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Retroviruses mutate at a high rate in vivo during viral replication. Mutations may occur during proviral
transcription by RNA polymerase II, during minus-strand DNA synthesis (RNA template) by viral reverse
transcriptase, or during plus-strand DNA synthesis (DNA template) by reverse transcriptase. To determine the
contributions of different stages of replication to the retroviral mutation rates, we developed a spleen necrosis
virus-based in vivo system to selectively identify mutations occurring during the early stage (RNA transcription
plus minus-strand synthesis) and the late stage (plus-strand synthesis plus DNA repair). A lacZa reporter gene
was inserted into the long terminal repeat (LTR) of a spleen necrosis virus shuttle vector, and proviruses were
recovered from infected cells as plasmids containing either one or both LTRs. Plasmids containing both LTRs
generated a mutant phenotype only if the lacZa genes in both LTRs were mutated, which is most likely to occur
during the early stage. Mutant phenotypes were identified from plasmids containing one LTR regardless of the
stage at which the mutations occurred. Thus, mutant frequencies obtained after recovery of plasmids contain-
ing both LTRs or one LTR provided early-stage and total mutation rates, respectively. Analysis of 56,409
proviruses suggested that the retroviral mutation rates during the early and late stages of replication were
equal or within twofold of each other. In addition, two mutants with A-to-G hypermutations were discovered,
suggesting a role for mammalian double-stranded RNA adenosine deaminase enzyme in retroviral mutations.
These experiments provide a system to selectively identify mutations in the early stage of retroviral replication
and to provide upper and lower limits to the in vivo mutation rates during minus-strand and plus-strand
synthesis, respectively.

Retrovirus populations exhibit high variation and evolution-
ary potential (5, 38). The rates of genetic variation in retroviral
populations depend upon the mutation and recombination
rates per replication cycle, the replication rate (replication
cycles/time), and the selective forces that act on the population
(5, 8, 16, 23, 24, 28, 29). Recent studies of human immunode-
ficiency virus type 1 (HIV-1) in vivo dynamics suggest that
approximately 104 to 105 mutations arise at each nucleotide
position every day in an HIV-1-infected patient (7, 14, 43).
High variation allows retroviruses to evade the immune re-
sponse (26), acquire drug resistance (37), and frustrate efforts
to develop effective vaccines (9). One model for HIV-1 patho-
genesis has suggested that antigenic diversity is a cause and not
a consequence of HIV-1-induced immunodeficiency (26).
One mechanism for generating mutations in retroviral ge-

nomes is likely to involve the virally encoded reverse transcrip-
tase (RT), which lacks exonucleolytic proofreading activity and
carries out error-prone polymerization. Two other poly-
merases could potentially contribute to the retroviral mutation
rate. First, the host cell DNA polymerases that replicate the
provirus through each cell division may introduce mutations in
the viral genomes, but the mutation rates of higher eukaryotes
is estimated to be at least 105- to 106-fold lower than retroviral
mutation rates, and their contributions to the retroviral muta-
tion rates are negligible (11). Second, the host cell RNA poly-
merase II that transcribes the provirus may generate retroviral
mutations (6). The error rate of RNA polymerase II has not

been measured, and its contributions to the retroviral mutation
rates remain unknown.
The in vivo forward mutation rate for a single replication

cycle was first determined for the spleen necrosis virus (SNV)
(28, 29). Subsequently, the in vivo forward mutation rates have
been measured for the bovine leukemia virus (23), HIV-1 (24),
and Moloney murine leukemia virus (27). In these studies, the
retroviral mutation rates for a single replication cycle have
ranged from 0.48 3 1025 to 3.4 3 1025/bp/replication cycle.
A single cycle of retroviral replication is defined as the steps

in going from a provirus in a helper cell to a provirus in a target
cell (8) (Fig. 1A). This replication cycle includes RNA tran-
scription by RNA polymerase II, RNA-dependent DNA syn-
thesis by RT, and DNA-dependent DNA synthesis by RT.
Mutations occurring during DNA-dependent DNA synthesis
result in DNA heteroduplexes, which may be acted upon by the
host cell DNA repair enzymes. It is unknown whether the viral
DNA is amenable to DNA repair before integration and cell
division.
It would be desirable to know the contributions of the var-

ious nucleic acid polymerization steps in retroviral replication
to the in vivo retroviral mutation rates. Several in vitro muta-
tion studies have compared mutation rates during RNA- and
DNA-dependent DNA synthesis (4, 17, 18). These studies sug-
gest a higher mutation rate during RNA-dependent DNA syn-
thesis (17), a higher mutation rate during DNA-dependent
DNA synthesis (4), or equal mutation rates during RNA- and
DNA-dependent DNA synthesis (18). An additional compli-
cating factor in interpretation of these studies is that recent
comparisons of in vitro and in vivo mutation rates for HIV-1
and murine leukemia virus RTs have indicated significant dif-
ferences, suggesting that some elements affecting fidelity in
vivo are absent in in vitro assays (24, 32, 34, 35, 40).
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In an effort to begin dissecting the retroviral mutation pro-
cess, we have designed a retroviral vector and a strategy to
distinguish in vivo retroviral mutations in the early and late
stages of retroviral replication. We have defined the early stage
to include transcription by RNA polymerase II and RNA-
dependent DNA synthesis by RT and the late stage to include
DNA-dependent DNA synthesis by RT and possible DNA
repair of mismatches in the viral DNA prior to integration and
cell division (Fig. 1A).
The strategy to distinguish in vivo mutations is based on the

fact that during retroviral replication, mutations that occur in
the long terminal repeat (LTR) regions result in proviruses
with different genotypes (Fig. 1B and C). A similar strategy was
previously used to determine whether a stem-loop structure
was deleted during minus-strand synthesis or plus-strand syn-
thesis (30). First, a mutation that occurs during transcription by
RNA polymerase II is present in the template RNA, and
reverse transcription of this template will result in proviruses
that have the same mutation in both DNA strands of the 59 and
the 39 LTRs (Fig. 1C, a1 and a2). Similarly, a mutation that
occurs during minus-strand synthesis will result in proviruses
that also have the same mutation in both DNA strands of the
59 and the 39 LTRs (Fig. 1B, stage a; Fig. 1C, a1 and a2).
Second, a mutation that occurs during the synthesis of plus-
strand strong-stop DNA will have the mutation on both strands
of the 59 LTR, and the 39 LTR will be wild type (Fig. 1B, stage
b; Fig. 1C, b1 and b2). Third, a mutation that occurs during the
copying of the plus-strand strong-stop DNA after strand trans-
fer will result in a mutation in one of the DNA strands of the

