Strider computer program was
used for sequence analysis (27), and the GCG Sequence Anal-
ysis package (12) was used for performing nucleic acid homol-
ogy searches of the GenBank and EMBL sequence data bases.

The types of mutations found included base pair substitu-
tions, frameshifts, deletions, and deletions with insertions (Fig.
3; Table 2). Three mutants were found to contain base pair
substitutions (Fig. 3; Table 2). Each mutant was generated
from a different Step 2 clone, one of which contained the BLV
helper plasmid (Table 1). Two of these mutants were G-to-A
transition base pair substitution errors (one creating an in-
frame stop codon), and the other was a C-to-T transition error
(creating a stop codon) (Table 2).

The four frameshift mutants recovered included two —1
frameshift mutants of A, one +1 frameshift mutant of C, and
one —1 frameshift mutant of T (Fig. 3; Table 2). These
mutants were generated from four different Step 2 clones, two
of which contained the BLV helper plasmid (Table 1).

Three mutants were found to have simple deletions (Table
2; Fig. 3). These mutants were generated from two different
Step 2 cells, with two of them generated from the same Step 2
clone containing the BLV helper plasmid (Table 1). These two
mutants were found to contain identical deletion mutations
and were recovered from different bacterial colonies contain-
ing proviral DNA from the same pool of Step 3 cells. There-
fore, clonal amplification probably occurred during expansion
of target cell pools; amplification also may have occurred
during propagation of cloned proviruses in E. coli prior to
plating on selective media. These two mutants were probably
created from a single mutational event rather than represent-
ing a mutational hotspot and are presented on the same line in
Tables 1 and 2 (mutant D2 in Table 2 and Fig. 3). The deletion
mutants were characterized by deletion of nucleotide sequence
including one small direct repeat. The size of the direct repeats
was 3 bp for both deletion mutants. The small direct repeats
for D1 and D2 were TCG and GCG, respectively.

Two mutants contained deletions with insertions (Table 2;
Fig. 3). These mutants were generated from the same Step 2
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FIG. 3. Plus strand nucleotide sequence of the lacZa gene region
in BLV-SVNEO/ACYCLacZ. The start for nucleotide numbering is
the beginning of the 5’ long terminal repeat. The start and stop codons
of the lacZo open reading frame (small boxed sequences) and the lac
operator sequence (large boxed sequence) are shown. Nucleotide
positions of base pair substitutions (letters above the sequence), +1
frameshifts (letters with ¥ above the sequence), —1 frameshifts (V
below the sequence), deletions (solid black lines below the sequence
and adjacent to the deletion names D1 and D2), and deletions with
insertions (dashed lines [DI 1] or dashed lines with dots [DI 2] below
the sequence and adjacent to the deletion with insertion names) are
indicated.

clone, which contained the BLV helper plasmid (Table 1). The
deletions were characterized by deletion of a portion of the
lacZa gene and the insertion of foreign nucleotide sequences
at the deletion junction (Fig. 3). Both mutants also contained
relatively large insertions (419 and 342 bp) (sequences not
shown). A search of the GenBank and EMBL data bases
revealed no sequences similar to the inserted sequences. Both
inserted sequences were found to contain open reading frames
(data not shown).

In this report, we have described an in vivo forward mutation
rate system that allows for the study of mutations after a single
cycle of replication for BLV, a member of the HTLV/BLV
genus of retroviruses. The overall rate of mutation per base
pair was 4.8 X 10~ ° mutation per bp per cycle.

The system described here for BLV is similar to the forward
mutation rate system developed for SNV a simpler retrovirus
(31, 32). One major difference is that helper or packaging cells
(engineered cell lines that express the viral proteins necessary
for virus production) were not available for use in production
of the BLV shuttle vector. Instead, a wild-type helper virus or
a helper plasmid (expressing the BLV fax and rex genes) was
used for vector virus production (Fig. 1B and C and 2).

