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Bacteriophage +6 has a genome of three segments of double-stranded RNA, designated L, M, and S. A
1.2-kbp kanamycin resistance gene was inserted into segment M but was shown to be genetically unstable
because of a high recombination rate between segment M and the 3' ends of segments S and L. The high rate
of recombination is due to complementary homopolymer tracts bounding the kan gene. Removal of one arm of
this potential hairpin stabilizes the insertion. The insertion of a 241- or 427-bp WacZ' gene into segment M leads
to a stable Lac+ phage. The insertion of the same genes bounded by complementary homopolymer arms leads
to recombinational instability. A stable derivative of this phage was shown to have lost one of the homopolymer
arms. Several other conditions foster recombination. The truncation of a genomic segment at the 3' end
prevents replication, but such a damaged molecule can be rescued by recombination. Similarly, insertion of the
entire 3-kb lcZ gene prevents normal formation of virus, but the viral genes can be rescued by recombination.
It appears that conditions leading to the retardation or absence of replication of a particular genomic segment
facilitate recombinational rescue.

Bacteriophage 4)6 infects the plant pathogen Pseudo-
monas phaseolicola (P. syringae pv. phaseolicola) HB1OY
(HB1OY) (37). It has a genome of three different pieces of
double-stranded RNA (dsRNA) packaged within a polyhe-
dral nucleocapsid (NC) (34). The NC contains a procapsid
that has RNA polymerase activity (30).
We have developed an in vitro genomic packaging system

that utilizes single-stranded RNA (ssRNA) obtained from
the in vitro transcription of viral NCs or RNA transcripts of
plasmids carrying cDNA copies of the viral genomic seg-
ments. The RNA is packaged by procapsids isolated from
Escherichia coli cultures that are expressing the cloned
genes coding for the four proteins of the 4)6 procapsids.
These filled particles are capable of infecting spheroplasts.
We have previously demonstrated that a transcript of seg-
ment M that contains an insertion of the gene for kanamycin
resistance can be incorporated into the genome of viable
phage (29). Virus that contains the kanamycin gene is
genetically unstable, and virus preparations contain many
particles that have lost part of the modified M segment (29).
This loss was shown to be the result of heterologous recom-
bination between the genomic segments, resulting in the
replacement of the 3' end of segment M with that of either
segment S or segment L (25). In the present report, we
describe an investigation of some of the factors that promote
heterologous recombination in 46. Heterologous recombina-
tion has been found in several ssRNA viruses, some with
unit genomes and some with multipartite genomes (18, 31),
mostly with positive-strand viruses but with negative-strand
viruses as well (4). This type of recombination appears to
constitute a mechanism for the rescue of segments with
damaged 3' ends. It also is a means of enlarging the genome
of the virus. Several viruses isolated in nature appear to have
been formed by heterologous recombination.

* Corresponding author.

MATERIALS AND METHODS
Bacterial strains, phage, and plasmids. P. phaseolicola

HB1OY (HB1OY) (37) was used as the host for 4)6 lysate
preparations and for phage titration (Table 1). E. coli JM109
(39) was used for the propagation of recombinant plasmids.

Construction of plasmids. Plasmids derived from pT3T7
191J (Table 2) were used to prepare templates for the
production of ssRNA packaging substrates for the formation
of 4)6 virus containing modified genomic segments (27).
Plasmid pLM672 was the original construction that had the
kan gene of pUC4K in a cDNA copy of genomic segment M
(29). The kan gene is bounded by a PstI site on each side as
well as 12 G's on the 5' side and 12 C's on the 3' side. This
cartridge was inserted into the PstI site in the 3' noncoding
region of segment M (Fig. 1).

Plasmids pLM778 and pLM779 were prepared by partial
cutting of plasmid pLM672 with PstI and by digesting with
exonuclease BAL 31. The resulting digests were ligated and
tested for kanamycin resistance in E. coli JM109. Plasmids
from resistant colonies were sequenced, and pLM778 and
pLM779 were found to have deletions of 53 and 131 bases,
respectively, at the 3' ends of the kan gene. pLM778 is
missing 10 bases of the kan insert, and pLM779 is missing
only the homopolymer arm. In neither case was the 75-base
terminal replication region (25) impaired.
Polymerase chain reaction (PCR) was used to prepare

fragments of the E. coli lacZ gene bounded by EcoRV sites.
lacG was synthesized on the template of pUC8 with primers
OLM81 and OLM82 (Table 3). It contains the multiple
cloning sites (MCS) of pUC8 but is trimmed to have only 241
nucleotides when it is cut with EcoRV. The lacZ fragment
has 60 amino acids. lacHwas synthesized on the template of
pMC9 (21) with primers OLM81 and OLM102 (Table 3). The
cartridge contains 427 nucleotides when it is cut with
EcoRV. The lacH fragment has 133 amino acids. Although
both cartridges are missing part of the lac operator, they are
controlled by the lac repressor in plasmids that do not have
an additional lac operator.
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TABLE 1. Bacterial strains, phages, and plasmids

Bacterium or phage Description Reference or source

Bacteria
P. phaseolicola HB1OY Host of +6 37
E. coli JM109 recAl end41 gyrA96 thi hsdRl7 supE44 reLA1 A-A(lac-proAB) [F' J. Messing

traD36proAB lacIqZAm15]

Phages
4)6 Wild-type phage 37
,06K1 4)6 containing kan in segment M 29
4)1767 Recombinant of M with 3' end of S resulting from transfection with tran- This study

script of pLM655 truncated at PstI site
4)1789 Recombinant of M with 3' end of S resulting from transfection with tran- This study

script of pLM780 which contains entire lacZ in the PstI site
,01791 Recombinant of M with 3' end of S resulting from transfection with tran- This study

script of pLM780 which contains entire lacZ in the PstI site
4)1797 Recombinant of M with 3' end of L resulting from transfection with tran- This study

script of pLM656 truncated at the PstI site
41798 Recombinant of S with 3' end of L resulting from transfection with tran- This study

script of pLM658 truncated at the ClaI site
+1800 Transfectant containing transcript of pLM789; lacG in M with homopoly- This study

mer arms; 18 G's and 27 C's; unstable
4)1807 Mutant of +1800 that is stable and missing sequence from nucleotide This study