FIG. 1. (A) Retroviral mutations in different stages of retroviral replication.
Different steps in retroviral replication that may affect the retroviral mutation
rates are illustrated. Helper Cell, a virus-producing cell; Target Cell, a cell
infected by retrovirus. A single round of retroviral replication is defined as the
steps in going from a provirus in the helper cell to a provirus in the target cell.
The replication cycle includes one cycle of RNA transcription in the helper cell,
one cycle of minus-strand synthesis, and one cycle of plus-strand synthesis. Some
mutations occurring during plus-strand synthesis result in heteroduplex forma-
tion, which may theoretically be acted upon by target cell DNA repair machinery.
For the purposes of this experiment, the RNA transcription plus minus-strand
synthesis is defined as the early stage, and plus-strand synthesis plus DNA repair
is defined as the late stage. (B) Mutations during reverse transcription in the
LTR regions of the retroviral genome. Four different stages of reverse transcrip-
tion are shown. Stage a represents a mutation occurring in the early stage of
replication, and stages b, c, and d represent mutations occurring in late stages of
replication. a, a mutation occurs during minus-strand synthesis; b, a mutation
occurs during the synthesis of plus-strand strong-stop DNA; c, a mutation occurs

TABLE 1. Recovery of BK-2 proviruses after BamHI and
HindIII digestions

Helper
cell
clone
no.

Proviruses recovered
after BamHI digestion

Proviruses recovered
after HindIII digestion Mutant

frequency
ratio
(%)a

No. of
mutants/
total no.
recovered

Mutant
frequency
(1023)

No. of
mutants/
total no.
recovered

Mutant
frequency
(1023)

P1C2 28/8,844 3.17 20/10,488 1.91 60
P2C1 37/9,586 3.86 14/5,259 2.66 69
P7C3 38/12,218 3.11 25/10,014 2.50 80
Total 103/30,648 3.36 59/25,761 2.29 68

a A mutant frequency ratio was calculated by dividing the HindIII recovery
mutant frequency by the BamHI recovery mutant frequency, and multiplying by
100%. Statistical analysis was performed with SAS-JMP version 3. Analysis of
variance with the helper cell clone and digest as the independent variables and
mutation frequency as the dependent variable indicated that there was no sig-
nificant difference (P. 0.99) between the helper cell clones. Analysis of variance
revealed that the BamHI recovery mutation rate was higher than the HindIII
recovery mutation rate (P 5 0.0290).

during the copying of the plus-strand strong-stop DNA; d, a mutation occurs
during extension of the plus-strand strong-stop DNA after strand transfer. Dot-
ted lines, RNA being degraded by RNaseH; thin lines, minus-strand DNA; thick
lines, plus-strand DNA; boxes, LTR sequences; solid circles, mutations. (C) Viral
genotypes resulting from mutations occurring in the LTR region. Each set of
boxes connected by a line represents one DNA strand of a viral DNA. The
designations a1 through d2 refer to each of the eight DNA strands shown. The
set a1 and a2 refers to viral double-stranded DNA that resulted from the mu-
tational event shown in panel B stage a. The sets b1 and b2, c1 and c2, and d1 and
d2 also refer to double-stranded viral DNAs resulting from events depicted in
panel B. Thick lines, plus-strand DNA; thin lines, minus-strand DNA; solid
circles, mutations. The a1-a2 genotype resulted from mutations occurring during
the early stage of retroviral replication (A). The sets b1-b2, c1-c2, and d1-d2 are
genotypes that result from mutations occurring during the late stage of replica-
tion. The sets c1-c2 and d1-d2 form heteroduplexes.
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59 LTR, and the 39 LTR will be wild type (Fig. 1B, stage c; Fig.
1C, c1 and c2). Fourth, a mutation that occurs during extension
of plus-strand DNA after strand transfer will result in a muta-
tion in one DNA strand of the 39 LTR, and the 59 LTR will be
wild type (Fig. 1B, stage d; Fig. 1C, d1 and d2). Thus, muta-
tions that occur during the early stage are present in both
LTRs whereas mutations that occur during the late stage are
present in either the 59 LTR or the 39 LTR (Fig. 1C). It is
theoretically possible for two independent mutations to occur
during plus-strand synthesis. However, two independent mu-
tations in a single provirus are not expected to be detected in
this experiment, since the frequency of such an event is ex-
pected to be extremely low. The frequency of a single mutation
occurring in a provirus is 3.36 3 1023 (Table 1); therefore, the
frequency of two independent mutations occurring in a single
provirus is approximately 1 3 1025 (3.36 3 1023 multiplied by
3.36 3 1023).
The viral DNAs shown in Fig. 1C will integrate into the host