In our study, we recovered 11 mutants from 18,009 bacterial
colonies (Table 1). In contrast, Pathak and Temin recovered 37
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TABLE 2. Base pair substitution, frameshift, and
deletion mutations

Mutation type and . No. of
desi - P Nucleotide change(s) recovered
esignation (mutant no.) mutants
Substitution 3
S1.(4) G to A (Glu to Lys)
S2 (5) C to T (Arg to stop)
S3 (10) G to A (Glu to stop)
Frameshift 4
F1 (9) AAAA to AAA
F2 (14) CCCCC to CCCCCC
F3 (11) AAA to AA
F4 (15) TTTT to TTT
Deletion 2
D1 (1) -7
D2 (12, 13) -8
Deletion with insertion 2
DI1(2) —54, +419
DI 2 (3) —78, +342

mutants from 16,867 bacterial colonies in the SNV system (31).
The frequencies of mutations per replication cycle for BLV and
SNV were analyzed by a chi-square distribution, and the differ-
ence was found to be significant (P < 0.05). This result indicates
that replication of BLV is less error prone than that of SNV.

The types of mutations observed for BLV in this study—
base pair substitutions, frameshifts, deletions, and deletions
with insertions—were also found with the SNV system. Of the
11 mutants that were recovered in this study, 3 had base pair
substitutions, 4 had frameshifts, 2 had deletions, and 2 had
deletions with insertions (Table 2). In the SNV study, there
were 11 mutants with base pair substitutions, 5 with frameshift
mutations, and 12 with deletion mutations; 7 mutants had
deletions with insertions (Table 3). The distribution of muta-
tions was similar for both viruses.

The overall rates per base pair of mutation for BLV and
SNV (i.e., 4.8 X 10 ®and 1.2 X 10" ° mutation per base pair
per cycle, respectively) show a reduction by a factor of about
two and one-half in mutations for BLV relative to SNV. The
similarity of type of mutations observed for each virus indicates

TABLE 3. Relative rate of mutation for bovine leukemia
virus and spleen necrosis virus

Number of recovered mutant shuttle

Mutation type vector proviruses

BLV SNV
Base-pair substitution 3 11
Frameshift 4 5
Deletion 2 12
Deletion with insertion 2 7
Overall mutation rate” 48 x 10 ° 1.2 x 10°°

“ The rates of mutation were calculated as the sums of the rates of base-pair
substitution, frameshift, and deletion mutations per 18,009 total shuttle vector
proviruses for BLV or per 16,867 total shuttle vector proviruses for SNV (31) per
113 target nucleotides for substitutions, per 150 target nucleotides for frame-
shifts, or per 280 target nucleotides for deletion mutations. Target nucleotides
for substitution, frameshift, and deletion mutations have been previously de-
scribed (3, 32). Rate of mutation values are calculated as mutation per base pair
per cycle.

J. VIROL.

that one property of reverse transcription is involved in the
generation of most mutations. Abnormal strand transfers have
been suggested to be the property responsible for these types
of mutations (39).

The locations in the lacZa gene region in which the base pair
substitution and frameshift mutations occurred in the BLV
forward mutation rate system and the SNV system (31-33)
were different. The deletion and deletion with insertion mu-
tants also involved different nucleotide sequences. The nucle-
otide sequence locations of the base pair substitution and
frameshift mutations were similar to previously described
mutational hotspots in the lacZa gene region (3).