3498 to position -2 of the lac open reading frame
41817 Transfectant containing transcript of pLM847; lacH in M with EcoRV This study

cut ligated to blunted PstI site; stable
+1819 Transfectant containing transcript of pLM844; lacH in M with homopoly- This study

mer arms; 21 G's and 14 C's; unstable

Plasmids pLM763 and pLM765 were prepared by inserting and tailed with poly(dG) (32). After transformation of
the EcoRV-cut PCR product of lacG into either the ClaI site JM109, Lac+ colonies were picked, and plasmids were
of pLM759, which contains the cDNA copy of segment S screened by sequencing for homopolymer arms of various
(see Fig. 1) and is missing the vector ClaI site, or into the lengths. Plasmid pLM789 has lacG in its PstI site bounded
PstI site of pLM656, which contains the cDNA copy of by 18 G's at the 5' side and 27 C's at the 3' side.
segment M. In both cases, the sites were blunted by treat- The derivatives of 4o6 containing lacG formed fluorescent
ment with T4 DNA polymerase (27). plaques when plated on a lawn of HB1OY carrying plasmid

Plasmid pLM780 was constructed by inserting the 3-kbp pLM746 (LM1034) in a medium containing 4-methylumbel-
PstI cartridge of lacZ from pMC1871 (7) into the PstI site of liferyl-o-D-galactoside (MUG). Phages carrying lacH pro-
pLM765 and selecting for a Lac+ frameshift mutation. duced plaques with about 10 times the fluorescence of those

Plasmid pLM789 was constructed by terminal deoxynu- carrying lacG and also resulted in blue plaques on plates
cleotidyltransferase tailing of lacG with poly(dC) and anneal- containing X-Gal (5-bromo-4-chloro-3-indolyl-o-D-galacto-
ing this material to plasmid pLM656 which was cut with PstI pyranoside; Fig. 2). Plasmid pLM746 is a derivative of

TABLE 2. Plasmids

Plasmid Description Reference or source

pGHS1 Lactococcus plasmid containing E. coli lacZAm15 15
pT7T3 19U amp PT7 PT3 lacZ' Pharmacia
pUC-4K amp lacZ' kan cartridge in PstI site 38
pMC1871 Cartridge with most of lacZ 7
pLM254 amp lacZ' with pUC8 MCS; vector for pseudomonads 23
pLM655 amp PT7; exact copy of segment M in pT7T3; 19 U's 29
pLM656 amp PT,; exact copy of segment M in pT7T3; 19 U's 29
pLM658 amp PT,; exact copy of segment S 12
pLM672 amp P17; kan gene in PstI site of pLM656 29
pLM746 Insert of lacfl in pLM254; for lac complementation This study
pLM759 amp P17; exact copy of segment S; vector lacks ClaI site This study
pLM763 amp PT,; lacG in ClaI site of S; no homopolymer arms This study
pLM765 amp Pm7; lacG in PstI site of M; no homopolymer arms This study
pLM778 pLM672 with 53-base deletion of 3' homopolymer arm This study
pLM779 pLM672 with 131-base deletion of 3' homopolymer arm This study
pLM780 amp PT7; complete lacZ gene in PstI site of M This study
pLM789 amp PT7; lacG in PstI site of M with 18 G's on 5' side and 27 C's on 3' side This study
pLM844 amp PT,; lacH in PstI site of M with 21 G's on 5' side and 14 C's on 3' side This study
pLM847 amp PT7; lacH in PstI site of M; no homopolymer arms This study
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TABLE 3. Oligonucleotides for cloning and sequencing

Oligonucleotide name Sequence Description

OLM60 GATCTGCTGTCTCAACAGATC Forward from 2847 in M (before EcoRV)
OLM62 CCCTCTAGAGAGAGAGCCCCCGAAG Complementary to 3' termini with XbaI site
OLM68 GCGAACTACGAAGGTAGAACG Forward from 2400 in S
OLM70 GAAAGCCCGGCATCGATGTCGTTTGCA S sequence from 2673 to 2694
OLM71 AACGACATCGATGCCGGGCTTTCTGCA Complement of OLM70
OLM81 GAGCGGATATCAATTTCACACAGG PCR primer for making lacZ' constructions; contains

an EcoRV site and starts in lac operator
OLM82 CCCGATATCAGGCGCCATTCGCCATTCAGG PCR primer for 3' end of lacG; contains an EcoRV

site and ends at same place as pUC8 lacZ'
OLM102 CCCGATATCAGCTTTCATCAACATTAAATGTGAGCGAG PCR primer for 3' end of lacH; contains an EcoRV

site and ends at 133 amino acids of lacZ
M13 GTAAAACGACGGCCAGT For sequencing pT7T3 19 U
RevM13 CAGGAAACAGCTATGAC For sequencing pT7T3 19 U

shuttle vector pLM254 (23), into which we have inserted part
of the lacZAmJS gene of plasmid pGSH1 (15) and part of the
lacZ gene of plasmid pMC1871 (7). The plasmid has the wide
host range of RSF1010 (1), the lac promoter up mutation of
pLM254 (23), and the lacZAmJS gene, with the result that it
is a general lac complementation plasmid for many gram-
negative species (38).

In vitro synthesis of positive-sense transcripts by T7 poly-
merase. Plasmids were cut with endonuclease XbaI, and the
resulting 5' overhang was removed with mung bean nuclease
before transcription with T7 RNA polymerase (27). Trun-
cated segments were produced by cutting the plasmids with
endonuclease ClaI or PstI before the transcription reaction
(Fig. 1). RNA was purified by extracting once with phenol:
chloroform:isoamyl alcohol and then with chloroform:
isoamyl alcohol.