cell DNA to form proviruses. During cell division, each DNA
strand will be replicated and separated into a daughter cell.
Therefore, eight different proviral genotypes can be generated
from viral DNAs that contain mutations. Two of eight proviral
genotypes (Fig. 1C, a1 and a2) will contain mutations in both
the 59 and 39 LTRs and will be identified as mutations that
occurred during the early stage of replication. Assuming no
strand-specific DNA repair, three of eight proviral genotypes
will contain mutations in the 39 LTR (Fig. 1C, a1, a2, and d1).
In addition, five of eight proviral genotypes will contain muta-
tions in the 59 LTR (Fig. 1C, a1, a2, b1, b2, and c2). Mutations
that occur during two stages of plus-strand synthesis (Fig. 1B,
stages c and d) result in the formation of heteroduplexes that
may be amenable to DNA repair by host cell enzymes. It is not
clear, however, whether the heteroduplexes are corrected by
DNA repair and, if they are repaired, whether the correction
exhibits strand specificity. Assuming no DNA repair or repair
without strand specificity, 50% of the mutated strands will be
corrected to wild type and 50% of the wild-type strands will be
corrected to the mutants. As a result, the frequency of mutant
proviruses present after cell division will not be affected by the
efficiency of DNA repair. (The potential impact of hypothetical
strand-specific DNA repair on the retroviral mutation rates
will be discussed more fully below.)
We designed a retroviral shuttle vector that contained a

lacZamutation reporter gene in the U3 portion of the 39 LTR.
After one cycle of retroviral replication, we recovered provi-
ruses containing only the 39 lacZa gene or both lacZa genes.
Proviral plasmids were screened in Escherichia coli for inacti-
vation of the lacZa genes by using a-complementation and
white or light-blue colony phenotypes (28). Mutations in re-
covered proviral plasmids containing both LTRs are identified
only if both lacZa genes are inactivated, which is most likely to
occur during the early stage of replication. Mutations in pro-
viral plasmids containing only the 39 lacZa gene were identi-
fied regardless of the stage of replication in which the mutation
occurred.
Using this vector and strategy, we analyzed 56,409 proviruses

for mutations in a lacZa gene after a single replication cycle.
The results suggest that mutations occur at nearly equal rates
during the early and late stages of retroviral replication.

MATERIALS AND METHODS

Plasmid construction. SNV-based retroviral vector plasmid BK-2 was derived
from the previously described retroviral vector VP254 (30). Standard molecular
cloning procedures were used (36). Briefly, the stem-loop structure consisting of
four copies of an 8-bp AatII linker (59-GGACGTCC-39) was removed and
replaced with a single copy of the AatII linker to generate VP258. VP258

contains a 1.33-kb HindIII fragment encoding the neomycin resistance gene
(neo) from Tn5 (19). VP258 was digested with HindIII and treated with Klenow
enzyme to generate blunt ends, and the blunt-ended neo fragment was reinserted
into the vector to generate BK-1. BK-1 was identical to VP258, except that the
HindIII restriction sites flanking the neo fragment were destroyed. Next, BK-1
was digested with XbaI, which cuts between the encapsidation sequence and neo,
and was treated with Klenow enzyme to generate blunt ends. A 1-kb fragment
encoding the hygromycin phosphotransferase B gene (12) was obtained from the
vector pTZHy (kindly provided by W.-S. Hu) and ligated to the XbaI-digested
BK-1 to generate BK-2. A detailed description of all cloning steps is available
upon request.
Cells, transfections, and infections. D17 cells and C3A2 cells (obtained from

the American Type Culture Collection) were maintained in Dulbecco’s modified
Eagle’s medium (ICN) supplemented with 6% bovine calf serum (Hyclone Lab-
oratory), penicillin (50 U/ml; Gibco), and streptomycin (50 mg/ml; Gibco). D17
is a canine osteosarcoma cell line that can be infected with SNV. C3A2 is a
D17-derived reticuloendotheliosis virus-based helper line that can be used to
package SNV (42). The selective agents hygromycin B (Calbiochem) and
ouabain (Sigma) were present at final concentrations of 120 mg/ml (0.23 mM)
and 73 mg/ml (1027 M), respectively.
Cells were transfected by the previously described dimethyl sulfoxide-Poly-

brene method (20). D17 cells were infected by plating 2 3 105 cells on 60-mm-
diameter dishes or 1 3 106 cells on 100-mm-diameter dishes. At 24 h later, cells
were infected with either 0.2 ml of virus (60-mm-diameter dishes) or 1 ml of virus
(100-mm-diameter dishes) by using Polybrene (50 mg/ml [final concentration]) as
previously described (16). Transfected or infected cells were subjected to hygro-
mycin selection 24 h later or ouabain selection 48 h later.
Recovery, restriction mapping, and DNA sequence analysis of proviruses.

Proviruses derived from infection of D17 cells with BK-2 were recovered by the
previously described Lac repressor protein-mediated recovery method (28).
Briefly, 500 mg of genomic DNA from the infected D17 cells was digested with
either BamHI or HindIII. The digestion reaction mixtures were adjusted to 150
mM NaCl, 10 mM EDTA, 50 mg of bovine serum albumin per ml, and 10%
(vol/vol) glycerol at a final volume of 600 ml. Digested DNA was incubated with
1 mg of Lac repressor fusion protein (Promega) at room temperature for 20 min.
The reaction mixture was filtered through nitrocellulose (Gelman), which was
pretreated with 1.5 ml of wash buffer (150 mM NaCl, 10 mM EDTA). The
nitrocellulose was washed again with 1.5 ml of wash buffer after the filtration and
then eluted with 1.0 ml of elution buffer (10 mM Tris-HCl [pH 7.5], 10 mM
EDTA, 10 mM isopropyl-b-D-thiogalactoside [IPTG]) at 378C for 1 h. The
nitrocellulose filter was removed, and the remaining elution buffer was extracted
with an equal volume of phenol-chloroform. The sample was ethanol precipi-
tated, centrifuged, and lyophilized. The dried sample was resuspended in ligation
buffer (20 U/400 ml [Boehringer Mannheim Biochemicals] and ligated at 168C for
16 h. The ligated sample was treated with 10 U of DpnI at 378C for 2 h, extracted
with phenol-chloroform, ethanol precipitated, and lyophilized. The DNA was
resuspended in 4.0 ml of H2O and used to transform E. coli DH10B competent
bacterial cells (Bethesda Research Laboratories/Life Sciences). The transformed
bacterial cells were allowed to recover for 1 h in a 378C shaking bath and then
plated onto Luria-Bertani plates containing 400 mg of IPTG per liter, 50 mg of
kanamycin per liter, and 1 ml of 2% 5-bromo-4-chloro-3-indolyl-b-D-galactopy-
ranoside (X-Gal) per liter.
Transformed DH10B bacterial cells were screened for light-blue or white

