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Sequence analysis suggests that ancient recombination events may have occurred between genetically
distinct retroviruses. An experimental system was utilized to explore the genetic interaction between different
viruses. Moloney murine sarcoma virus and spleen necrosis virus are type C retroviruses that belong to
different subgenera. With vectors containing packaging signals from these two viruses, DNA proviruses
containing genetic information from both RNAs can be generated. This is the first experimental evidence to
indicate that RNA from different retroviruses can copackage and exchange genetic information.

Retroviruses package two copies of genomic RNA in one
virion (9, 16, 31). During reverse transcription, genetic infor-
mation from both RNAs can be used to generate a recombi-
nant virus (9, 25, 43). Within a retrovirus population, recom-
bination occurs frequently and increases genetic variation by
allowing the distribution of various mutations (56). Genetic
variation is beneficial to the virus population because it allows
the survival of different variants in response to selective pres-
sures from the environment.

Efficient recombination in retroviruses requires copackaging
of the viral RNAs (25, 58). Interaction between the viral Gag
polyprotein and the viral RNA is needed for the selective
packaging of the viral RNA (2, 22, 40). The RNA of closely
related viruses can often be recognized by the viral proteins
and packaged efficiently. In addition, it has been shown that
this recognition is retained in some genetically distinct but
distantly related retroviruses such as murine leukemia virus
(MLV) and spleen necrosis virus (SNV). MLV is a murine
virus, and SNV is an avian virus; they belong to different
subgenera (7). The primary sequences of the SNV and MLV
packaging signals do not contain significant sequence homol-
ogy, but they have similar double hairpin secondary structures
(29, 60). Despite the lack of homology, MLV vector RNA can
be packaged by SNV proteins even in the presence of compet-
ing SNV vector RNA (17, 60). This raises the question of
whether SNV RNA and MLV RNA can be copackaged into a
virion, and if so, whether a DNA copy containing genetic
information from both RNAs can be generated.

Genetic interactions between different retroviruses have not
been fully explored. A comparison of sequences suggests that
ancient recombination events between different retroviruses
may have occurred (8). SNV may be generated from such an
event. The gag-pol region of SNV is related to that of MLV,
whereas the env region of SNV is related to that of the Mason-
Pfizer monkey virus. SNV and Mason-Pfizer monkey virus Env
bind to the same receptor as demonstrated by interference
studies (28, 30). However, recombination between different
retroviruses has not been demonstrated experimentally.

In this report, we developed a system to explore the poten-
tial genetic interaction between SNV and MLV. Two retroviral
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vectors were used, one containing the packaging signal from
SNV (E) and the other containing the packaging signal from
Moloney murine sarcoma virus (Mo-MSV) (W), which is de-
rived from Moloney murine leukemia virus (Mo-MLV) (57).
The vectors were designed so that neither could complete
minus-strand DNA transfer efficiently when packaged sepa-
rately. However, if RNAs from these two vectors were copack-
aged and both were used during reverse transcription, minus-
strand DNA transfer could occur efficiently. This would result
in the generation of a structurally unique provirus carrying
genetic information from both parental RNAs.

Retroviral vectors used to study copackaging of RNA con-
taining different packaging signals. Two retroviral vectors,
pPY31 and pPS4, were used to study genetic interaction be-
tween Mo-MSV W-containing RNA and SNV E-containing
RNA (Fig. 1A). The plasmid constructs are referred to as
pPY31 and pPS4, and the viruses derived from these plasmids
are referred to as PY31 and PS4, respectively. Plasmid pPY31
has been described previously (61). Briefly, pPY31 contains an
Mo-MSV-derived 5’ long terminal repeat (LTR), primer bind-
ing site (PBS), and packaging signal (V) (1, 41). Mo-MSV ¥
contains homology to Mo-MLV V¥ (1, 48, 57). A hygromycin
phosphotransferase B gene (hygro) (23) immediately follows
the Mo-MSV sequences. The polypurine tract (PPT) and 3’
LTR that comprise the 3’ viral sequences of pPY31 are derived
from SNV (14). Virus generated from the pPY31-transfected
cells produced a 3,000-fold-lower titer of hygromycin-resistant
target cells compared to a vector with two highly homologous
LTRs (61). The lack of sequence similarity between the 5’ and
3’ R regions in the PY31 RNA forces the minus-strand DNA
transfer to use short nucleotide homologies and alternative
acceptor templates. All of the analyzed PY31 proviruses con-
tain LTRs comprising truncated SNV U3 regions and Mo-
MSV R-US regions (61). Most of the observed proviruses
(85%) used a 6-nucleotide homology between the Mo-MSV R
and the SNV U3 to mediate the minus-strand DNA transfer,
resulting in proviruses with a 147-bp deletion in the SNV U3.
This 147-bp deletion removes the TATA and the CATT ele-
ments (38, 52), which is likely to result in attenuated promoter
activities of these proviruses.

