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Abstract 

Cauliflower mosaic virus (Ca.MY) is one of the rare DNA plant viruses. 
Its DNA is in a double-stranded form with three interruptions. The complete 
sequence of the viral DNA has been established. The transcript of the a-strand 
contains six or eight open reading frames (ORFs) coding for viral proteins. 
The presence of five of these proteins has been immunodetected in infected 
plants and their functions determined or predicted. Only ORF VI encodes for 
a 19 S RNA which synthesizes in vivo and in vitro the inclusion body protein. 
ORF V encodes for a reverse-transcriptase which synthesizes single-stranded 
DNA from a 35 S RNA according to a process very close to that of Hepatitis B 
virus and Retroviruses. The usefulness of Ca.MY as a gene vector in higher 
plants is discussed. 

The molecular biology of Caulimoviruses has already inspired quite a few 
review articles: I shall therefore limit myself here to a general description of 
the type-member of this group, namely cauliflower mosaic virus (CaMV), and 
detail the major results obtained both on the organization and the function of 
the molecular level of Caulimoviruses and especially cauliflower mosaic virus. 

Caulimoviruses are, together with Geminiviruses, the only plant viruses 
with a DNA genome. DNA viruses represent at most 1 to 2% of the viruses 
infecting plants, all others being RNA viruses. 

The caulimovirus group comprises 12 related members whose structure is 
very similar to that of Ca.MV. Consequently, most of the properties of CaMV 
can be extrapolated to the other members of this group. 

Ca.MV is the type-member of Caulimoviruses. This family is represented 
by 12 groups. Cauliflower mosaic virus or Ca.MV is the best known of this 
family. 
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1. Structure of the Viral Genome 
Double-stranded DNA extracted from purified virus preparation is chiefly 

found as relaxed circular molecules together with some linear molecules of 
variable length. 
The circular molecules are relaxed owing to the presence of single stranded 

interruptions (Volovitch et al., 1978): one strand, called the negative strand 
or o: strand, features invariably a single interruption: Al, while the other 
strand, "positive strand" or /3 strand, has two interruptions: A2 a.nd .:l3 
(Fig. 1). 
The complete sequence of the DNA of the Strasbourg strain (S-CaMV) 

has been established in 1980 by a group of our laboratory (Franck et al., 
1980). So a very peculiar triple-stranded structure of these interruptions has 
been described (Richards et al., 1981) thus for the o: strand the 3'0H end 
overlaps by a few nucleotides an identical sequence at the 5' end; the /3 strand 
is continued in this region corresponding at the structure of Al. A2 and A3 
have the same organization with the 3'0H end of the f3 strand overlapping 
an identical sequence of the 5' end hut slightly longer than the Al sequence. 
It is the same situation for A3 interruption (see Fig. I). Now the generation 
of these interruptions is understood, it is the result of the mode of replication 
of virus; we will explain this process Iater, Their existence is not required 
for virus infectivity as we and another group have demonstrated (Howell et 
al., 1980; Hull and Howell, 1978; Hull and Covey, 1983; Kruse et al., 1986; 
Lebeurier et al., 1980). 
The S-CaMV DNA cloned in pBR322 has lost its interruptions after am 

plification of plasmid in bacteria. Such a cloned S-CaMV DNA, linearized 
by enzyme which cuts at a restriction site used to integrate viral genome in 
pBR322, is always infection. 
Upon infection the relaxed circular viral DNA or the linear viral DNA mi 

grate to the nucleus of the infected cells. Both viral DNAs are converted into 
a covalently closed circular form found associated with nucleosomes to form 
a viral minichromosome [Menissler et al., 1983; 1984; 1986; Olszewski et al., 
1982). This minichromosome has the same structure as that of the chroma 
tine of sensitive cells; its length corresponds to 42 nucleosomes [Menlssier et 
al., 1983). The minichromosome does not get encapsidated into virions. 

2. Transcription Process 

The transcription process is localized in the nucleus of the infected cells. 
The viral minichromosome is the template from which the host RNA poly 
merase II generates the virus-specific transcripts. 
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Figure 1. Sequence around the discontinuities of CaMV Cabb-S DNA. The location of 
the 5'-extremity of the discontinuities and the sequence of the complementary 
strand is from Franck et al. (1980). Arrows indicate the positions of other 
3'-termini deleted (Richards et al., 1981). 

Four discrete species of capped and polyadenylated viral RNA could be 
detected (Condit and Maegher, 19883; Covery and Hull, 1981; Dudley et al., 
1982; Guilley et al., 1982; Howell and Hull, 1978). 

• A major 35S transcript corresponding to the transcription of the 
entire viral DNA plus a terminal repeat of 180 nucleotides. It initiates 
at nucleotide 7435 and terminates at nucleotide 7615. 