mutant colony phenotypes. Recovered mutant proviruses were analyzed by re-
striction digestion and gel electrophoresis and further analyzed by DNA se-
quencing. All plasmid DNA sequencing was performed by using the Sequenase
kit and protocols (United States Biochemical).

RESULTS

Strategy for identifying mutations during early and late
stages of replication. To identify mutations that occur in the
early and late stages of retroviral replication, we constructed
an SNV-based retroviral vector, BK-2 (Fig. 2A). BK-2 contains
all of the SNV cis-acting sequences needed for viral replica-
tion. In addition, it contains a hygromycin phosphotransferase
B gene that is expressed from the 59 LTR promoter, a neomy-
cin phosphotransferase gene that is expressed only in prokary-
otic cells from a prokaryotic promoter in the vector, a pBR322
origin of replication for propagation of proviral plasmids in E.
coli, and a lacZa gene inserted in the U3 region of the 39 LTR.
During reverse transcription, the lacZa gene in the 39 LTR is
duplicated and is present in both LTRs of the resulting provi-
rus. The lacZa gene is driven by the prokaryotic promoter and
is expressed only in E. coli.
The protocol used to generate pools of BK-2-infected cells

and to recover proviral plasmids is outlined in Fig. 2B. The
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BK-2 DNA was transfected into the C3A2 helper cell line, and
pools of hygromycin-resistant helper cells were selected; virus
was harvested and used to infect fresh C3A2 cells. Again,
hygromycin-resistant cells were selected and individual cell
clones were isolated and expanded. Thus, the BK-2 retroviral
vector was introduced into the C3A2 cells by infection to avoid
any mutations that could occur during transfection. Virus was
harvested from the expanded C3A2 helper cell clones and used
to generate pools of infected D17 target cells.
Genomic DNA was isolated from infected D17 cells and

digested with BamHI or HindIII (Fig. 2). The proviral DNA
was purified by using the Lac repressor protein and its high
affinity to the lac operator sequences (present in the BK-2
vector) as previously described (28, 29). The purified proviral
DNA was ligated and transformed into E. coli by electropora-
tion. The resulting transformants were plated on kanamycin
plates in the presence of X-Gal, a color indicator substrate for
the bacterial b-galactosidase gene. Mutations in the lacZa
gene were identified by the white or light-blue colony pheno-
type. A ratio of the mutant colonies to the total colonies
recovered provided an in vivo forward mutation rate.
The strategy for distinguishing mutations in different stages

of retroviral replication is based on the fact that mutations in
the LTR regions during early and late stages of retroviral
replication result in integrated proviruses with different geno-
types (Fig. 1B and C). As shown in Fig. 2A, BamHI digestion
of genomic DNA results in recovery of proviral plasmids con-
taining only one lacZa gene present in the 39 LTR of the
integrated provirus. Mutations in this lacZa gene result in a
mutant colony phenotype without regard to the stage of ret-
roviral replication at which the mutation occurred. In contrast,
digestion of genomic DNA with HindIII, which does not cut in
BK-2, results in recovery of proviral plasmids containing two
lacZa genes present in both LTRs of the integrated provirus.
HindIII-recovered proviral plasmids must have a mutation in
both copies of the lacZa genes to provide a mutant colony
phenotype, which is most likely if the mutation occurred in the
early stage of retroviral replication (Fig. 1B and C). A muta-
tion in only one lacZa gene provides a wild-type colony phe-
notype, since the bacterial cells contain one functional copy of
the lacZa gene. Any mutations occurring in the late stage of
retroviral replication, which mutate only one copy of the lacZa
gene, are not identified inHindIII-recovered proviral plasmids.
Therefore, HindIII-recovered proviruses provide a mutation
rate for only the early stage of replication whereas BamHI-
recovered proviruses provide the total mutation rate. Subtrac-
tion of the HindIII recovery mutation rate from the BamHI
recovery mutation rate provides an estimation of the mutation
rate for the late stage of replication.
In vivo mutation rates for early and late stages of replica-

tion. BK2 vector virus was harvested from three C3A2 cell
clones, and proviruses from pools of infected D17 cells were
recovered and analyzed for mutations in the lacZa reporter
gene (Table 1). Each pool of colonies contained at least 5 3
106 independent colonies. No replication-competent viruses
were found in cell supernatants from the pools of infected cells
(data not shown). Proviruses were recovered from each pool of
D17 target cells after BamHI or HindIII digestions of the
genomic DNAs and colony phenotype of the bacterial colonies
was determined in the presence of X-Gal. A total of 30,648
proviruses were recovered after BamHI digestion. Of these,
103 colonies had a white or light-blue mutant-colony pheno-
type, indicating a mutant frequency of 3.36 3 1023 (1 in 298).
In addition, a total of 25,761 colonies were recovered after
HindIII digestion. Of these, 59 colonies had a mutant-colony
phenotype, providing a lower mutant frequency of 2.29 3 1023