The deletion and deletion with insertion mutants were similar
in structure to previously described mutants of SNV (32, 34).
The model proposed for deletion mutants suggests that during
DNA synthesis by reverse transcriptase, template misalignments
occur at the growing point on the nascent strand from one copy
of a small direct repeat (about 3 to 8 nucleotides) to a second
copy of the direct repeat in the template strand. Synthesis of the
nascent strand is then completed to generate a final product that
has a deletion of the sequence in between the two repeats and
a deletion of one of the two direct repeats. The model for
generation of deletion with insertion mutants suggests that
unpaired bases at the end of the growing nascent strand pair
with homologous nonviral RNA sequences and are extended for
some length before another template switch transfers the grow-
ing point back to the original viral molecule, again by pairing of
the unpaired bases at the end of the nascent strand with
homologous sequences in the viral template. The resulting
deletion with insertion mutant contains an inserted sequence at
the deletion junction. Since our deletion with insertion mutants,
DI 1 and DI 2, contained inserted sequences with open reading
frames, we presume that the templates for these sequences were
mRNAs. The inserted sequences in DI 1 and DI 2 were not
homologous to known sequences in the GenBank and EMBL
data bases (data not shown).

That reverse transcription of BLV is less error prone than
that of SNV may help explain the low genetic diversity of BLV
in vivo. Fewer rounds of replication, replication as a provirus,
and the host immune response may also exert selective pres-
sures that restrict genetic diversity. Information regarding the
molecular basis for genetic variation will be useful for under-
standing not only the replication, genetic diversity, and evolu-
tion of retroviruses but also genetic traits such as virulence,
drug resistance, and immune escape.

Nucleotide sequence accession number. The inserted se-
quences in mutants DI 1 and DI 2 were submitted to GenBank
and assigned accession numbers 119256 and L19257, respec-
tively.

We thank Debbie Bettner, Tim Jacoby, Ann Krueger, Sarah Lulloff,
Barbie Pietz, Jennifer Schoening, Brad Seufzer, and Rebecca
Wisniewski for superior technical assistance. We also thank Kathy
Boris-Lawrie, Dawn Burns, Jeff Jones, Wei-Shau Hu, Vinay Pathak,
Gary Pulsinelli, and Shiaolan Yang for helpful discussions and com-
ments on the manuscript and Norman Drinkwater, Nito Panganiban,
Ilse Riegel, and Bill Sugden for critical reading of the manuscript.

This work was supported by grants CA22443 and CA(07175 from the
Public Health Service. L.M.M. was supported by NRSA Viral Oncol-
ogy Training Grant CA09075-17 and by an NIAID Virology Postdoc-
toral Fellowship. H.M.T. is an American Cancer Society Research
Professor.

REFERENCES

1. Baltimore, D. 1970. RNA-dependent DNA polymerase in virions
of RNA tumor viruses. Nature (London) 226:1209-1211.
2. Bartolomé, B., Y. Jubete, E. Martinez, and F. de la Cruz. 1991.



VoL. 68, 1994

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.

24.

Construction and properties of a family of pACYC184-derived
cloning vectors compatible with pBR322 and its derivatives. Gene
102:75-78.

. Bebenek, K., and T. A. Kunkel. 1993. The fidelity of retroviral

reverse transcriptases, p. 85-102. In A. M. Skalka and S. P. Goff
(ed.), Reverse transcriptase. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

. Burns, D. P. W,, and R. Desrosiers. 1991. Selection of genetic

variants of simian immunodeficiency virus in persistently infected
rhesus monkeys. J. Virol. 65:1843-1854.

. Cann, A. J., and L. S. Y. Chen. 1990. Human T-cell leukemia virus

types I and II, p. 1501-1527. In Virology, 2nd ed. Raven Press,
New York.

. Cheng-Mayer, C., T. Shioda, and J. A. Levy. 1991. Host range,

replicative, and cytopathic properties of human immunodeficiency
virus type 1 are determined by very few amino acid changes in tat
and gp120. J. Virol. 65:6931-6941.

. Coffin, J. M. 1990. Retroviridae and their replication, p. 1437-

1500. In Virology, 2nd ed. Raven Press, New York.

. Coffin, J. M. 1992. Genetic diversity and evolution of retroviruses.

Curr. Top. Microbiol. Immunol. 176:143-164.

. Cullen, B. R. 1991. Human immunodeficiency virus as a prototypic

complex retrovirus. J. Virol. 65:1053-1056.

