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Genetic recombination is a major force driving the evolution of
many viruses. Recombination between two copackaged retrovi-
ral genomes may occur at rates as high as 40% per replication
cycle1. This enables genetic information to be shuffled rapidly,
leading to recombinants with new patterns of mutations and
phenotypes. The in vitro process of DNA shuffling2,3 (molecular
breeding) mimics this mechanism on a vastly parallel and acceler-
ated scale. Multiple homologous parental sequences are recom-
bined in parallel, leading to a diverse library of complex
recombinants from which desired improvements can be selected.
Different proteins and enzymes have been improved using DNA
shuffling4–6. We report here the first application of molecular

breeding to viruses. A single round of shuffling envelope
sequences from six murine leukaemia viruses (MLV) followed by
selection yielded a chimaeric clone with a completely new tro-
pism for Chinese Hamster Ovary (CHOK1) cells. The composition
and properties of the selected clone indicated that this particular
permutation of parental sequences cannot be readily attained by
natural retroviral recombination. This example demonstrates
that molecular breeding can enhance the inherently high evolu-
tionary potential of retroviruses to obtain desired phenotypes. It
can be an effective tool, when information is limited, to optimize
viruses for gene therapy and vaccine applications when multiple
complex functions must be simultaneously balanced.
The power of DNA shuffling to evolve improved phenotypes by
efficiently permuting functional sequences from multiple parents
has been demonstrated2,5,6. To test if the added diversity gener-
ated by shuffling could further enhance the inherently high evo-
lutionary potential of retroviruses7,8, we homologously
recombined six different parental MLV envelope sequences in
vitro by DNA family shuffling2. The pool was cloned into an
infectious Moloney backbone to generate a library of 1×106 shuf-
fled envelope clones (Fig. 1a). The parental viruses (Moloney,
292E, Friend 2, Friend 7, Friend 9 and Friend 21) were all com-
pletely noninfectious for CHOK1 cells and had different infectiv-
ities for other cell types (Table 1). We used pooled plasmid DNA
prepared from this library for transfection of 293/G1 cells.

We selected for CHOK1 infectivity by passaging the shuffled
library on a mixture of CHOK1 and Lec8 cells (Fig. 1b). Lec8 cells
are CHOK1-derived mutants with a defect in their glycosylation
pathways9,10. As a result, their ecotropic receptors are more acces-
sible, rendering them permissive to infection by some ecotropic
MLVs (refs 11–13). Friend 2, Friend 9 and Moloney MLVs pro-
duced from transfected 293/G1 cells were able to infect Lec8 cells
relatively efficiently (Table 1). Lec8 cells were included at low lev-
els as a permissive cell type to serve as a relevant ‘bridge’ or inter-
mediate to amplify and enrich for chimaeric viruses that acquire
even low infectious activity for CHOK1 cells. Such viruses attain
a growth advantage due to the greater number of cells available
for infection and are thus selected. As a baseline for natural retro-
viral evolution, a control mixture of the six unshuffled parents
was passaged identically. We estimate a recombination frequency
for the unshuffled parents of 12% over the 3-kb target region for
the first round of infection based on published studies1.

We monitored the progress of the selection on the shuffled
library and the control mixture of the six unshuffled parents (Table
2). The parental viruses did not survive the selection, as there was
essentially no detectable titre from passage 2 onwards. There was
strong selection for a sub-population of viruses that were infec-
tious for CHOK1 cells in the shuffled library; these became pro-
gressively enriched with each passage. CHOK1 infectious activity
first became detectable at passage 4 and increased at passage 5 with
the overall rise in viral titres. It is likely that CHOK1 infectious
viruses were already enriched at passage 2, but because of the low
absolute viral titre were not detected on CHOK1 titre cells.
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Fig. 1 Construction of shuffled MLV envelope library. a, Shuffling of viral sequences.
b, Library passaging and selection for CHOK1 Tropic virus.
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Proviral envelope sequences cloned from the genomic DNA of
the infected coculture cells confirmed that a dominant species had
emerged during the selection (data not shown). No proviral
sequences were recovered from the parental passage cells. The
dominant envelope sequence was a chimaera comprised of four
segments from three of the six parents obtained via at least three
recombination events (Fig. 2). The sequence of the chimaeric
envelope is different from any of the published MLV-related strains
that are known to infect CHOK1, including the neuropathogenic
Friend variant PVC 211 (ref. 14). Although the 3´ LTR was also
shuffled, changes in this region were not required for CHOK1
infectivity (data not shown).