(1 in 437). A comparison of the mutant frequencies after
BamHI and HindIII digestions revealed that the mutant fre-
quency after HindIII digestions was approximately 68% of the
mutant frequency after BamHI digestion. This result indicated
that approximately 68% of the retroviral mutations occur in
the early stage and 32% of the mutations occur in the late stage
of replication. No significant differences were noted in the
pools generated from each of the three C3A2 virus-producing
clones (P .0.99; factorial analysis of variance). The BamHI
recovery mutant frequencies ranged from 3.11 3 1023 (1 in

FIG. 2. (A) Structures of the SNV-based retroviral vector BK-2 and of the
provirus derived from BK-2 and experimental strategy. BK-2 is designed to
distinguish retroviral mutations occurring during early and late stages of retro-
viral replication. hygro, hygromycin phosphotransferase gene; neo, bacterial ami-
noglycoside 39-phosphotransferase gene; black square and solid black arrow,
bacterial promoter that expresses neo in E. coli and direction of transcription; ori,
pBR322 bacterial origin of replication; lac, bacterial lacZa peptide-encoding
gene; thick zigzag lines, host chromosomal DNA adjacent to the integrated
provirus; Hind, HindIII restriction sites; Bam, BamHI restriction sites; Bgl, BglI
restriction sites. The BK-2 viral genome has a lacZa gene inserted at the 59 end
of the U3 region of the 39 LTR. After a single round of replication, the BK-2
provirus contains a lacZa in both 59 and 39 LTRs. (B) Outline of the experi-
mental approach for determination of retroviral mutation rates during early and
late stages of retroviral replication. The experimental approach taken to gener-
ate pools of target cells infected with BK-2 viruses is also described in Results.
Genomic DNA of infected D17 target cells was purified and digested with
BamHI or HindIII. Proviral plasmids were recovered with Lac repressor protein
(see Materials and Methods). The forward mutation rate was calculated by
dividing the number of white plus light-blue colonies by the total number of
recovered colonies. Proviral plasmids recovered after BamHI digestion contain
one lac gene from the 39 LTR, whereas proviral plasmids recovered afterHindIII
digestion contain two lac genes (A). Mutant colonies are identified in the BamHI
pool regardless of the stage of retroviral replication at which the mutations
occurred; mutant colonies are identified in the HindIII pool only if the mutations
occurred during the early stage of retroviral replication (see Fig. 1 and Results).
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322) to 3.86 3 1023 (1 in 259). The HindIII recovery mutant
frequencies ranged from 2.66 3 1023 (1 in 376) to 1.91 3 1023

(1 in 524). The ratios of HindIII to BamHI mutant frequencies
ranged from 60 to 80%. Statistical analysis of these results
indicated a high level of significance (P 5 0.029).

HindIII-recovered proviruses have two mutant lacZa genes.
We experimentally verified the expectation that HindIII-recov-
ered proviral plasmids contain two lacZa genes and that both
lacZa genes must have the same mutation for generating a
mutant colony phenotype (Fig. 3). Five HindIII-recovered mu-
tant plasmids from three independent pools of infected cells
were digested with either BamHI or BglI. BamHI digestion
released a fragment containing neo, pBRori, and the 39 lacZa
gene and LTR, whereas BglI digestion released a fragment
containing the 59 lacZa gene and LTR, hygro, neo, and pBRori.
The digested DNAs were ligated to form circular kanamycin-
resistant plasmids containing either the 59 lacZa gene or the 39
lacZa gene. The ligated DNAs were transformed into an ap-

propriate E. coli strain and plated on kanamycin plates con-
taining X-Gal and IPTG. The phenotypes of colonies obtained
after BamHI and BglI digestions of HindIII-recovered proviral
mutants were compared. All of the colonies obtained after
BamHI and BglI digestions had mutant colony phenotypes.
This indicated that both the 59 and 39 copies of the lacZa genes
in HindIII-recovered mutants contained mutations that af-
fected b-galactosidase activity. DNA sequencing of the 59 and
39 lacZa genes verified that they contained the same mutations
(Fig. 3).
Characterization of mutant proviruses recovered after

BamHI and HindIII digestion. The results obtained from DNA
sequencing analysis of the mutant proviruses are summarized
in Table 2. A total of 37 of 103 mutant clones of proviruses re-
covered after BamHI digestion and 35 of 59 mutant proviruses
recovered after HindIII digestion were characterized by DNA
sequencing. The total mutation rate after BamHI digestion was
2.23 1025/bp/cycle. The overall early stage mutation rate after
HindIII digestion was 1.53 1025/bp/cycle. At least 27 different
mutations were recovered after BamHI digestion, and 30 dif-
ferent mutations were recovered after HindIII digestion. The
spectrum of mutations and the frequencies of specific types of
mutations after BamHI and HindIII recoveries were compared.
All of the previously described classes of mutations found in
SNV were also identified in BamHI- and HindIII-recovered
proviruses (28, 29). These classes of mutations included sub-
stitutions, frameshifts, simple deletions, deletions with inser-
tions, and duplications. In addition, two proviruses with uncom-
mon A-to-G hypermutations and two duplication mutations
were identified.
HindIII-recovered proviral plasmids had frameshift muta-

tions, substitutions, simple deletions, deletions with insertions,
and duplications, indicating that these classes of mutations can
occur in the early stage of replication. The BamHI recovery
substitution rate (17.7 3 1026 substitution/bp/cycle) was 53%
higher than theHindIII recovery substitution rate (11.63 1026

substitution/bp/cycle). The higher BamHI recovery substitu-
tion mutation rate indicated that substitution mutations also
occur in the late stage of replication. Similarly, the BamHI
recovery frameshift mutation rate (2.6 3 1026 frameshift/bp/
cycle) was 24% higher than the HindIII recovery frameshift
mutation rate (2.1 3 1026 frameshift/bp/cycle), suggesting that

FIG. 3. Analysis of mutations present in both lacZa genes of HindIII-recov-
ered proviruses. The structure of a HindIII-recovered provirus is shown. All
abbreviations are defined in the legend to Fig. 2. HindIII-recovered proviruses
were digested with either BglI or BamHI. The digested DNAs were self-ligated
to form plasmids labelled Bgl subclone or Bam subclone (black boxes). The Bgl
subclone contains the 59 lacZa gene, 59 LTR, hygro, neo, and pBR origin of
replication. The Bam subclone contains neo, pBR origin of replication, 39 lacZa
gene, and 39 LTR. DNA sequencing of the subclones derived from one HindIII-
recovered provirus is shown. Both the 59 and 39 lacZa genes contained the same
G-to-A substitution.