Plasmid pLM931 contains a 27-base insert in the PstI site
of the cDNA copy of segment M, 5' to a lacH insert. The
27-base insert is identical to the sequence around the ClaI
site near the 3' end of segment S. pLM844 contains the
cDNA copy of segment M with lacH inserted in the PstI site
with homopolymer tails of 21 G's on the 5' side and 14 C's on
the 3' side. The plasmid preparation was partially cut with
PstI and religated after blunting with T4 DNA polymerase to
remove the 3' PstI site. The resulting plasmid, pLM927, was
cut with PstI and ligated in the presence of oligonucleotides
OLM70 and OLM71. Plasmid pLM931 was found to contain
the insert in the correct orientation. The orientation was
confirmed by sequencing.

Preparation of +6 ssRNA. 46 ssRNA was synthesized by
an in vitro transcription reaction essentially according to the
method described by Emori et al. (9) with NCs prepared as
described by Mindich et al. (23). The resulting mixture of
ssRNA and dsRNA was fractionated on a cellulose column
with elution buffers containing decreasing concentrations of
ethanol according to the method described by Franklin (11).
The ssRNA eluted at 20% ethanol was concentrated by
ethanol precipitation and dissolved in water.

Preparation of procapsids. 4)6 procapsids were prepared as
described by Gottlieb et al. (13), with the expression plasmid
pLM450 (14) propagated in E. coli JM109. The procapsid
preparation that was used contained 400 pug of protein per ml
as determined by the Bradford assay (5). Purified procapsids
were divided in aliquots and frozen at -70°C. Aliquots were
thawed just prior use.

Polymerase reaction conditions. The 4)6 RNA polymerase
reactions contained 50 mM Tris-Cl, pH 8.2, 3 mM MgCl2,
100 mM NH40 acetate, 20 mM NaCl, 5 mM KCl, 5 mM

dithiothreitol, 0.1 mM Na2 EDTA, 1 mM (each) ATP, GTP,
CTP, and UTP, 5% polyethylene glycol 4000, and 40 mg of
Macaloid per ml (10). To each 25-,ul reaction mixture, 500 to
750 ng of 46 ssRNA and 1.4 ,ug of procapsid protein were
added. In the experiments in which cDNA-derived M seg-
ment RNA was used, the 4)6 ssRNA was derived from
mutant susSO7 (3), which has an amber mutation in gene 6 of
segment M. When cDNA-derived S segment RNA was used,
RNA from sus297, which has an amber mutation in gene 12
of segment S, was used (22). The amount of the synthetic
transcript was S to 10 ,ug. The reactions were routinely run at
28°C for 75 min.
Assembly of coat protein. Purified protein P8 was assem-

bled onto the packaged procapsids in 31.5-pl mixtures con-
taining 10 RI of the specific polymerase reaction mixtures
and a standard amount of 2.2 pug of purified P8 (28). The final
composition of the assembly mixture chosen (including the
components carried over from the polymerase reaction and
from the P8 preparation) was 15.9 mM Tris-Cl (pH 8.2), 0.95
mM MgCl2, 0.21 mM Na2EDTA, 6.3 mM NaCl, 97 mM KCl,
95 mM NH4Cl, 1.6 mM dithiothreitol, 7.0 mM potassium
phosphate (pH 7.4), 31.7 mM NH4 acetate, 0.32 mM (each)
of ATP, GTP, CTP, and UTP, 1.6% polyethylene glycol
4000, and 0.71 mM CaCl2. The reaction mixture was incu-
bated for 1 h at 24°C.
The NC infection. HB1OY cells were rendered competent

for 4)6 NC infection as described previously (26). To each
120-pul aliquot of cells, 20 ,ul of each coat protein assembly
mixture was added, and the infection was allowed to proceed
in 35-pul droplets on Millipore VSWPO2500 filters on Luria-
Bertani (LB) plates overlaid with LB top agar-3% lactose-20
mM potassium phosphate, pH 7.2, at room temperature for
60 min. Thereafter, the cells were washed once with 1 ml of
the LKSB buffer (26) and resuspended in 100 pul of the same
buffer, and infectious center titers were determined on
HB1OY lawns. Control transfections with ssRNA from wild-
type 4)6 gave several thousand plaques, RNA from amber
mutants gave few or no plaques, and mixtures of RNA from
amber mutants and T7 polymerase transcripts of cDNA
resulted in few to several hundred plaques, depending on the
construction and the preparation.

Isolation of recombinational derivatives. Bacteriophage
4)6K1, which contains the kan gene in segment M, was
plated on a lawn of HB1OY. Most plaques were small and
turbid. These contained the kan insert. Large clear plaques
were found to contain recombinants. High-titer stocks were
prepared by using HB1OY and the sloppy agar method (35).
These preparations were extracted with phenol and analyzed
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FIG. 1. Restriction maps of the cDNA copies of the three genomic segments of +6. The PstI site in M and the ClaI site in S that were used
for gene insertions are shown in boldface type.

for the size of segment M by agarose gel electrophoresis (29).
Virtually all such isolates showed unique migration patterns
for segment M. Several preparations of interest were used to
prepare large-volume lysates (8), which were used for the
preparation of ssRNA.
Phages carrying the kan insert with only one homopoly-

mer arm formed plaques of normal size. Plaques of all sizes
were picked, and phage stocks were prepared as described
above. All contained kan inserts.
Phages carrying lac inserts were screened by plating on

LM1034 in the presence of MUG (50 ,ug/ml) or X-Gal (200
ug/ml). Nonfluorescent or white plaques were picked, and
stocks were prepared.
PCR amplification of cDNA. Two methods were used for

PCR amplification. In the first, in vitro transcripts of phages
were incubated with oligonucleotide primer OLM62 (Table
3) and avian myeloblastosis virus reverse transcriptase (24).
OLM62 is complementary to the 3' end of all of the genomic
segments and contains a tail with an XbaI site. The product
was extracted with phenol, precipitated with ethanol, and
dissolved in DNA buffer. This DNA was then used as

template for the PCR with oligonucleotide primer OLM60
(Table 3) along with OLM62. The amplified DNA was then
cut at the XbaI site and at EcoRV, which is centered at
nucleotides 2978 to 2979 in gene 3 of segment M (Fig. 1).
This DNA was then cloned into plasmid pT7T3 19U (Phar-
macia) that had been cut with XbaI and SmaI. Phage 41798
transcripts were amplified with OLM62 and OLM68, and the
product was cloned into pT7T3 19U which was cut with Sall
and XbaI.