Cullen, B. R. 1992. Mechanism of action of regulatory proteins
encoded by complex retroviruses. Microbiol. Rev. 56:375-394.
Derse, D., and L. Martarano. 1990. Construction of a recombinant
bovine leukemia virus vector for analysis of virus infectivity. J.
Virol. 64:401-405.

Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive
set of sequence analysis programs for the VAX. Nucleic Acids
Res. 12:387-396.

Dougherty, J. P., and H. M. Temin. 1986. High mutation rate of a
spleen necrosis virus-based retrovirus vector. Mol. Cell. Biol.
6:4387-4395.

Dougherty, J. P., and H. M. Temin. 1988. Determination of the
rate of base-pair substitution and insertion mutations in retrovirus
replication. J. Virol. 62:2817-2822.

Dube, D. K., M. P. Sherman, N. K. Saksena, V. Bryz-Gornia, J.
Mendelson, J. Love, C. B. Arnold, T. Spicer, S. Dube, J. B. Glaser,
A. E. Williams, M. Nishimura, S. Jacobsen, J. F. Ferrer, N. del
Pino, S. Quiruelas, and B. J. Poiesz. 1993. Genetic heterogeneity
in human T-cell leukemia/lymphoma virus type IL. J. Virol
67:1175-1184.

Gessain, A., R. Yanagihara, G. Franchini, R. M. Garruto, C. L.
Jenkins, A. B. Ajdukiewicz, R. C. Gallo, and D. C. Gajdusek. 1991.
Highly divergent molecular variants of human T-lymphotropic
virus type I from isolated populations in Papua New Guinea and
the Solomon Islands. Proc. Natl. Acad. Sci. USA 88:7694-7698.
Holland, J. J., J. C. De La Torre, and D. A. Steinhauer. 1992. RNA
virus populations as quasispecies. Curr. Top. Microbiol. Immunol.
176:1-20.

Hu, W.-S,, V. K. Pathak, and H. M. Temin. 1993. Role of reverse
transcriptase in retroviral recombination, p. 251-274. In A. M.
Skalka and S. P. Goff (ed.), Reverse transcriptase. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y.

Hu, W.-S., and H. M. Temin. 1990. Genetic consequences of
packaging two RNA genomes in one retroviral particle: pseudo-
diploidy and high rate of genetic recombination. Proc. Natl. Acad.
Sci. USA 87:1556-1560.

Hu, W.-S., and H. M. Temin. 1990. Retroviral recombination and
reverse transcription. Science 250:1227-1233.

Ina, Y., and T. Gojobori. 1990. Molecular evolution of human
T-cell leukemia virus. J. Mol. Evol. 31:493-499.

Katz, R. A., and A. M. Skalka. 1990. Generation of diversity in
retroviruses. Annu. Rev. Genet. 24:409—445.

Kawai, S., and M. Nishizawa. 1984. New procedure for DNA
transfection with polycation and dimethyl sulfoxide. Mol. Cell.
Biol. 4:1171-1174.

Komurian, F., F. Pelloquin, and G. de Thé. 1991. In vivo genomic
variability of human T-cell leukemia virus type I depends more
upon geography than upon pathologies. J. Virol. 65:3770-3778.

. Levy, J. A. 1993. Pathogenesis of human immunodeficiency virus

infection. Microbiol. Rev. 57:183-289.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

NOTES 499

Mamoun, R. Z., M. Morisson, N. Rebeyrotte, B. Busetta, D. Couez,
R. Kettmann, M. Hospital, and B. Guillemain. 1990. Sequence
variability of bovine leukemia virus env gene and its relevance to
the structure and antigenicity of the glycoproteins. J. Virol.
64:4180-4188.

Marck, C. 1988. ‘DNA Strider’: a ‘C’ program for the fast analysis
of DNA and protein sequences on the Apple Macintosh family of
computers. Nucleic Acids Res. 16:1829-1836.