TABLE 2. Mutation rates for different classes of mutations after BamHI and HindIII digestions

Mutation class

BamHI digestion HindIII digestion

No. of different mutations/
total no. of mutationsa

Mutation rate
(1026)b

No. of different mutations/
total no. of mutations

Mutation rate
(1026)

Substitutions 14/22 17.7 16/20 11.6
Frameshifts 7/8 2.6 8/9 2.1
Simple deletions 2/2 0.6 3/3 0.7
Deletions with insertions 1/2 0.6 2/2 0.5
Duplications 1/1 0.3 1/1 0.2
Hypermutations 2/2 0.6c 0 0
Total 27/37 22.4 30/35 15.1

a The first number indicates the number of different mutants identified. The second number indicates the number of mutants sequenced containing each mutation
type.
b The mutation rates represents the number of mutations per base pair per replication cycle. Mutation rates were calculated as follows:

no. of mutants identified
total no. of mutants sequenced

3
total no. of mutants
total no. of colonies

4 T (target nucleotides)

The total number of mutants and total number of colonies recovered are listed in Table 1. For substitutions, T 5 113 target nucleotides of the lacZa gene (2). For
example, the BamHI recovery substitution mutation rate equals 22/37 3 103/30,648 4 113 5 17.7 3 1026 substitutions per bp per replication cycle. For frameshifts,
simple deletions, deletions with insertions, duplications and hypermutants, T 5 280 target nucleotides (lacZa gene plus promoter region).
c The mutation rate within the hypermutated regions was approximately 1.0 3 1021/bp (21 substitutions/180 target nucleotides for P1C2B:73, and 8 substitutions/76

nucleotides for P7C3B:8).
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frameshift mutations also occur in the late stage of replication.
Simple deletions, deletions with insertions, and duplications
occurred at similar rates in the BamHI- and HindIII-recovered
proviruses.
Analysis of substitutions and frameshift mutations. The

locations of substitutions and frameshift mutations are shown
with the lacZa sequence (Fig. 4). The BamHI-recovered muta-
tions are shown above the sequence, and the HindIII-recov-
ered mutations are shown below the sequence. At least 14
different substitution mutations were identified from the
BamHI-recovered pools and 16 substitutions were identified
from the HindIII-recovered pools. Approximately 80% of the
substitutions were transitions, and G-to-A and C-to-T substi-
tutions predominated (62%). The ratios of transitions to trans-
versions and the mutational specificities were similar in BamHI
recovery and HindIII recovery pools. We analyzed whether the
substitutions observed here could have occurred by the dislo-
cation mutagenesis model by analyzing the next nucleotide
effect. In this model, a transient misalignment of the template
strand and the nascent strand occurs, so that the nucleotide
adjacent to the substitution site is copied. Only 6 of 30 substi-
tutions could be explained by the dislocation mutagenesis
model, indicating that most if not all of the in vivo substitution
mutations occurred by misincorporation.
Fifteen frameshift mutations were also identified in BamHI-

recovered and HindIII-recovered proviruses. No differences
were noted in the types of frameshifts or their locations with
respect to the enzyme used for proviral recovery. Of 15 frame-
shifts, 11 were 11 frameshifts and the other 4 were 21 frame-
shifts. In addition, 11 of 15 frameshifts occurred in runs of
identical nucleotides whereas the other 4 did not occur in runs
of identical nucleotides.
A-to-G hypermutation. Two BamHI-recovered mutants ex-

hibited multiple A-to-G substitutions, constituting A-to-G hy-
permutation (Fig. 4). The A-to-G substitutions were located
primarily within the lacZa reading frame. The hypermutant
P2C1H:73 had a region of 180 bp hypermutated, and 21 of 39
(54%) adenines in the lacZa reading frame were mutated to
guanines. Similarly, the hypermutant P7C3H:8 had a region of
76 bp hypermutated, and 8 of 20 (40%) adenines were mutated

to guanines. DNA sequencing of more than 90% of the hyper-
mutant plasmid P2C1H:73 revealed only one additional A-
to-G substitution located 7 nucleotides 59 of the lacZa gene
(data not shown). Additional DNA sequencing of the P7C3H:8
hypermutant plasmid was also performed, and no additional
A-to-G substitutions were found 400 bp upstream or down-
stream of the lacZa gene (data not shown).
Deletions, deletions with insertions, and duplications. Five

independent simple deletions with characteristic short direct
repeats at the deletion junctions were identified (Fig. 5A). The
sizes of the direct repeats ranged from 2 to 8 nucleotides, and
the sizes of the deletions ranged from 18 to 275 nucleotides.
No differences were noted with respect to the size of the direct
repeat or the length of deletion between BamHI- and HindIII-
recovered mutants. Similarly, three independent deletions with
insertions containing characteristic short insertions at the site
of deletions were identified (Fig. 5B). No differences were
noted with respect to the size of deletion or insertion between
BamHI- and HindIII-recovered mutants. Two short duplica-
tions of 10 and 11 nucleotides were also identified (Fig. 5C).
Both involved a short 3-nucleotide direct repeat and transient
misalignments of the template and nascent strand.