In the second method, a small preparation of phage

containing about 10"l to 1012 PFU was extracted with
phenol, the RNA was precipitated with ethanol, dissolved,
and electrophoresed in 1% agarose, and the bands were
electroeluted, precipitated, and dissolved in water. The
RNA was then used as template for cDNA synthesis with
either avian myeloblastosis virus reverse transcriptase or the
Pharmacia kit with cloned murine leukemia virus reverse
transcriptase. The resulting DNA was cut and ligated to
pT7T3 19U.
DNA sequence analysis. Sequence analysis was performed

by the dideoxy chain termination method (33) with bacterio-
phage T7 DNA polymerase (Sequenase; U.S. Biochemi-
cals). The synthetic deoxyoligonucleotides used as primers
were the standard M13 sequencing primer and the reverse
M13 sequencing primer (Table 3). In all cases, the size of the
recombination product as calculated for the sequence at the
crossover site agreed with the size of the genomic segment
as determined by gel electrophoresis.

RESULTS

Stability of kan in segment M. We have prepared a deriv-
ative of bacteriophage 46, designated 46K1, in which a gene
for resistance to kanamycin has been inserted near the 3' end
of genomic segment M (Fig. 1) (29). This was accomplished
by inserting a kanamycin resistance gene cartridge of
pUC-4K (Table 2) into the PstI site of a cDNA copy of the
genomic segment that had been cloned into a T7 promoter
vector called pT7T3 19U (Table 2). The cartridge is 1.2 kbp
and is bounded by 12 G's and a PstI site on the 5' side and
12 C's and a PstI site on the 3' side. A transcript of the

scale (kbp)

- i >

Ecom c cnC)W c

gene 7

U

gene 1

segment L
6374 bp

4061 bp

segment S
2948 bp
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FIG. 2. Plaques of 01817, which has lacH stably inserted into the PstI site of segment M, on LM1034 in LB agar with X-Gal (A); plaques
of o01819, which is genetically unstable due to homopolymer arms at the position of the lacH insertion (B).

resulting plasmid, pLM672, was packaged along with puri-
fied ssRNA segments s and 1 into procapsids which were
then coated with protein P8 and introduced into spheroplasts
of the host bacterium. The resulting bacteriophage, 46K1,
formed small turbid plaques. Large clear plaques were
observed at a frequency of 0.1 to 10%. Whereas 46K1
contained normal-size segments S and L and a larger-than-
normal segment M, the clear plaque forms had M segments
with sizes varying from a few hundred base pairs larger than
normal to several hundred base pairs smaller than normal.
These M segments were shown to be the products of
heterologous recombination in which the 3' end of M was
replaced by the 3' end of segment S or L (25). Although the
plaques formed by the phages containing the kan insert were
smaller than normal, the phage yield was at normal levels,
indicating that the high proportion of recombinants was not
due to the low productivity of the insert-bearing phage.
To test the possibility that the instability of the kan gene

was due to the homopolymer arms that bounded it, we
prepared plasmids in which one of the homopolymer arms
was removed by treatment with exonuclease BAL 31. Two
plasmids (pLM778 and pLM779) were constructed. They
had deletions at the 3' ends of the kan gene that included a
few bases in the kan insert and either 34 or 123 bases in
segment M. Transcripts were prepared, packaged, and used
to transfect HB10Y. Plaques were isolated, phage were
prepared, and RNA was analyzed and shown to contain the
kan gene. Whereas transcripts of the parent plasmid pLM672
resulted in genetically unstable phage, both of these plas-
mids resulted in phage that were completely stable. Whereas
46K1 produced mainly small turbid plaques that contained
the kan insert in segment M and large clear plaques that had
lost the insert, the plaques formed by phages that had lost
one homopolymer arm were larger and clearer than the
406K1 plaques, and phage in all of the plaques, whether they
were large or small, contained the kan insert.

Stability of lac in segment M. We constructed a Lac
complementation system for pseudomonads by preparing a
wide host range plasmid containing the w fragment of the
lacZ gene. This plasmid was designated pLM746 (Table 2).
We then prepared plasmids with cDNA copies of segment M

containing inserts of the a portion of the lacZ gene. One
insert, which is derived from the pUC8 (38) MCS, is desig-
nated lacG. It is 241 bases long. Another insert, designated
lacH, is 427 bases long. Transcripts from these plasmids
were used in transfection experiments to produce 46 con-
taining parts of lacZ. Phage with lacH produced blue plaques
on HB1OY containing pLM746 in the presence of X-Gal (Fig.
2A). Phage with lacG formed plaques that were fluorescent
with MUG but were not blue with X-Gal. The level of
P-galactosidase activity in HB10Y is dependent on the length
of the a fragment. lacG has 60 amino acids, while lacH has
133 amino acids.
Phages with either of the two lac inserts were genetically