The tropism of the chimaeric virus was distinct from any of the
parental viruses (Fig. 3). On passage through Lec8/G1 cells, it
acquired increased infectivity for CHOK1. Furthermore, it could
efficiently reinfect new Lec8 cells (Table 3). This is in contrast to
the parental Friend 2, Friend 9 and Moloney viruses. Although
these can infect Lec8 cells efficiently when produced from trans-
fected 293/G1 cells, their progeny have reduced abilities to reinfect
new Lec8 and no infectivity for CHOK1 cells when passaged
through Lec8/G1 (Table 3). When the parental viruses are pas-
saged on the coculture of CHOK1/G1 and Lec8/G1, they are
rapidly diluted out (Table 2). Thus, the infectivities of the chi-
maeric and parental viruses are affected very differently when they
are passaged through Lec8.

Although the block to CHOK1 infection by ecotropic MLVs
can be relieved by artificially inhibiting glycosylation of the
ecotropic receptors11,12, it is not at all obvious how this might be
achieved by designed manipulations of the viral envelope. Simply
underglycosylating the parental envelopes is not sufficient, as
passaging of the parental viruses through Lec8 not only fails to
confer CHOK1 infectivity but also leads to a loss of infectivity for
Lec8 cells. The solution obtained by molecular breeding has two
components: a genetic event involving the generation of a new
chimaeric envelope by shuffling, and an epigenetic event involv-
ing the underglycosylation of
this chimaeric envelope. Both
are required to confer a
favourable conformation of the
new envelope for enhanced
infectivity of CHOK1 cells.

It is unlikely that in vivo
retroviral recombination alone,
without in vitro shuffling,
could have generated the chi-
maeric envelope. Friend 21,
which contributes a major seg-
ment, infects Lec8 poorly
(Table 1). Thus, outside of the
initial transfection into
293/G1, there are limited
opportunities for the con-
tributing Friend parental
genomes to be copackaged to
allow the necessary multiple

retroviral recombination events to occur. These biological
restrictions do not apply to the in vitro shuffling process, which
can create multi-fragment recombinants in a single reaction.
This situation underscores the direct role of the shuffling in gen-
erating the chimaeras, allowing novel solutions to be found
which natural mechanisms of retroviral recombination and
rational design are unlikely to access.

The ‘distances’ of the contributing parents to the final chimaera
are as follows: Friend 2 has 4 residue and 2 silent changes; Friend 9
has 4 residue and 1 silent change; and Friend 21 has 10 residue and
2 silent changes (Fig. 2). We constructed additional chimaeras by
cloning the relevant Friend 2 and Friend 21 segments separately
into the Friend 9 envelope background. We thus ascertained that
the Friend 2 segment is not required for the new phenotype,
whereas the Friend 21 segment is critical. Although more than the
minimal changes were obtained in our selected chimaera, family
shuffling of different parents captured the necessary combination
efficiently. Starting with no a priori knowledge of the best parent
to choose or the number of changes needed, random mutagenesis
of any single parent would require libraries orders of magnitude
larger to represent the same functional sequence space.

Permutation of the natural, functionally proven, sequence
diversity of related natural viruses by shuffling allows the con-
struction of libraries of unusually high quality from which
viruses with improved combinations of properties can be readily
selected. By applying a selection that favours a specific property
while demanding that other functional aspects are not compro-
mised, complex requirements can be optimally balanced. Molec-
ular breeding allows sequence space to be broadly and efficiently
searched without the need for much prior information. We
expect that it will become a major tool to solve many of the exist-
ing limitations in viral engineering.