Retroviral vector pPS4 contains an SNV-derived 5" LTR,
PBS, and packaging signal (E) (15). A puromycin N-acetyltrans-
ferase gene (puro) (12) is located immediately downstream of
these sequences. The 3" end of PS4 does not contain retroviral
sequences but has a simian virus 40 termination signal (15).
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FIG. 1. Retroviral vectors used to study the genetic interaction of different
viruses. (A) Structures of pPY31 and pPS4. Vector pPY31 contains Mo-MSV
derived 5" viral sequences including 5 LTR and ¥ (black boxes and lines
labelled by uppercase lettering), hygromycin phosphotransferase gene (hygro),
and SNV-derived 3’ viral sequences including the PPT and 3’ LTR (shaded
boxes labelled by lowercase lettering). Vector pPS4 contains SNV-derived 5’
viral sequences including 5" LTR and E, puromycin N-acetyltransferase gene
(puro), and a simian virus 40 termination sequence (black circle). (B) Viruses
produced by helper cells containing both PY31 and PS4. The white box contain-
ing two viral constructs represents DSH134G helper cells containing PS4 and
PY31. Three types of viruses (ovals) can be generated from the helper cells;
viruses with two copies of PS4 RNA (shaded rectangles), with two copies of PY31
RNA (black rectangles with shaded ends), and with one copy each of PS4 and
PY31 RNA are shown. Viruses with two copies of PS4 RNAs cannot generate
any proviruses. Viruses with two copies of PY31 RNA can generate Mo-MSV
R-US5-containing proviruses. Viruses with a copy each of PS4 and PY31 RNA can
generate both Mo-MSV R-US-containing proviruses and SNV R-US5-containing
proviruses.

Minus-strand DNA synthesis can initiate in PS4 RNA because
it contains a PBS. However, PS4 lacks the necessary 3’ viral
sequences such as the PPT, attachment sites, and 3’ R to
complete reverse transcription and allow efficient viral DNA
integration.

Experimental protocol. An experimental protocol was de-
signed to study the genetic interaction between PY31 and PS4.
DSH134G is an SNV-based helper cell line (37). In order to
generate cells expressing PS4 and PY31 RNA, DSH134G cells
were first transfected with pPS4 by the dimethyl sulfoxide Po-
lybrene method (27). After puromycin selection, the trans-
fected DSH134G cell clones were pooled (>3,000 colonies).
These cells were then transfected with pPY31 and placed on
hygromycin selection. DSH134G cells that were both puromy-
cin and hygromycin resistant were either isolated individually
(clones) or pooled (pools), with an average pool size greater
than 2,000 colonies. These cells are referred to as DSH134G-
PS4-PY31 helper cells. To ensure that the helper cell clones
and pools were derived from independent transfection events,
four separate transfection experiments were performed; in ad-
dition, all helper cell clones were derived from different cell
culture dishes. Both the clones and the pools of DSH134G-
PS4-PY31 cells were plated with the same cell density. Viruses
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were harvested 48 h later and used to infect target D17 cells (6,
50). The infected D17 cells were placed on hygromycin selec-
tion, and viral titers were determined. Virus titers were gen-
erated from six helper cell clones and three helper cell pools.
The titers from the helper cell clones were 5 X 102 (E3), 2 X
10* (PP1), 5 x 10* (I3), 6 X 10* (GG1), and 10° CFU/ml (C3
and T1). The titers from the three helper cell pools were 10°
(pool 1), 5 X 10° (pool 2), and 4 X 10° CFU/ml (pool 3).

