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A Viable Mutation in Cauliflower Mosaic Virus, a R‘etroviruslike
Plant Virus, Separates Its Capsid Protein and Polymerase Genes
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A viable strain of caulifiower mosaic virus is described which arose by illegitimate recombination of two
lethal parents. In this strain, the normally overlapping open reading frames IV and V, corresponding to the
retrovirus gag and pol genes, are separated by a short intergenic region, suggesting that in this virus and in
contrast to retroviruses, fusion of gag and pol gene products is not obligatory.

Cauliflower mosaic virus (CaMV) is a plant DNA virus
that replicates its genome via reverse transcription of an
RNA with 180-nucleotide terminal repeats (for reviews, see
references 12, 14, and 20 and J. M. Bonneville, T. Hohn, and
P. Pfeiffer, in E. Domingo, P. Ahlquist, and J. J. Holland,
ed., RNA genetics, 11, in press). A portion of its genome,
encompassing open reading frames (ORFs) IV, V, and VI,
shows homology in organization, sequence, and function to
the retrovirus gag-pol-env coding region (7, 20). ORFs IV
and V overlap for a short distance, much like the gag and pol
genes of avian and some other retroviruses. In these retro-
viruses, the pol gene is translated as a large gag/pol fusion
protein produced by a frameshift within the overlapping
region (16). Some other retroviruses produce gag/pol fusion
protein by stop codon suppression (e.g., see reference 30).

Like retroviruses and unlike proper double-stranded DNA
viruses, CaMV has a very high recombination rate (2, 6, 10,
15, 19), and as in retroviruses (reference 29, section
7.VL.B.6), it is tempting to correlate this rate to the pecu-
liarities of the retro replication cycle. It wouild thus be best
explained by assuming replicative recombination and copy
choice (5), i.e., switches of the nascent DNA strands from
one parent template to the other, taking into account that the
reverse transcriptase has to perform template switches at
certain sites obligatorily (11). Also, deletions (17) and dupli-
cations within the genome can be interpreted as being caused
by recombination processes, with the template switches
occurring at sites of little homology.

For CaMV, an additional type of recombination has been
observed as a consequence of mechanical inoculation with
DNA linearized by restriction: viral DNA linearized at
homologous sites can ligate in plant cells to form heteropoly-
mers (9, 28) from which hybrid viral genomic RNA can be
produced. This mechanism even functions with viral subge-
nomic restriction fragments cloned separately (19).

Here we describe a viable recombinant apparently pro-
duced by a combination of both mechanisms. This recombi-
nant has a duplication of the ORF IV-V junction. The mere
existence of this recombinant indicates that CaMV follows a
strategy for pol translation different from that of the avian
retroviruses discussed above.

Recombination experiments have been performed by co-
inoculation of host plants (Brassica rapa) with pairs of
cloned and (in vitro) mutagenized CaMV genomes after their
uncoupling from the bacterial vector at the Sall cloning site.
One parent used, Ca422 (Fig. 1), was constructed as a viral
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vector to accept a payload of 1,000 base pairs (bp) by
deletion of as much of its sequence as we knew to be
nonessential. Removal of ORFs II and VII in this strain does
not affect infectivity by mechanical inoculation, but a third
deletion of 147 bp in the-untranslated leader region causes an
increase of the latency period from the normal 2 weeks to 12
weeks. The reason for this defect is under study. The other
parent, Cal69 (Fig. 1), is a lethal linker insertion (frameshift)
mutant within the presumptive polymerase region of ORF V.
The two mutants originate from different backgrounds
(CM4.184 [13] and CaMV.JI [3]) and hence show some
restriction enzyme site (Fig. 1) and sequence (see Fig. 2 and
3) polymorphism in addition to the differences caused by the
mutations.