stable. White or nonfluorescent plaques appeared with a
frequency of about 0.1%. These plaques were found to
contain phages with mutations to Lac- rather than deletions
of the lac insert. Plasmids were then prepared with inserts of
lacG bounded by arms of poly(G) and poly(C). Phage
produced by these transcripts were found to be genetically
unstable. The instability increased according to the length of
the homopolymer arms. Phage derived from the transcript of
pLM789, which contained lacG bounded by 18 G's and 27
C's in addition to the PstI sites, were so unstable that all
fluorescent plaques contained mixed populations and could
not be purified because progeny fluorescent plaques con-
tained over 50% recombinants. A similar result was obtained
with phages containing the lacH insert (Fig. 2B), in which
homopolymer arms of 21 G's and 14 C's resulted in the same
degree of instability. In general, the large Lac- plaques had
lost the lac insert, and analysis of the RNA by gel electro-
phoresis showed that the size of segment M was altered (Fig.
3). In all cases, the alteration was due to recombination. The
phages that contained inserts bounded by homopolymer
arms were able to reproduce well enough to yield stocks that
had normal titers. The high proportion of recombinants was
not due to the relative efficiencies of production between the
insert-bearing strains and the recombinants, although the
recombinants would eventually overwhelm the parental
phages if stocks were propagated without plaque purifica-
tion.

Occasionally, a large Lac' plaque formed by the unstable

J. VIROL.
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FIG. 3. Agarose gel electrophoresis of dsRNA extracted from

phage samples derived from phage ji1800 that contains lacG
bounded by homopolymer arms. RNAs in lanes a and j are from
normal 46; lane b, d, and f RNAs derive from Lac' plaques,
whereas lane c, e, g, h, and i RNAs derive from Lac- plaques. Note
that the Lac' phage have M segments with the same size (4,340
kbp), while the M segments of the recombinants vary in size.

phage was found to be stable. One of these, 4i1807, was used
as template for cDNA synthesis, PCR, cloning, and sequenc-

ing. It was found that a deletion had been formed at the 5'
end of the lac insert that had removed one of the homopoly-
mer arms. In this case, there was no evidence of heterolo-
gous recombination but rather an internal deletion from
position 3501 in segment M (which is after the Shine-
Dalgarno sequence for gene 13) and the -2 position of the
lacG open reading frame. This results in an intact open

reading frame with an adequately placed Shine-Dalgarno
sequence.

Therefore, it appeared that the homopolymer arms con-

tributed to heterologous recombination and that inserts of
241, 427, and 1,200 bases without homopolymer arms were

stable in the PstI site of segment M. We then prepared
transcripts containing the entire lacZ gene in the same site.
Transfection experiments yielded very few plaques. The
yield was reduced by about 100-fold relative to that for
normal segment M. The plaques that were obtained were not
Lac' on HB10Y, but some were Lac' on LM1034 (HB1OY
with pLM746). RNA prepared from the phages showed that
they were recombinants with sizes of segment M ranging
from less than normal to several kilobases larger than normal
(Fig. 4). Sequencing of several recombinants confirmed that
they were the products of heterologous recombination (Fig.

L -_
M -_w
S -0.

4-- L
4- M

4- S

a b c d e f g h

FIG. 4. Agarose gel electrophoresis of dsRNA extracted from
phage samples derived from plaques produced by transfection with
RNA derived from pLM780, which contains the entire lacZ gene in
segment M. RNA in lane a is from normal 06. RNAs in lanes b, c,

d, e, f, g, and h are from recombinant plaques. None are Lac' alone;
however, the phages used for lane g were Lac' on lawns of LM1034.
The sequence of the crossover junction is shown in Fig. 5 (1791).

5). It appears that the 3-kb size of the entire lacZ gene is too
big to add to the 4 kb in segment M, but recombination does
rescue a small percentage of the M segments.
The effect of 3' truncation. We have shown that the 5' end

of each genomic segment carries the information for pack-
aging specificity and that segments that are missing their 3'
ends can be packaged but do not serve as templates for
minus-strand synthesis (12). Transcripts of S copies that had
been truncated at the ClaI site or M copies that had been
truncated at the PstI site were prepared (Fig. 1). The
transcripts of the truncated segments were packaged with
normal heterologous segments and used to transfect host
cells. Plaques were obtained at a small percentage of the
frequency found with normal transcripts. Phage stocks were
prepared, and RNA was analyzed by gel electrophoresis. It
was found that the plaques were all recombinants. Sequenc-
ing of cDNA copies of the RNA showed that they were all
products of heterologous recombination. The crossover
points were usually 5' to the truncation site, although in one
case (Fig. 5) the crossover point was at the presumptive end
formed by the ClaI cut of the copy of segment S.
The effect of sequence identity on recombination. Although

we find that in about half of the cases, there are only one or
two overlapping bases at the crossover point, in the other
half we find six or more identical bases. This suggests that
the heterologous recombination system does in fact prefer
regions with similar sequences. A test was devised to see
whether sequence identity would stimulate recombination.
We prepared a 27-nucleotide insert that is identical to the
sequence around the ClaI site of segment S (Table 3). This
insert was placed 5' to a lacH insert bounded by homopoly-
mer arms (21 G's and 14 C's) at the PstI site of segment M in
pLM844. The new plasmid was called pLM931. We knew
that the lac construction is extremely unstable, and we
expected that recombinants whose crossover sites utilized
the identical sequences would all have a particular size. The
phage containing lac and the duplication of the ClaI site was
unstable, and white plaques appeared at a frequency of more
than 50% in passaged small blue plaques. Small blue plaques
were picked and replated. Eighteen white-plaque derivatives
were picked, phage stocks were prepared, and RNA was
analyzed by electrophoresis. It was found that most of the
recombinant phages showed segment M sizes incompatible
with the sizes expected for crossovers at the identical
sequence. Several preparations looked as if they might be
products of such an event on the basis of probing with
oligonucleotides. However, sequence analysis showed that
none of the crossovers occurred in the 27-base sequence.
The absence of crossovers in the 27-nucleotide identity
region suggests that the initiation of the crossover is not
determined by sequence matching; instead, it appears that
the matching influences the location of the crossover on the
receptor strand.