DISCUSSION

Retroviral mutation rates in early and late stages of repli-
cation. The experiments reported here are the first in vivo
studies to determine retroviral mutation rates in different
stages of the viral replication. Our analysis of the retroviral
mutations in the lacZa reporter gene indicates that 68% of the
mutations occur during the early stage and 32% of the muta-
tions occur during the late stage of replication. These results
suggest that the mutation rate during the early stage of repli-
cation is either equal to or twofold higher than the mutation
rate during the late stage.
These slightly different interpretations are based on assump-

tions made about the role of DNA repair in modulating ret-
roviral mutations. If it is assumed that DNA repair of viral
DNA does not occur before cell division or if the DNA repair
occurs without strand specificity, then the early- and late-stage

FIG. 4. Plus-strand nucleotide sequence of the lacZa gene and location of mutations identified by DNA sequencing. Nucleotide numbers above each line refer to
number beginning at the start of the 59 LTR. Mutations identified in BamHI-recovered proviruses are shown above the sequence; mutations identified in
HindIII-recovered proviruses are shown below the sequence. All mutations shown are single-base substitutions, insertions or deletions, with the exception of a double
substitution shown in parentheses. Mutations preceded by a plus or minus sign indicate 11 and 21 frameshifts, respectively. In cases when the frameshift occurred in
runs of identical nucleotides, the run is identified by a line above or below the sequence. Two separate A-to-G hypermutant proviruses were identified. The A-to-G
substitutions in the two separate hypermutants are shown as lowercase g: A-to-G substitutions in the P7C3B:8 hypermutant are shown in boldface type, and A-to-G
substitutions in the P1C2B:73 hypermutant are shown in regular type.
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mutation rates are equal. Little is known about whether DNA
repair of viral DNA occurs. On the basis of identification of
two genotypically different proviruses at the same chromo-
somal locations, it was concluded that correction of mis-
matches in murine leukemia virus is not 100% (3). As shown in
Fig. 1C, two of the eight proviral genotypes generated during
replication will have mutations in both lacZa genes (Fig. 1C,
a1 and a2) whereas three of the eight proviral genotypes will
have a mutation in the 39 lacZa gene (Fig. 1C, a1, a2, and d1).
Therefore, if the mutation rates during the early and late
stages are equal, we would expect the HindIII recovery mutant
frequency to be 66.6% (2 of 3) of the BamHI recovery mutant
frequency. The observed result of 68% is in close agreement
with this expectation.
If it is assumed that DNA repair occurs efficiently in a

strand-specific manner, the results can be interpreted in two
ways, depending on the strand that is presumed to be specifi-
cally repaired. First, if it is assumed that the minus strand of
the 39 LTR is specifically corrected to the plus strand, the
early-stage mutation rate would be twofold higher than the
late-stage mutation rate. Pulsinelli and Temin hypothesized

that single-strand gaps formed at the sites of proviral integra-
tion may be utilized for strand-specific DNA repair, with the
gapped DNA strand being the strand that is repaired (33). This
strand-specific DNA repair system is limited to about 1 kb
from the gap in the DNA (15, 39). If this system affects the viral
DNA, it would be expected to correct the minus-strand DNA
of the heteroduplex to the mutant strand in the 39 LTR (Fig.
1C, d1 and d2). Therefore, assuming that this strand-specific
repair is operating, four viral genotypes would have mutations
in the 39 LTR (Fig. 1C, a1, a2, d1, and d2), and two genotypes
would have mutations in both LTRs (Fig. 1C, a1 and a2). If the
mutation rates during the early and late stages were equal, we
would expect the HindIII recovery mutation rate to be 50% (2
of 4) of the BamHI recovery mutation rate. If this strand-
specific repair occurs efficiently, the observed results would
suggest that the early-stage mutation rate is approximately
twofold higher than the late-stage mutation rate (68% of the
total rate for early stage divided by 32% of the total rate for the
late stage). Second, it is possible that the plus strand of the 39
LTR is specifically corrected to the minus strand. If this were
the case, the mutation rate during the late stage would be more
than 32% of the total mutation rate. It can be concluded that
32% of the mutations occurred during the late stage and “sur-
vived” (not corrected to the wild type) the DNA repair system.
The same assumptions for DNA repair can be applied to

estimate the mutation rate during plus-strand synthesis. If no
DNA repair occurs or if DNA repair occurs without strand
specificity, the mutation rate during plus-strand synthesis is
equal to the late-stage mutation rate (32% of the total muta-
tion rate). If strand-specific DNA repair of the minus strand
occurs, the plus-strand synthesis mutation rate would be half of
the late-stage mutation rate (16% of the total mutation rate).
If strand-specific DNA repair of the plus strand occurs, the
plus-strand mutation rate is any number greater than 32% of
the total mutation rate.
The early stage includes mutations occurring during RNA

transcription by RNA polymerase II and minus-strand synthe-
sis catalyzed by RT. These experiments do not determine the
relative contributions of RNA transcription and minus-strand
synthesis to the retroviral mutation rate. RT is believed to be
less processive than RNA polymerase II, which suggests that
the minus-strand synthesis mutation rate is at least equal to the
RNA polymerase II mutation rate (27). If so, the minus-strand
synthesis mutation rate would be 34 to 68% of the total mu-
tation rate.
Mutational spectra in different stages of retroviral replica-

tion. Analysis of the types of mutations and their frequencies
suggests that substitutions, frameshifts, and deletions occur in
both the early and late stages of viral replication. The rate of
substitutions in HindIII recovery pools is approximately 68%
of the rate in BamHI recovery pools, suggesting that these
mutations occur at essentially equivalent rates during minus-
strand and plus-strand synthesis.
Few template-switching mutations involving simple dele-

tions, deletions with insertions, and duplications were identi-
fied in this study. The rate of template-switching mutations in
this study was approximately threefold lower than in our pre-
vious studies with the same lacZa reporter gene. Because we
identified very few template-switching mutations, their relative
rates during early and late stages of replication could not be
accurately determined. Previously, a deletion with insertion
mutation that deleted the viral polypurine tract was character-
ized, indicating that the mutation occurred during plus-strand
synthesis (29). The lower rate of template-switching mutants
may reflect the different location of the lacZa genes. In the
BK-2 vector, lacZa is located in the LTR, whereas in the