Predicted proviral structures generated from virions con-
taining PY31 RNA and PS4 RNA. DSH134G-PS4-PY31 cells
can produce three types of virions: those with two copies of
PS4 RNA (homozygotes), those with two copies of PY31 RNA
(homozygotes), and those with one copy of PS4 RNA and one
copy of PY31 RNA (heterozygotes) (Fig. 1B). Virions with two
copies of PS4 RNA cannot produce proviruses because PS4
lacks the 3’ viral sequences. In contrast, virions containing two
copies of PY31 RNA or virions containing one copy each of
PY31 and PS4 RNA can produce proviruses.

As previously shown, virions containing two copies of PY31
RNA have dramatically reduced ability to generate proviruses
(61); all the examined proviruses contain a hybrid LTR with a
truncated SNV U3 and Mo-MSV R-US. These will be referred
to as Mo-MSV R-US proviruses.

Virions containing one copy each of PY31 and PS4 RNA can
initiate minus-strand DNA synthesis on either strand of RNA,
but only PY31 RNA has the necessary viral sequences at its 3’
end to complete reverse transcription. Minus-strand strong-
stop DNA initiated from the PY31 RNA can transfer to the 3’
end of PY31 RNA (intramolecular transfer) with a reduced
efficiency. The resulting proviruses have the same structure as
those generated from virions with two copies of PY31 RNA
(Mo-MSV R-US proviruses). Alternatively, the minus-strand
strong-stop DNA initiated from PS4 can use the complemen-
tarity of the SNV R and transfer intermolecularly to the 3’ end
of PY31 RNA. This is the most efficient means for the het-
erozygotic virions to complete reverse transcription. SNV and
Mo-MSV contain identical PBS sequences; thus, plus-strand
DNA transfer can occur efficiently after the intermolecular
minus-strand DNA transfer. The resulting proviruses contain a
complete SNV LTR and are referred to as SNV R-US provi-
ruses.

The predicted structures of these two proviruses are shown
in Fig. 2A. These two proviruses can be distinguished by re-
striction enzyme digestion and Southern hybridization analysis
(54). An 800-bp hygro DNA fragment was used to generate
probes by the random priming method for the Southern anal-
ysis (19). A NotI restriction enzyme site is present near the 5’
end of the SNV U3; thus, all proviruses will have the NofI sites
in both the 5" and 3" LTRs. The size of this NotI-NotI fragment
is 2,618 bp in SNV R-US proviruses and 2,478 bp in Mo-MSV
R-US proviruses. In addition, a Clal site is present in the SNV
US but not in the Mo-MSV US. Therefore, a Notl plus Clal
double digestion can also be used to confirm the origin of the
R-US in these proviruses. Clal sites are also present immedi-
ately downstream of hygro in both proviruses. Upon NotI plus
Clal double digestion, SNV R-U5 proviruses generate a
2,025-bp Clal-Clal fragment corresponding to the 5’ leader
sequence and hygro. However, NotI plus Clal digestion of Mo-
MSV R-US proviruses results in a 2,418-bp NotI-Clal fragment
that includes most of the 5" LTR, the leader sequence, and
hygro.

Mo-MSV W- and SNV E-containing RNAs can copackage
within the same virion. Viruses from six clones and three pools
of DSH134G-PS4-PY31 helper cells were used separately to
infect target D17 cells. DNAs were isolated from infected,
hygromycin-resistant D17 cell pools, and Southern hybridiza-
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tions were performed. A representative Southern blot is shown
in Fig. 2B. DNAs were isolated from D17 cells infected by virus
harvested from helper cell clones E3 and C3; these DNAs are
referred to as E3 and C3 DNA samples. In the E3 DNA
sample, a 2.6-kb band or a 2.0-kb band was observed when
DNA was digested with NotlI or with Notl plus Clal, respec-
tively. The presence of these bands indicates that these hygro-
mycin-resistant cells harbor the SNV R-US proviruses. Similar
to the results for E3, Southern blot analysis of the C3 DNA
sample revealed a 2.6-kb or a 2.0-kb band when the DNA was
digested with Notl or Notl plus Clal, respectively. However,
the C3 DNA sample also revealed a faint 2.5-kb band or a
2.4-kb band upon NotI or Notl plus Clal digestion, respectively.
The presence of these bands indicated that in addition to the
SNV R-US proviruses, these hygromycin-resistant cells contain
Mo-MSV R-US proviruses. The intensities of these two addi-
tional bands were much weaker than those from the SNV
R-US proviruses, indicating that the Mo-MSV R-US5 provi-
ruses made up a small proportion of the integrated viral DNA.