Muchopadhyaya, R., and M. R. Sadaie. 1993. Nucleotide sequence
analysis of HTLV-I isolated from cerebrospinal fluid of a patient
with TSP/HAM: comparison to other HTLV-I isolates. AIDS Res.
Hum. Retroviruses 9:109-114.

O’Rear, J. J., S. Mizutani, G. Hoffman, M. Fiandt, and H. M.
Temin. 1980. Infectious and noninfectious recombinant clones of
the provirus of SNV differ in cellular DNA and are apparently the
same in viral DNA. Cell 20:423-430.

O’Rear, J. J., and H. M. Temin. 1982. Spontaneous changes in
nucleotide sequence in proviruses of spleen necrosis virus, an
avian retrovirus. Proc. Natl. Acad. Sci. USA 79:1230-1234.
Pathak, V. K., and H. M. Temin. 1990. Broad spectrum of in vivo
forward mutations, hypermutations, and mutational hotspots in a
retroviral shuttle vector after a single replication cycle: substitu-
tions, frameshifts, and hypermutations. Proc. Natl. Acad. Sci. USA
87:6019-6023.

Pathak, V. K., and H. M. Temin. 1990. Broad spectrum of in vivo
forward mutations, hypermutation, and mutational hotspots in a
retroviral shuttle vector after a single replication cycle: deletions
and deletions with insertions. Proc. Natl. Acad. Sci. USA 87:6024—
6028.

Pathak, V. K., and H. M. Temin. 1992. 5-Azacytidine and RNA
secondary structure increase the retrovirus mutation rate. J. Virol.
66:3093-3100.

Pulsinelli, G. A., and H. M. Temin. 1991. Characterization of large
deletions occurring during a single round of retrovirus vector
replication: novel deletion mechanism involving errors in strand
transfer. J. Virol. 65:4786-4797.

Ratner, L., T. Philpott, and D. Trowbridge. 1991. Nucleotide
sequence analysis of isolates of human T-lymphotropic virus type
1 of diverse geographical origins. AIDS Res. Hum. Retroviruses
7:923-941.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, N.Y.

Temin, H. M. 1961. Mixed infection with two types of Rous
sarcoma virus. Virology 13:158-163.

Temin, H. M. 1968. Studies on carcinogenesis by avian sarcoma
viruses. VIII. Glycolysis and cell multiplication. Int. J. Cancer
3:273-282.

Temin, H. M. 1993. Retrovirus variation and reverse transcription:
abnormal strand transfers result in retrovirus genetic variation.
Proc. Natl. Acad. Sci. USA 90:6900-6903.

Temin, H. M., and D. Baltimore. 1972. RNA-directed DNA
synthesis and RNA tumor viruses. Adv. Virus Res. 17:129-186.
Temin, H. M., and S. Mitzutani. 1970. RNA-dependent DNA
polymerase in virions of Rous sarcoma virus. Nature (London)
226:1211-1213.

Van der Maaten, M., and J. Miller. 1976. Replication of bovine
leukemia virus in monolayer cell cultures. Bibl. Haematol. 43:360—
362.

Varela-Echavarria, A.,, N. Garvey, B. D. Preston, and J. P.
Dougherty. 1992. Comparison of moloney murine leukemia virus
mutation rate with the fidelity of its reverse transcriptase in vitro.
J. Biol. Chem. 267:24681-24688.

Weiss, R., N. Teich, H. Varmus, and J. Coffin. 1985. RNA tumor
viruses, p. 1-558. In Molecular biology of tumor viruses, 2nd ed.
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.
Willems, L., E. Thienpont, P. Kerkhofs, A. Burny, M. Mammer-
ickx, and R. Kettmann. 1993. Bovine leukemia virus, an animal
model for the study of intrastrain variability. J. Virol. 67:1086—
1089.

Zhang, J., and H. M. Temin. 1993. Rate and mechanism of
nonhomologous recombination during a single cycle of retroviral
replication. Science 259:234-238.