FIG. 5. Sequence analysis of deletions, deletions with insertions, and dupli-
cations. Clone numbers are shown above the sequence in boldface type. (A)
Simple deletions. Short direct repeats at the deletion junctions are shown in
boxes. The number of nucleotides deleted is indicated between the deletion
junctions preceded by a minus sign. (B) Deletions with insertions. The number
of nucleotides deleted is indicated between deletion junctions preceded by a
minus sign. Inserted nucleotides are underlined, with the length of insertion
shown below their sequence. (C) Duplications. Nucleotides within the boxes
again represent direct repeats. The arrows indicate the duplicated nucleotides.
The exact number of duplicated sequences is shown below the bold arrow.
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previous VP212 vector, it is located between the LTRs. In
VP212, the lacZa coding region was adjacent to a 1-kb region
of the F1 origin of replication, which was not essential for viral
replication or proviral DNA isolation. Consequently, deletion
mutations extending into the F1 region could be isolated. In
the BK-2 vector, the lacZa coding region is flanked by the
polypurine tract and the lac operator sequence. Thus, deletions
that extend beyond the coding region are not expected to
complete reverse transcription and survive the selection pro-
cess. The different location of the lacZa reporter gene could
explain the lower rate of template-switching mutations in the
present study.
A-to-G hypermutation. Two BamHI-recovered clones had

undergone A-to-G hypermutation of their lacZa coding re-
gions. G-to-A hypermutation was discovered in an SNV retro-
viral vector, and DNA synthesis by an error-prone RT was
hypothesized to result in hypermutation (28). G-to-A hyper-
mutation has since been found in HIV-1 genomes, indicating
that hypermutation occurs often and in different retroviruses
(22, 25, 41). A-to-G hypermutation has recently been described
in an oncogene-transducing Rous-associated virus type 1 de-
rivative, an avian retrovirus (10); in this virus, 48% of the A
residues in the U3 region of the LTR were mutated to G
residues. Similarly, A-to-G hypermutation also occurs in a re-
gion of an avian retrovirus likely to form a hairpin structure
(13). In the latter study, a double-stranded RNA adenosine
deaminase (dsRAD) was postulated to cause retroviral hyper-
mutation. The dsRAD utilizes complementary sequences
within the RNA strand and deaminates adenosine into inosine,
which in turn is converted to guanosine during reverse tran-
scription (1, 31).
It is not clear whether the two A-to-G hypermutants iden-

tified in this study were generated by the dsRAD activity, by an
error-prone RT, or by another mechanism. Two observations
strongly suggest that the mechanism of A-to-G hypermutation
is different from the mechanism of G-to-A hypermutation.
First, G-to-A hypermutation in SNV occurred primarily at
GpA (13 of 15 G residues), suggesting a reverse transcriptase-
mediated dislocation mutagenesis mechanism of mutation (2,
21, 28). In contrast, only 10 of 29 A-to-G hypermutations have
a G residue as a 39 neighbor. Second, G-to-A hypermutation
resulted in mutation of only 6 to 7% of the G nucleotides in the
hypermutated region (15 of 225 G nucleotides). In contrast,
A-to-G hypermutation resulted in a much higher proportion of
mutations, i.e., 40 to 50% of the A nucleotides.
Two observations support the hypothesis that the A-to-G hy-

permutation occurred from the activity of mammalian dsRAD
enzyme. First, the proportion of mutated A nucleotides, 40 to
50%, is consistent with the previous reports of dsRAD hyper-
mutation activity (1, 13). Second, dsRAD enzyme has a 59
neighbor preference of A 5 U . C . G (31). Analysis of the
59 neighbors of the hypermutated A nucleotides indicates iden-
tical preferences. The proportions of each of the four dinucle-
otides that were hypermutated are as follows: ApA, 87% (13 of
15 in the hypermutated region); TpA, 86% (6 of 7); CpA, 55%
(6 of 11); and GpA, 33% (3 of 9). These 59 neighbor frequen-
cies are in close agreement with those predicted by dsRAD
preferences.
A secondary-structure analysis of the hypermutated region

(DNAsis software) indicated that 16 of 29 hypermutated A
residues were predicted to be in double-stranded regions while
the remaining 13 residues were predicted to be single stranded
(data not shown). These analyses argue against intrastrand
secondary structure playing a role in this dsRAD-mediated
hypermutation. On the other hand, an antisense transcript
initiating in cellular sequences could have annealed to the

proviral RNA transcript, forming interstrand secondary struc-
ture that led to dsRAD-mediated hypermutation. If this hy-
pothesis is correct, mammalian dsRAD may regularly play a
role in retroviral hypermutagenesis.
In summary, we have developed an in vivo approach to

determine retroviral mutation rates at different stages of viral
replication. The results strongly suggest that the retroviral mu-
tation rates during minus-strand and plus-strand synthesis are
either equal to or within twofold of each other. The results also
provide upper and lower limits for retroviral mutation rates
during minus-strand and plus-strand synthesis. The in vivo
approach to selectively identify retroviral mutations occurring
in the early stage should be useful in determining the effect of
antiretroviral drugs, nucleotide pools, and other environmental
conditions that affect retroviral mutation rates.
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