Southern analysis revealed that SNV R-US5 proviruses were
observed in both E3 and C3 DNA samples. Similar data were
generated from the cells infected with viruses harvested from
four additional helper cell clones (data not shown). This indi-
cated that Mo-MSV W-containing RNA and SNV E-contain-
ing RNA were copackaged and that genetic information from
both RNAs was used to generate viral DNA. Mo-MSV R-U5
proviruses were also observed in the C3 sample but not in the
E3 sample. It was observed that when the helper cells pro-
duced high viral titers, as did clone C3, the Mo-MSV R-U5
proviruses were present in the infected cell pools. In contrast,
when the helper cell clones produced lower viral titers, as did
clone E3, these proviruses were not present. SNV R-US5 pro-
viruses have the full-length SNV promoter and can express
hygro. In contrast, Mo-MSV R-US5 proviruses have truncated
SNV U3 promoters and are impaired in their ability to express
hygro. Thus, it is possible that Mo-MSV R-US proviruses could
be observed only when the cells were infected at a high mul-
tiplicity of infection (MOI); under this condition they can be
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FIG. 2. Expected proviral structures and Southern analysis. (A) Two ex-
pected proviral structures containing either Mo-MSV- or SNV-derived R-U5
sequences are shown. All abbreviations are the same as those in Fig. 1. Expected
DNA fragment sizes after digesting the proviruses with either NotI or NotI plus
Clal are indicated. The DNA fragment used in the random-priming reaction is
shown in a white box marked “probe”. (B) Southern hybridization analysis of
proviruses in D17 cells infected with virus from DSH134G-PS4-PY31 helper cell
clones C3 and E3. Each DNA sample contains a pool of more than 1,000 colonies
of hygromycin-resistant D17 cells. Each lane contains 20 wg of DNA digested
with NotI (N) or NotI plus Clal (N+C). The sizes of the bands are indicated on
the left. (C) Southern analysis of proviruses in D17 cells infected with virus from
DSH134G-PS4-PY31 helper cell pool 1. D17 cells infected with different serial
dilutions of virus were pooled separately. Serial dilutions used to infect cells are
indicated above the figure. Each pool contains more than 500 colonies.

carried along in cells that are coinfected with SNV R-US pro-
viruses.

To test the effect of MOI on the generation of Mo-MSV
R-US proviruses, hygromycin-resistant cells infected with dif-
ferent viral dilutions were pooled separately and Southern
analysis was performed (Fig. 2C). Genomic DNA from cells
infected with undiluted virus (10° in Fig. 2C; MOI was approx-
imately 1) yielded 2.6-kb and 2.5-kb bands upon NorI digestion
and 2.0-kb and 2.4-kb bands upon NotI plus Clal double di-
gestion. This indicates the presence of proviruses with both
predicted structures. However, the intensity of the bands gen-
erated by the MSV R-US proviruses decreased as the viruses
used to infect the D17 cells were diluted. In the DNA sample
infected by the 1072 virus dilutions (MOI was approximately
0.01), the 2.5-kb and the 2.4-kb bands were no longer detect-
able. In contrast, the bands that represented the SNV R-U5
proviruses could be easily detected in cells infected by all virus
dilutions. This indicates that both the SNV R-US5 and the
Mo-MSV R-US were used to generate proviruses. However, as
the MOI of the virus decreases, the presence of the Mo-MSV
R-US proviruses also decreases. Thus, the majority of Mo-
MSV R-U5 proviruses are most likely carried along in cells
coinfected with the SNV R-US5 proviruses. This also indicates
that the formation of SNV R-US proviruses dictates the viral
titers. Similar data was observed in two other independent
experiments (data not shown).