DISCUSSION

Homologous recombination in several positive-strand
RNA viruses, particularly in poliovirus (16, 17) and corona-
virus (18, 19), has been demonstrated and studied. In addi-
tion, the products of heterologous recombination have been
observed in virus isolates from the wild (see reference 18) or
in experiments in which defective segments of segmented
genome virus could be rescued (6). Although we have not
explored the mechanism of the recombinational event, our
results are consistent with the currently held copy choice
model (17).

VOL. 67, 1993



4920 ONODERA ET AL.

Junction Segment size

M truncated at Pstl (3830)

M GCGTTCACCAAAGGCACGATCGTGATCTGCCTGGTGGTGGTCGTCCTC
1767 GCGTTCACCAAAGGCACGATCGTGATCCTGGACGTCGTCAAGGCCCCT
S AGTGAACGCTCCACCGGCACCCAGATCCTGGACGTCGTCAAGGCCCCT

M truncated at Pstl (3830)
M
1797 GCAACCGCTTGT'T TTGGAA TCCLCGCTl"ACGTACuCCAATTTCT
L GCCTACGTGTACCGCGTTGGTCGCACCGCTACGTACCCCAATTTCT

S truncated at Clal (2686)
S CATAGGCTTGGAAAGCCCGGCATCGATGTCGTTCCATGTCGCGCCA
1798 CATAGGCTTGGAAAGCCCGGCATCGCGCATCGTGGATCAGATGGCC
L GTCTGCCGTCCACCTCGCGCAGTCGCGCATCGTGGATCAGATGGCC

LacZ in M Pstl site (3835)
LacZ TCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGA
1 791 TCGCTCACATTTATGTTGATGAAAGCTGATCGGAAGCTATGAAAG
S TTCATGCATCTCAGATTTGCGTAAAGCTGATCGGAAGCTATGAAAG

LacZ in M Pstl site (3835)
M~ ~~ ~M TCACCAAAGGCACGATCGTGATCTGCCTGGTGGTGGTCGTCCTC M

1789 TCACCAAAGGCACGATCGTGATCTCGTTCCATGTCGCGCCAGACGC
S GCTTGGAAAGCCCGGCATCGATGTCGTTCCATGTCGCGCCAGACGC

5'1 3'

M3465

M3569

S2686

LacZ401

M3466

S1422

L4480

L6039

S2601

S2691

4992

5464

3022

4583

3726

FIG. 5. Base sequences of recombination products around the crossover regions of representative recombinants. The sequence of the
original segment that donates the 5' end is underlined, and that of the original L or S segment that donates the 3' end is shown below. The
extent of sequence identity at the crossover point is indicated by the dark horizontal lines. Phages 41767 and +1797 were the products of
transfections with truncated M segments. +1798 was the product of a truncated S segment. +1791 and +1789 were the products of
transfections with the entire lacZ gene inserted into the PstI site of segment M. 41791 has a crossover in the lacZ gene, and enough of the
gene remains so that this phage is Lac' on w-complementing strains. +1789 has a crossover within the M sequence and has therefore lost the
entire lac sequence.

The experiments that we have described in the present
report show that the frequency of recombinants in a popu-
lation of +6 can be increased more than 1,000-fold by the
incorporation of a sequence bounded by homopolymer G-C
arms. Using the lac screening system, we find that the
normal recombinant frequency is less than 1 in 1,000. We do
not know whether the increase in recombination is due to the
formation of a hairpin or to some other consequence of the
homopolymer tracts; however, it seems likely that hairpins
would be formed. The hairpins could promote recombination
by providing a barrier to synthesis of minus-strand RNA, or
they might prevent plus-strand genomic precursors from
being completely packaged. The normal 3' termini of the
segments contain double-stranded structures (25), but they
are probably much smaller than those formed by the ho-
mopolymer tracts.
Although it is difficult to precisely quantitate the relative

frequencies of transfection, the level of rescue recombina-
tion that we find for truncated genomic precursors is about 1
to 10% of the expected number of plaques with intact RNA.
This would imply that recombination is being facilitated in
these cases, since we found that the frequency of recombi-
nants was less than 1 per 1,000 in the absence structures that
promote recombination. It is worth emphasizing that the
recombinational rescue events that we report here take place
during the first round of replication of the virus. The fre-
quency is not amplified by selection during successive
rounds of viral replication.
We have shown in other studies that the synthesis of

minus strands does not take place until all three plus strands
have been packaged by a procapsid (12). However, synthesis
of minus strands on intact templates takes place even if the
other packaged molecules are truncated and cannot repli-
cate. This regulatory program might serve to coordinate the
replication of the genomic segments so that their numbers

remain equal; however, it may also serve to set up condi-
tions that would favor recombinational rescue of genomic
segments that are packaged with damaged 3' ends.
The finding that the truncated genomic precursors can be

rescued by recombination implies that the recombination is
taking place during the synthesis of minus-strand RNA,
since in the absence of minus-strand synthesis there is no
transcription. Additionally, we have shown that the trun-
cated segments do not support minus-strand synthesis (12).
If the recombination is taking place during minus-strand
synthesis, it is not clear how the recombinational complexes
are resolved. Figure 6 shows the recombinant minus strand
binding to both the donor and the recipient plus strands. Two
possibilities are (Fig. 6, pathway A) that the chimeric minus
strand leaves its original 3' template spontaneously and (Fig.
6, pathway B) that transcription of new plus strands dis-
places the chimeric minus strand from its original template,
allowing the original template to reinitiate minus-strand
synthesis that would now be normal. There is evidence that
minus-strand synthesis must occur on L before any tran-
scription can take place (12). If it must be completed, then
model B would not stand, since L donates 3' ends to
recombinants as well as S does. In such a case, the minus
strand of L would not be complete until after resolution.
However, model B would stand if minus-strand synthesis on
L does not have to be completed before transcription of the
other segments can begin.
Many of the crossover points show limited sequence

identity between the two parental strands. This region is
often 6 bases or more in length (Fig. 5). When we placed an
insert of 27 bases of identity 5' to the destabilizing region, we
found no evidence of preferred crossing over in this region.
Our tentative conclusion is that the launching region is
determined by some condition in the donor strand and that
this donor strand then seeks out a similar sequence on which
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L + I---