One of a few recombinants (viable, short latency) between
Cad422 and Cal69 attracted our attention because of an
unusual restriction pattern and was therefore studied in more
detail. Its DNA was isolated immediately after appearance
of systemic symptoms and recloned irito the bacterial vector
pUCS8. Ten indépendently obtained single clones analyzed
showed identical restriction patterns for all restriction mark-
ers polymorphic for the original parents (Fig. 1) and the
frequent Clal sites, and these corresponded to the bulk of
the viral DNA sample from which the clones were derived.
All clones were infectious when excised from the vector,
yielding systemic symptoms after short latency. The critical
portions of one of them, clone Ca534, were sequenced (Fig.
2 and 3), and CaS34 turned out to be a hybrid strain, with the
bulk of its sequence originating from Cal69 and a minor
portion originating from Ca422. The minor portion included
the wild-type allele of ORF V, and the major portion
included the wild-type allele of the leader. The sequence
polymorphism of the parent strains allowed us to determine
the crossover points of the recombinant. The one crossover
point is located within a 60-bp sequence around the Sall
restriction site (Fig. 2). It cannot be mapped more precisely
because of a lack of polymorphic markers within this stretch.
However, since the Sall site had been used for cloning and
the inoculated DNA species had been excised from the
vector plasmids at this site, the crossover point probably
reflects heterodimer (polymer) formation of the original
inoculum. The other crossover point can be mapped exactly
to single nonhomologous nucleotides in the ORF IV-V
border region, resulting in a 182-bp duplication (Fig. 3). The
two versions of this duplication clearly originate from one
parent each, as can be seen from the sequence polymor-
phism concerning five specific base pairs in this region
(marked in Fig. 3).
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FIG. 1. Physical maps of the CaMYV strains described (wild type
and derivatives). The maps, in fact circular, are presented in their
Sall-linearized DNA form, as obtained from DNA clones and used
to inoculate plants. The main seven ORFs (I to VII; ORF V is
interrupted by the linearization) are shown, and the regions that
correspond to retrovirus, R and US, are indicated. R in this case is
defined as the terminal repeat of the CaMV genomic RNA, and U5
is the sequence between R_and the primer-binding site. The Sall
sites providing the termini of the inoculating DNA and the sites
involved in restriction enzyme polymorphism used to distinguish the
strains are shown by the conventional symbols where present and
by the symbol ¢ where absent. Ca422 contains three deletion (A)
mutations, and Cal69 contains a linker insertion mutation ( ¥ ).
Ca534 is the recombinant described in detail. The duplication (D) is
indicated, as is the origin of the sequence from either parent (Ca422
and Cal69).

Ca 169

Since the duplication provides a large recombinatijon tar-
get, it should disappear fast from the virus DNA population
if it were of any disadvantage for viral fitness. This was not
the case; after reinoculation of cloned Ca534 DNA to five
different plants and waiting for 3 weeks after appearance of

4259 | TGATCAAGAATCAAGACCTCTAACGGCATTCACATGTCCACAAGGTCACTACGAATGGAATGTGG
4458 | TGATCAAGAATCAAGACCTCTAACGGCATTCACATGTCCACAAGGTCACTACGAATGGAATGTGG
* *

4678 AGATCAAGAATCAAGACCTCTAACGGCATTCACATGTCCCCAAGGTCACTACGAATGGAATGTGG

4324 TCCCTTTCGGCCTAAAGCAGGCACCATCCATATTCCAGAGACACATGGACGAAGCATTTCGTGTG
4523 TCCCTTTCGGCCTAAAGCAGGCACCATCCATATTCCAGAGACACATGGACGAAGCATTTCGTGTG
* *

4743 TCCCTTTCGGCCTAAAGCAGGCTCCATCCATATTCCAAAGACACATGGACGAAGCATTTCGTGTG

—
4389 TTCAGAAAATTCTGTTGCGTGTATGTCGACGACATCCTCGTATTCAGTAACAACGAAGAAGATCA
*

4588 TTCAGAAAATTCTGTTGCGT ] 'GACGACATTCTCGTATTCAGTAACAACGAAGAAGATCA
4808 TTCAGAAAGTTCTGTTGCGTTTAY GACGACATTCTCGTATTCAGTAACAACGAAGAAGATCA

4454 CCTACTTCACGTAGCAATGATCTTACAAAAGTGCAATCAACATGGAATCATTCTTTCCAAGAAGA
- * * -

4653 CCTACTTCATGTAGCGATGATCTTACAAAAGTGCAATCAACATGGAATCATCCTTTCCAAAAAGA

4873 CCTACTTCATGTAGCGATGATCTTACAAAAGTGCAATCAACATGGAATCATCCTTTCCAAAAAGA

4519 AAGCACAACTCTTCAAGAAGAAGATAAACTTCCTTGGTCTAGA CM4-184
4718 AAGCACAACTCTTCAAGAAGAAGATAAACTTCCTTGGTCTAGA CaS34
4938 AAGCACAACTCTTCAAGAAGAAGATAAACTTCCTTGGTCTAGA CaMv-J1