Packaging efficiencies of Mo-MSV W-containing and SNV
E-containing RNAs by SNV proteins. The Southern analysis
indicated that PY31 and PS4 can be copackaged in the helper
cells. The relative levels at which PY31 and PS4 RNAs were
packaged into virions by the SNV-based helper cells were
determined (Fig. 3). One pool of DSH134G-PS4-PY31 helper
cells and two helper cell clones (C3 and E3) were plated at
equal densities; 48 h later, both cell-free viral RNAs and total
cellular RNAs were harvested (26). Fivefold serial dilutions of
viral RNA, cellular RNA, and a control plasmid DNA, pJS3,
were prepared and applied onto a nylon membrane in dupli-
cate by the convertible filtration manifold system (Gibco/
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FIG. 3. Analysis of relative levels of PS4 and PY31 RNAs produced from
DSH134G-PS4-PY31 cell clone C3. Total cellular and cell-free viral RNAs were
isolated from DSH134G-PS4-PY31 cells. Fivefold serial dilutions of the RNAs
were made, and slot blots were performed. **P-radiolabelled hygro and puro
probes were used to hybridize to PY31 and PS4 RNAs, respectively. Plasmid
pJS-3 contains both the Aygro and puro genes and was used to normalize for the
different efficiencies of the two probes.

BRL). The duplicate samples on the nylon membrane were
separated, and each was hybridized to a probe generated from
either a hygro DNA fragment or a puro DNA fragment. The
intensities of the bands were quantified with a PhosphorIm-
ager (Molecular Dynamics). PY31 RNA hybridizes to probes
containing the hygro DNA fragment, whereas PS4 RNA hy-
bridizes to probes containing the puro DNA fragment. Both
probes can hybridize to plasmid pJS3, which contains a copy of
puro and a copy of hygro. Therefore, the difference in the spe-
cific activities of the two probes could be normalized by com-
paring their abilities to hybridize pJS3. The relative amounts of
PY31 and PS4 RNAs could then be compared. A representa-
tive blot is shown in Fig. 3.

The ratio of PY31 RNA to PS4 RNA present in the total
cellular RNA of the DSH134G-PS4-PY31 helper cell pool was
1.17 (Table 1). This demonstrates that the amounts of PS4 and
PY31 RNAs from the pool of helper cells were relatively equal.
In helper cell clones C3 and E3, the PY31/PS4 RNA ratios in
the total cellular RNA preparations were 1.07 and 0.14, re-
spectively. This variation in the amounts of PY31 and PS4
RNAs produced from helper cell clones is expected because of
differences in the transfection efficiencies and in the expression
of constructs integrated in different locations of the host ge-
nome. The ratio of PY31 RNA packaged into virus to PS4
RNA packaged varied from 0.71- to 10.42-fold. After the cel-
lular RNA expression level was standardized, PY31 RNA was
found to package into viruses 5.1 to 9.5 times more efficiently
than PS4 RNA (Table 1). This confirmed that the reduced
efficiency of the generation of Mo-MSV R-US proviruses was
not due to the packaging of the PY31 RNA but resulted from
the inefficient minus-strand DNA transfer and the deletion of
the U3 promoter.

The RNA analysis indicated that SNV proteins preferen-
tially packaged PY31 (Mo-MSV V-containing) RNA over PS4
(SNV E-containing) RNA. Previously, it was observed that
SNV proteins preferentially packaged competing SNV RNA
over MLV RNA (17). Several possibilities could explain this
difference. First, we used the Mo-MSV WV, while the research-
ers of previous work used the Mo-MLV W. Other studies have
demonstrated that Mo-MSV ¥ may be more efficient than
Mo-MLV V in directing the encapsidation of RNA despite the
high degree of homology between the two sequences (1, 48).
Second, the SNV E-containing vector, PS4, used in these ex-
periments lacked SNV viral sequences at its 3’ end (SNV PPT,
3’ LTR). This may have affected the encapsidation of SNV
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E-containing RNAs by SNV proteins. Sequences at the 3’ end
of the human immunodeficiency virus type 1 (HIV-1) genome
(49) and the Rous sarcoma virus genome (53) have been im-
plicated in viral RNA packaging and provide some precedent
for this possibility. Finally, the relative expression of the E- or
W-containing vectors in the helper cells was not determined in
the previous experiments (17); this may have affected the virus
titers and the conclusion.