M +

(A)
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(B)
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+
_ o -o

FIG. 6. Models for the resolution of recombinational intermediates. The diagram illustrates a situation in which the plus strand of M is
truncated at the 3' end and cannot serve as the template for minus-strand synthesis. Minus-strand synthesis occurs normally on S and begins
on L. The nascent minus strand on L leaves its original template to copy segment M. In pathway A, the new recombinant strand
spontaneously leaves its L template, and L can serve as the template for its normal complement. In pathway B, transcription (boldface line)
of the recombinant structure leads to the displacement of the original template strands. The L template would then be free to serve as the
template for normal L minus-strand synthesis.

to land. There would be a much greater probability that the
exploring strand would land back on its proper template, but
if another plus strand is available, it might be chosen. The
sequence identity is not necessary but is preferred. Since the
frequency of recombination is very low when the segments
are intact and normal, there must be something special about
the cases that promote recombination that is different from a
situation in which one strand is simply replicating faster than
another. It is possible that all three segments synthesize
minus strands simultaneously in normal particles. Under
these circumstances, the system might be very sensitive to a
delay or absence of minus-strand synthesis on one of the
segments.
There are many possibilities for matching sequences of six

nucleotides in two heterologous strands. If a 6-base se-
quence at the end of the nascent chain had to match with a
sequence within a region of a few hundred bases, the
probability would be of the order 10% that it would find a

matching site; however, if the matching sequence could be
chosen from some part of the exploring chain (not necessar-
ily the very end of it), the probability of a match would be
much higher. One might ordinarily think that the nascent
minus strand would be tightly bonded to the template.
However, the situation may be similar to that proposed for
nascent RNA that is formed by E. coli DNA-dependent
RNA polymerase, wherein it appears that the newest part of
the chain is not tightly associated with the template but
rather is associated with the polymerase (36).

4)6 is the only dsRNA virus that has shown intermolecular
recombination. Deletions and duplications have been found
in rotavirus (20), and the mechanism of production of these
intramolecular rearrangements may be similar to that for
heterologous recombination; however, this remains un-

demonstrated. An internal duplication that was reported for
segment 10 of human rotavirus (2) shows a 7-base direct
repeat that seems reminiscent of the sequence relationships
reported in the present paper and in our previous description
of the 4)6 recombination system (25). It seems likely that
once it becomes possible to screen for intermolecular recom-
binants, they will be found in the other segmented dsRNA
virus systems.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant GM-
31709 awarded to L. Mindich. Mikko Frilander was supported by a

grant from the Academy of Finland awarded to Dennis Bamford.
We thank David Dubnau, Alex Goldfarb, and Issar Smith for

valuable discussions.

REFERENCES
1. Bagdasarian, M., R. Lurz, B. Ruckert, F. C. H. Franklin, M. M.

Bagdasarian, J. Frey, and K. N. Timmis. 1981. Specific-purpose
plasmid cloning vectors. II. Broad host range, high copy num-

ber, RSF1010-derived vectors, and a host-vector system for
gene cloning in Pseudomonas. Gene 16:237-247.

2. Ballard, A., M. A. McCrae, and U. Desselberger. 1992. Nucle-
otide sequences of normal and rearranged RNA segment 10 of
human rotaviruses. J. Gen. Virol. 73:633-638.

3. Bamford, D. H., M. Romantschuk, and P. J. Somerharju. 1987.
Membrane fusion in procaryotes: bacteriophage 46 membrane
fuses with the Pseudomonas syringae outer membrane. EMBO
J. 6:1467-1473.

4. Bergmann, M., A. Garcia-Sastre, and P. Palese. 1992. Transfec-
tion-mediated recombination of influenza A virus. J. Virol.
66:7576-7580.

5. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

6. Bujarski, J. J., and P. Kaesberg. 1986. Genetic recombination
between RNA components of a multipartite plant virus. Nature
(London) 321:528-531.

7. Casadaban, M. J., A. Martinez-Arias, S. K. Shapira, and J.
Chou. 1983. ,B-Galactosidase gene fusions for analyzing gene
expression in Escherichia coli and yeast. Methods Enzymol.
100:293-308.

8. Day, L. A., and L. Mindich. 1980. The molecular weight of
bacteriophage 4)6 and its nucleocapsid. Virology 103:376-385.

9. Emori, Y., H. lba, and Y. Okada. 1983. Transcriptional regula-
tion of three double-stranded RNA segments of bacteriophage
+6 in vitro. J. Virol. 46:196-203.

10. Fraenkel-Conrat, H., B. Singer, and A. Tsugita. 1961. Purifica-
tion of viral RNA by means of bentonite. Virology 14:54-58.

11. Franklin, R. M. 1966. Purification and properties of the replica-
tive intermediate of the RNA bacteriophage R17. Proc. Natl.
Acad. Sci. USA 55:1504-1511.

12. Frilander, M., P. Gottlieb, J. Strassman, D. H. Bamford, and L.
Mindich. 1992. Dependence of minus strand synthesis upon

+

S

+~~~~~ O

+

+~~~~~~ o

+

+~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~+--

+

+- - l

+

VOL. 67, 1993



4922 ONODERA ET AL.

complete genomic packaging in the dsRNA bacteriophage
4)6R. J. Virol. 66:5013-5017.

13. Gottlieb, P., J. Strassman, D. H. Bamford, and L. Mindich.
1988. Production of a polyhedral particle in Eschenichia coli
from a cDNA copy of the large genomic segment of bacterio-
phage 46. J. Virol. 62:181-187.