FIG. 2. Nucleotide sequence of a Bcll-Xbal restriction fragment
of Ca534 in comparison with those of CaMV.CM4-184 and
CaMV.JI. Bcll-Sall and Sall-Xbal subclones were sequenced. Lo-
cations of the restriction sites are boxed (5’ terminus, Bcll; middle,
Sall; 3' terminus, Xbal). Nucleotide polymorphisms at four posi-
tions upstream from the Sall site and at five positions downstream
from it are marked by asterisks and suggest a crossover point around
the Sall site. Sequencing (26) was performed in both directions after
subcloning of the respective restriction fragments in bacteriophage
M13mpl8 and M13mpl9 (21) with universal and reverse primers
(New England BioLabs, Inc.). Reference sequences were those of
CM4-184 (6, 13) and CaMV.JI, kindly provided by J. Stanley d.
Stanley and J. Davies, personal communication).
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3138 CATTGAAGAACC T AGA ‘I‘TCAECTTAGAATACAMGMGAGGA
vIiI toml.ymn!to'“l.yso--. TYr
X His+++Ar ruunlmrgSerSerArgurllcll:sl.eulu !hG!.nArgA gG
v oIleGluGluProTyrGluGlyvalGlnGluvalPheXleLeuGluTyrLysGluGluG.
3198 [AGAAGAAACCTCTACAGAAGAAAGYG CATCATCTACTTCTGAAGACTCAGACTC
v* YSLysLysProLeuGlnLysLysvalsawass, 1nThG|
Ar?\ gklnl.eu'l‘y:ArgA:gLyuuqurplIe1le'l‘yrrheo*oArgu\mrgLeu =
v uGluGluThrSerTh .
>
3258 AGA&GAGCAGGTGATGMCGTCACCAATCCCMMMTCTACATCMGGGMGACTCT b3
v 1nThrGluGlnval 1Th T SerIleTyrlleLysGlyArgLeuT|
ArgLeuSerArg++++++ThrSerProlleProlleGlnSerThrSerArgGluAspSer '3}
v rAsp+++AlaGlyAspGluArgHisGlnSerGlnPheAsnLeuHisGlnGlyLysThrLe
3318 AC‘I“"‘ t AAGA "I‘TCACTGTﬂaG'“‘CﬂABAATACMAGMGAG
v x.ymlmu.yn.yuleclnuuuq:phenluulu- 13t m <
'l'hrSerAr g‘l’hrAthrgouSerPhe‘rthalsarEheLeuG uTyrLysGluGlu|
uLeuGlnGiyIleGlnGluAspArgAlaSerLeuPheArgser+++AsnThrLysLysAr| v
L)
3378 GAAGMGMACCTC‘IACAGAAGAMG!GATGATG!ATCATCTACHCWC'I‘CAGAC <
v { gArgLysArg IlelleTyr ArgLeuArgL| S
G. uGluGlu'l'hrSor'l'hrGluGluSerAspAspGluSersar‘mrs“cl\m&s"Alp o
v gLysLysLysProLeuGlnLysLysAla Leul 1nTh| —,
>
3438 TCAGA’TGAGCAGGTGATGMCGTCACCMTCCCMHCG&TCTACATCAAGGGMGAC'l‘ =
euArgLeuSerArg++++++ThrSerProlleProlleArgSerThrSerArgGluAsps ©
SerAsp+++AlaGlyAspGluArgHisGlnSerGlnPheAspLeulisGlnG. {Lyl‘mr o
v rGlnIleGluGlnval 1Th SerIleTyrIleLysGlyArgLe
3498 |cracrreand AAGA 17cACTGTTTIGIAGACACGGGAGCAAGCTT
erﬂ\rsatLytAlp'l‘hrArgArgonSerrhe‘rhrvalt.eu«r'rhrkrgGlnGlnA!a‘!‘
LeuuuGlnArg!leGlnGluAspA:gAhSeH.eurhocyl rgHisGlySetLysLou
v uTyrPheLysGlyTyrLysLysIleGluLeuHisCysPhe! AlaSerLe

FIG. 3. Locations of ORFs in the region of duplication in CaS34
compared with those in the wild type. The duplicated stretch of 182
bp is boxed. The part between vertical dotted lines is shown in detail
below. Codons in all three phases are given, with *** being start
codons and +++ indicating stop codons. ORFs VIII (3'-terminal
portion), IV (3’-terminal portion), V (5'-terminal portion), and V* (a
short ORF with a 5’ terminus similar to that of V but a new 3’
terminus from another reading phase) are indicated. The border
between the CaMV.CM4-184- and CaMV .JI-derived sequences is
given exactly. Nucleotide polymorphism of the repeated sequences
at five positions are marked with @, and the polypurine stretch
mentioned in the text is underlined. Sequencing was performed in
both directions as described in the legend to Fig. 2, from a HindIII
fragment (base pairs 2845 to 3554) and a HindllI-PstI fragment (base
pairs 2845 to 3024) by using the universal primer and, in addition, a
synthetic primer (arrow). This primer was also used to sequence
revertants of the deletion.

symptoms, only about 20% of virus progeny in each of the
individual plants had the duplication deleted. This propor-
tion increased to 50% after reinoculation of new plants with
sap from an infected leaf from the first inoculation and then
remained constant for several additional cycles of reinocu-
lation. This contrasts with the fast removal of inserts at other
parts of the CaMV genome when they interfere with viral
functions (1, 4, 8, 23; K. Sieg and B. Gronenborn, Abstr.
NATO Adv. Course Stud. Inst. Adv. Course, C8, p. 154,
1982), even if only a few homologous base pairs are available
as recombination targets. The reverted genome, after reclon-
ing, infected plants with a latency period similar to that of
the genome with the duplication. This shows that the dupli-
cation is just a product of nonhomologous recombination
and does not provide a selective advantage. Two of the
revertants originating from different plants were analyzed by
sequencing. They had the duplication exactly removed,
restoring the original ORF IV-V arrangement. In both cases,
the copy with the Ca.JI sequence was deleted.