Methods
Cell lines. We obtained 3T3, M. dunni, CHOK1, Lec8 and 293 cell lines
from American Type Culture Collection (ATCC). A retroviral vector  (G1)
expressing the G418 resistance marker was introduced into these cell lines
to obtain G418 resistant cells. These G418 resistant lines are denoted with a
‘/G1’ suffix.

Parental viruses. We obtained Friend MLV (ATCC VR 245) as a spleen extract
containing a mixture of Friend MLV viruses. An ecotropic 292E strain (ATCC
VR 1326) was obtained as a supernatant from infected NIH 3T3 cells. Plasmid
pNCA contains a full-length, non-permuted copy of the wild-type Moloney
MLV proviral DNA in a pBR322 based vector15. Friend and 292E MLV
sequences encompassing 0.5 kb of pol, the entire env and the 3´ LTR were

Table 2 • Serial passaging on CHOK1 and Lec8 co-cultures

Passage
Titre cells Transfection 1 2 3 4 5 5Ba

Control parentals
3T3 1.2×107 7×103 0 0 0 0 ND
MD 3×105b 4×102 0 0 0 ND ND
Lec8 1.4×104b 30 0 0 8 0 ND
CHOK1 0 0 0 0 0 0 ND

Shuffled library
3T3 3×105 1×103 16 7 102 2×104 106

MD 104 4×102 20 30 45 ND 105

Lec8 9×102b 40 19 19 102 >5×104 105

CHOK1 0 0 0 0 10 5×102 103

aSupernatants from subsequent cultures split from passage 5 cells. bFrom separate experiment which gave comparable
titres on 3T3. ND, not done; MD, M. dunni. The initial transfections of the shuffled library into 293/G1 cells produced titres
only 3% the levels of the control pool of the six parental viruses. This lower initial titre is an expected consequence of the
fraction of non-functional chimaeras in the initial library. The infectious activities of both the control parental pool and
the shuffled library fell to similar levels after one passage on the coculture cells even though the shuffled library started
out with substantially lower titres. The titre of the parental pool becomes nearly undetectable after the second passage.
In contrast, the titres of the viral library fell to low but detectable levels that remained stable through passage 3. At pas-
sage 4, low CHOK1 infectious activity became detectable and this increased at passage 5 with the rise in overall titres.

Table 1 • Infectivities of parental MLVs on various cell types
after 293/G1 transfection

Parent Friend 2 Friend 7 Friend 9 Friend 21 292E Moloney

3T3 3.0×106 0 10 4.0×105 6.4×103 1.7×106

Mus dunni 5.1×104 5.0×102 3.4×104 0 5.0×102 1.0×102

Lec8 6.5×104 80 1.2×105 1 0 6.0×105

CHOK1 0 0 0 0 0 0
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Fig. 2 Structure of the
evolved chimaeric envelope
showing segments con-
tributed by the three Friend
parents. Residues and silent
base changes that are not
identical among all the par-
ents are indicated and serve
as markers to delineate
regions of crossovers. The
parents that contain these
residues are also noted so
that their ‘distances’ from
the chimaera can be
counted. Numbering of
residues and nucleotide
positions begin from the
start of the env ORF.

amplified by PCR from infected M. dunni genomic DNA and cloned into a
Moloney-based backbone which provided the 5´ proviral sequences. Four
infectious Friend (2, 7, 9 and 21) and one 292E clone were generated. These
together with the Moloney molecular clone served as parental clones. The
Friend clones were derived from the same biological stock. Sequencing
revealed that the Friend env sequences were similar but distinct. Friend 2, 7
and 9 were closely related, whereas Friend 21 was further diverged.

Shuffling of viral sequence and library construction. Primer A and primer C
(an antisense primer in the pBR322 vector sequence just downstream of
primer B) were used to amplify a specific 3.2-kb product. PCR products from
the six parents were mixed together equimolarly and digested with DNaseI.
Fragments of 0.7–1.6 kb were reassembled as described16. Reassembled frag-
ments were then amplified with primers A and B, digested with NotI and SfiI,
cloned into similarly digested modified Moloney pNCA acceptor backbone
and transformed into XL-10 Gold competent cells (Stratagene). Approxi-
mately 1×106 colonies were obtained, pooled and used to prepare library plas-
mid DNA. Individual colonies were analysed by restriction digestion to assay
for recombination and also for the ability to produce infectious virus.