14. Gottlieb, P., J. Strassman, X. Qiao, A. Frucht, and L. Mindich.
1990. In vitro replication, packaging and transcription of the
segmented dsRNA genome of bacteriophage 46: studies with
procapsids assembled from plasmid encoded proteins. J. Bac-
teriol. 172:5774-5782.

15. Haima, P., D. van Sinderen, H. Schotting, S. Brown, and G.
Venema. 1990. Development of a 3-galactosidase a-complemen-
tation system for molecular cloning in Bacillus subtilis. Gene
86:63-69.

16. Hirst, G. K. 1962. Genetic recombination with Newcastle dis-
ease virus, polioviruses and influenza. Cold Spring Harbor
Symp. Quant. Biol. 27:303-308.

17. Kirkegaard, K., and D. Baltimore. 1986. The mechanism of
RNA recombination in poliovirus. Cell 47:433-443.

18. Lai, M. M. C. 1992. RNA recombination in animal and plant
viruses. Microbiol. Rev. 56:61-79.

19. Lai, M. M. C., R. S. Baric, S. Makino, J. G. Keck, J. Egbert,
J. L. Leibowitz, and S. A. Stohlman. 1985. Recombination
between nonsegmented RNA genomes of murine coronavi-
ruses. J. Virol. 56:449-456.

20. McIntyre, M., V. Rosenbaum, W. Rappold, M. Desselberger, D.
Wood, and U. Desselberger. 1987. Biophysical characterization
of rotavirus particles containing rearranged genomes. J. Gen.
Virol. 68:2961-2966.

21. Miller, J. H., J. S. Lebkowski, K. S. Greisen, and M. P. Calos.
1984. Specificity of mutations induced in transfected DNA by
mammalian cells. EMBO J. 3:3117-3124.

22. Mindich, L., and J. Lehman. 1983. Characterization of +6
mutants that are temperature sensitive in the morphogenetic
protein P12. Virology 127:438-445.

23. Mindich, L., G. MacKenzie, J. Strassman, T. McGraw, S.
Metzger, M. Romantschuk, and D. Bamford. 1985. cDNA clon-
ing of portions of the bacteriophage 4)6 genome. J. Bacteriol.
162:992-999.

24. Mindich, L., I. Nemhauser, P. Gottlieb, M. Romantschuk, J.
Carton, S. Frucht, J. Strassman, D. H. Bamford, and N. Kalk-
kinen. 1988. Nucleotide sequence of the large double-stranded
RNA segment of bacteriophage 4)6: the genes specifying the
viral replicase and transcriptase. J. Virol. 62:1180-1185.

25. Mindich, L., X. Qiao, S. Onodera, P. Gottlieb, and J. Strassman.
1992. Heterologous recombination in the double-stranded RNA
bacteriophage 4)6. J. Virol. 66:2605-2610.

26. Ojala, P. M., M. Romantschuk, and D. H. Bamford. 1990.
Purified 4)6 nucleocapsids are capable of productive infection of

host cells with partially disrupted outer membrane. Virology
178:364-372.

27. Olkkonen, V. M., P. Gottlieb, J. Strassman, X. Qiao, D. H.
Bamford, and L. Mindich. 1990. In vitro assembly of infectious
nucleocapsids of bacteriophage 4)6: formation of a recombinant
double-stranded RNA virus. Proc. Natl. Acad. Sci. USA 87:
9173-9177.

28. Olkkonen, V. M., P. Ojala, and D. H. Bamford. 1991. Genera-
tion of infectious nucleocapsids by in vitro assembly of the shell
protein onto the polymerase complex of the dsRNA bacterio-
phage 4)6. J. Mol. Biol. 218:569-581.

29. Onodera, S., V. M. Olkkonen, P. Gottlieb, J. Strassman, X.
Qiao, D. H. Bamford, and L. Mindich. 1992. Construction of a
transducing virus from double-stranded RNA bacteriophage 4)6:
establishment of carrier states in host cells. J. Virol. 66:190-196.

30. Partridge, J. E., J. L. Van Etten, D. E. Burbank, and A. K.
Vidaver. 1979. RNA polymerase activity associated with bacte-
riophage 4)6 nucleocapsid. J. Gen. Virol. 43:299-307.

31. Rott, M. E., J. H. Tremaine, and D. M. Rochon. 1991. Compar-
ison of the 5' and 3' termini of tomato ringspot virus RNA1 and
RNA2: evidence for RNA recombination. Virology 185:468-
472.

32. Roychoudhury, R., E. Jay, and R. Wu. 1976. Terminal labeling
and addition of homopolymer tracts to duplex DNA fragments
by terminal deoxynucleotidyl transferase. Nucleic Acids Res.
3:101-116.

33. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

34. Semancik, J. S., A. K. Vidaver, and J. L. Van Etten. 1973.
Characterization of a segmented double-helical RNA from bac-
teriophage +6. J. Mol. Biol. 78:617-625.

35. Sinclair, J. F., J. Cohen, and L. Mindich. 1976. The isolation of
suppressible nonsense mutants of bacteriophage +6. Virology
75:198-208.

36. Surratt, C. K., S. C. Milan, and M. J. Chamberlin. 1991.
Spontaneous cleavage of RNA in ternary complexes of Esche-
richia coli RNA polymerase and its significance for the mecha-
nism of transcription. Proc. Natl. Acad. Sci. USA 88:7983-
7987.

37. Vidaver, A. K., R. K. Koski, and J. L. Van Etten. 1973.
Bacteriophage +6: a lipid-containing virus of Pseudomonas
phaseolicola. J. Virol. 11:799-805.

38. Vieira, J., and J. Messing. 1982. The pUC plasmids, an
M13mp7-derived system for insertion mutagenesis and sequenc-
ing with synthetic universal primers. Gene 19:269-276.

39. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

J. VIROL.