Different retroviral species can interact genetically. During
reverse transcription, template switching events occur fre-
quently between copackaged RNAs (9, 24, 43). This includes
minus-strand DNA transfer as well as recombination events.
This is the first report to demonstrate that RNAs with encap-
sidation sequences derived from genetically distinct retrovi-
ruses can be copackaged in a virion. Furthermore, both viral
RNAs were used to generate a DNA; this demonstrates that
different viruses can interact genetically. However, the effi-
ciency of this interaction cannot be clearly defined in these
experiments. PY31 replicates with a 3,000-fold-reduced effi-
ciency compared to a vector with two highly homologous LTRs
(wild-type vector) (61). Southern analysis from all DNA sam-
ples demonstrated that there were more SNV R-US proviruses
than Mo-MSV R-US proviruses. Therefore, the lower limit for
generating SNV R-US5 proviruses must be at least 0.03% (1/
3,000) of a wild-type vector. The higher limit of these events is
more difficult to define. When a lower MOI was used for
infection, the resulting hygromycin-resistant cells harbored
mostly SNV R-US5 proviruses. Since virus titers were deter-
mined by counting hygromycin-resistant colonies at lower
MOIs, the formation of the SNV R-US proviruses dictates the
virus titer. The titers of the DSH134G-PS4-PY31 helper cells
were between 5 X 10% and 1 X 10° CFU/ml. Thus, some of the
titers are comparable to the published titers of the DSH134G
helper cells with SNV vectors (2 X 10° to 5 X 10° CFU/ml)
(37). This indicates that the copackaging of RNA from differ-
ent viruses and the usage of both RNAs to generate DNA can
be quite efficient. More experimental data will be needed to
further define the efficiency of this interaction.

In this report, we demonstrate that genetic interaction be-
tween different retroviruses can occur after two viruses infect
the same cells and their RNAs are copackaged. Abundant
literature indicates that genetically distinct retroviruses can
infect the same host cells. Many individuals infected with
HIV-1 are also infected with other retroviruses such as HIV-2
(18, 21, 44, 47) and human T-cell leukemia virus types 1 and 2
(HTLV-1 and -2) (4, 33, 42). Furthermore, it has been dem-
onstrated that HIV-1 can infect the same host cells as HIV-2
(34) and HTLV-1 (13, 32). It has been reported that HIV-1
proteins can package the RNA of simian immunodeficiency
virus, which is similar to HIV-2 (51). However, it is not clear
whether copackaging of the two RNAs can occur.

TABLE 1. Packaging efficiency of PY31 RNA and
PS4 RNA by SNV proteins®

Ratio
DSHI134G-PS4-PY31 PY31 viral PY31 cellular .
helper cell RNA/PS4 RNA/PS4 Viral RNA/
viral RNA cellular RNA cellular RNA
Pool 7.75 1.17 6.6
Clone C3 10.42 1.07 9.5
Clone E3 0.71 0.14 5.1

“ RNA was analyzed by slot blot hybridization and quantitated by a Phospho-
rImager.
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Elements important for dimerization overlap the encapsida-
tion sequence of some retroviruses (5, 10, 11, 46). It has been
suggested that retroviral RNAs dimerize prior to encapsida-
tion (20, 35, 39). The formation of heterodimers consisting of
RNA from different retroviruses has been previously demon-
strated in vitro. For example, HIV-1 RNA can form a het-
erodimer with either Mo-MLV RNA or Rous sarcoma virus
RNA (36). In this report, we demonstrate that minus-strand
DNA transfer is possible between W- and E-containing RNAs,
which suggests that the two RNAs can form heterodimers in
vivo. If other species of retroviral RNAs can also form het-
erodimers in vivo, then the exchange of genetic information
between different retroviruses may be feasible. These events
may occur infrequently, and most of the resulting recombinant
viruses may not be viable. However, if a chimeric virus with
distinct properties is generated, it could have unknown patho-
genic potential. Therefore, copackaging of heterologous RNAs
from different retroviral species may have a significant role in
the evolution of retroviruses in nature.

This work may also have public safety implications for xe-
notransplantation. Currently, organs and bone marrow from
nonhuman primates or other animals are used or being con-
sidered for transplantation into humans (3, 45, 59). These
xenotransplants can serve as reservoirs for the introduction of
foreign retroviruses into human hosts (55). Once in the human
host, these viruses may interact with human retroviruses or
endogenous retrovirus-like elements to generate recombinant
viruses with unknown properties. This underscores the impor-
tance of understanding the potential interactions between un-
related retroviruses.
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