Recombinant frequency and viability of library. We sampled 20 random
clones to assess the quality of the library with respect to recombinant frequen-
cy and viability. The shuffled region from these clones was amplified by PCR
and subjected to restriction analysis. The restriction patterns were compared
with the parental patterns to estimate the frequency of recombinants. It
should be noted that recombinants that do not result in changes in restriction
patterns will not be detected. Each clone was also assayed for the ability to
produce infectious virions on 3T3 or M. dunni cells after transfection into
293/G1. Of the 20 clones, 12 were recombinant; of these, 5 were viable (40%).
Of the 8 clones that had parental restriction patterns, 5 were viable (62%).

Library transfection, serial passaging and viral titrations by marker rescue.
Parental or library viral DNA was transfected into 293/G1 cells by the calci-
um phosphate precipitation method. Briefly, 4 plates, each containing
5×106 293/G1 cells, were transfected with pooled DNA (30 µg). Transfec-
tion efficiencies of 293 cells in the range of 50–90% were routinely obtained.
Thus, with the number of cells and amounts of DNA used, each genetically
distinct clone in the library was redundantly represented. Supernatants were
collected at 72 h post-transfection and used for titre or passaging on

Fig. 3 Distinct tropisms of parental and chimaeric viruses. Chimaeric viruses
produced from 293 can infect Lec8, but not CHOK1, efficiently. When passaged
through Lec8, their infectivity for CHOK1 is enhanced ∼ 100-fold. They can also
reinfect new Lec8 cells efficiently. In contrast, parental viruses have reduced
ability to reinfect new Lec8 when passaged through Lec8. They do not infect
CHOK1 regardless of how they are passaged.

Chimaera

Table 3 • Infectious activities of parental and chimaeric
viruses after 293/G1 transfection and Lec8/G1 passage

Virus Titre cells 293/G1 transfection Lec 8/G1 passage
Chimaeras

3T3 104 106

M. dunni 106 106

Lec8 106 106

CHOK1 10 103

Friend 2
3T3 6.4×106 1.6×106

M. dunni 6.7×104 70
Lec 8 2.9×105 1.4×102

CHOK1 0 0
Friend 9

3T3 0 0
M. dunni 4.0×105 45

Lec 8 6.5×103 0
CHOK1 0 0

Moloney
3T3 2.2×106 1.0×106

M. dunni 3.6×103 13
Lec8 4.2×105 3.7×102

CHOK1 0 0

Chimaeric viruses produced from direct transfection of 293/G1 have low infec-
tious activity for CHOK1 cells. After passage through Lec8/G1 cells, their CHOK1
infectivity is increased by about 100-fold. In contrast, parental viruses, when
passaged through Lec8/G1, not only fail to acquire CHOK1 infectious activity
but have reduced ability to infect new Lec8 cells.

chimaeric
virus

parental
viruses
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CHOK1/Lec8. Cell types used in transfections or passaging of infectious
virus contain an integrated retroviral vector expressing the G418 resistance
marker. This enabled us to monitor the infectious activity of fully replicative
MLV by titre of viral supernatants and selecting for G418 resistance. This
also allowed us to compare relative efficiencies of virus infection on various
cell types. For serial passaging, we infected cocultures of CHOK1/G1 and
Lec8/G1 cells with viral supernatant (5 ml) from the previous passage for
24–48 h. The media was replaced and the cells were allowed to grow to
90–100% confluency. New media was then added (10 ml) and collected 48 h
later for titre and the next round of passaging on fresh coculture cells. From
passages 1 to 3, the number of CHOK1/G1 and Lec8/G1 cells in each 100-

mm plate were 4.5×105 and 1.7×104, respectively. For passages 4 and 5, the
number of Lec8/G1 cells in each plate was increased to 5×104.
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