We cannot draw any conclusions about how the second
crossover point was created. It could have been by breaking
and joining of the probable heterodimer intermediate indi-
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cated in Fig. 4 (pathway a) or, more likely, by double
crossover by template switching of the replicative machinery
between RNA formed from the heterodimer and RNA
formed from Cal69, as outlined in Fig. 4 (pathway b).
Whatever the pathway, it involved a crossover at an illegit-
imate position that could have been avoided.

There are many other examples of CaMV genome deriv-
atives that must have arisen by recombination at nonhomol-
ogous sites: removal of foreign genes cloned in CaMV (1;
Sieg and Gronenborn, abstract); spontaneous deletion of
parts of ORFs II (13) and VII (8); duplication in a clone of the
CaMV Xinjing strain (25); and accumulation of a population
of subgenomic satellites in infected plants (22). This might
indicate a lack of precision of replicative template switching
in CaMV. Duplications might then be retained in virus
populations if parent genomes are of smaller than usual size,
as in our case, and packaging constraints are absent. Re-
moval of the same copy of the duplicated sequence in two
independent revertants suggests that the long polypurine
stretch marked in Fig. 3 facilitates recombination in both
creation of the duplication and its subsequent reversion.

Production of gag/pol fusion proteins in retroviruses (i)
spares a separate mRNA, (ii) controls relative amounts of
structural and enzymatic viral proteins, and (iii) might facil-
itate targeting of the polymerase into the viral capsid.
Because of its similarities in ggnome arrangement, CaMV
might have been thought to follow a similar strategy and
form a gag/pol (ORF IV-V) fusion product. However, in
Ca534, ORFs IV and V are separated (Fig. 3), and this
separation does not impair viability; latency and yield are
similar to those of wild-type infections. An ORF IV-V fusion
protein could still be produced in an altered way but then has
to use multiple frameshlfts (ORF IV to ORF V* and then to
ORF V; Fig. 3), and such a hypothetical fusion protein
would have to cope with 60 new amino acids added to its
center (see Fig. 3 for the ORF situation). The more likely
explanation is that CaMV does not depend on gag/pol
fusion. In contrast to many retroviruses, CaMV ORF V does
have an ATG codon in the overlap region; it is located 14
codons upstream from the ORF IV termination codon. We
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FIG. 4. Possible recombination events leading to Ca534. A het-
erodimer of Ca422 (left) and Cal69 (right) (as in Fig. 1, but drawn
with less detail) is formed during inoculation. Recombinant 534 may
have been formed from this directly by breaking and joining at
nonhomologous sites (pathway a). Alternatively, the heterodimer
could have been transcribed, yielding a hybrid RNA. Recombina-
tion between this and Cal69 RNA by template switching of the

reverse transcnpuon machinery may have yielded Ca534 (pathway
b).
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therefore propose a different strategy for CaMV polymerase
translation, which is related to the reinitiation (relay race)
model of Sieg and Gronenborn (4; Sieg and Gronenborn,
abstract) for CaMV ORFs VII, I, II, and III and to the
backwards-scanning model of Thomas and Capecchi (27).
After translation of QRF IV and release of the product, some
of the ribosomes, or at least some of their 40S subunits,
remain attached to the RNA and scan backwards for the
ATG codon of ORF V to reinitiate translation and produce
an unfused ORF V product. Although in this strategy a
separate mRNA remains spared and ORF V translation is
down regulated with respect to ORF IV translation, incor-
poration of the resulting polymerase into the capsid, if
necessary, would have to be guided by noncovalent molec-
ular interactions. The concentration of all viral proteins
within the inclusion bodies might facilitate these interactions
(7). Whether this reinitiation is assisted by additional fea-
tures of the RNA sequence could be studied by in vitro
mutagenesis. Alternatively, one could propose either a sep-
arate subgenomic mRNA for ORF V (24) or that, in contrast
to the general scanning model of Kozak (reviewed in refer-
ence 18), ribosomes can enter eucaryotic RNA at internal
positions.
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Stanley, and M. Schultze and discussions with and critical readings
of the manuscript by J. Fiitterer, M. Schultze, K. Wiebauer, and K.
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