• A minor 35S RNA starts at nucleotide 8017, but contains no terminal 
repeat. 

• A subgenomic messenger- called 19S RN A starts at nucleotide 5764 
and terminates like the major 35S RN A at nucleotide 7615: thee two 
species (major 35S and 19S) terminate 18 nucleotides downstream of 
the polyadenylation signal sequence AATAAA. 

• A minor 8S RN A is always detected in infected cells. Its role is still 
unknown, but it could correspond to an aborted transcription of the 
major 35S RNA started on a template possessing the ill interruption 
(nucleotide position 8024) where it would stop (see Fig. 2). 
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Figure 2. Genetic map of the CaMV DNA with the position of the four known polyadeny 
lated viral transcripts. Stippled circle represents the DNA with position of .6.1 
as indicated. Major coding regions are represented by open arrows inside the 
circle and transcripts by arrows outside the circle (according to Richards et al., 
unpublished results). 

The transcription of the 35S major and the 19S RN As are apparently under 
the control of classical TATA boxes located 36 nucleotides upstream of the 
cap site of these two RN As, and their promoter sequences are very similar 
to those already described in other eukaryotes. 

3. Translation of the Viral Proteins 
Attempts to translate in vitro these different kinds of mRNAs failed except 

for the 19S RNA which is generated by the direct transcription of ORF VI 
and codes for the protein that constitutes the matrix of the inclusion bodies. 

One of the major issues of the molecular biology of CaMV remains the 
mode of expression of the viral genes: a new hypothesis suggests that for 
example ORFs IV and V could possibly be expressed as a long precursor 
subsequently cleaved to generate functional proteins. 

In fact transcription is fully asymmetric with only the a strand transcribed 
to generate the major 35S RNA. Although we do not exactly understand 
the translation process, we suppose that the full 35S RNAs migrate to the 
cytoplasm of infected cells to carry out this translation. Such a 35S RNA 
contains the 6 to 8 potential open reading frames (ORFs) corresponding to 
6 major proteins and may be two minor ones (Fig. 3). 
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Figure 3. Schema.tic representation of the various transcripts isolated from cauliflower 
mosaic virus infected plants. The numbers indicate the start points (5'0H) 
and the end points (3'0H) of the three main transcripts. The lower scheme 
indicates the position of the TATA boxes for the 19 S (nucleotide 5730), the 8 S 
RNA and the 35 S major RNA (nucleotide 7404). The polyadenylated signal of 
the transcript is indicated as AATAA. No TATA box ha.s been detected for the 
minor 35 S RNA. According to Guilley et a.I. (1982) the 8 S RNA starts at the 
same point as the major 35 S RNA but stops at the .6.1 interruption (see text 
for explanation). 

The products of genes VII, I and VIII have not yet been identified, though 
gene I is known to be required for virus replication. 

By contrast, gene II is dispensable since CM4-184 (Howarth et al., 1981), a 
natural isolate of CaMV, which bears a deletion in gene II, is perfectly viable, 
though no longer transmissible by aphids (Hull and Howell, 1978). Moreover 
aphid transmissibility requires the formation of a functional complex between 
the product of gene II and the major viroplasm protein (Givord et al., 1984). 
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The protein corresponding to the expression of gene III is detected in 
inclusion bodies (Xiong et al., 1984) and at the surface of virus particles 
by immunoelectromicroscopy using in both cases antibodies directed against 
synthetic peptide spanning the N-terminal part of gene III. The exact role of 
this protein is still unknown but is seems to be able to react with the virion 
subunits and to be a "DNA binding protein" (Giband et al., 1986). 
Gene IV is known to correspond to the coat protein of the virus (Franck 

et al., 1980) ; it is obviously expressed although it is found in the virions in a 
processed form derived from a 57 Kd precursor. Proteolytic cleavage converts 
this precursor into the two protein species found in the mature virions: the 
42 Kd protein could be used as a scaffolding protein around which the 37 Kd 
species would organize (Kruse et al., 1986). 

Recently, CaMV virions were shown to contain a kinase activity which is 
able to phosphorylate the serine and threonine residues of various proteins. 
In the case of CaMV, the 57 and 42 Kd proteins could be phosphorylated, 
but not the 37 Kd species (Menissier-de Murcia et al., 1986). The role of 
this kinase activity is still unknown, but it could possibly be related to the 
maturation of the coat protein precursor in the virion. 
Antibodies raised against synthetic peptide spanning the C-terminal part 

of gene V have permitted the detection of this gene product in inclusion 
bodies (Ziegler et al., 1985). On the other hand the sequence homologies 
detected between ORF V and the "pol" gene of retroviruses such as Moloney 
murine leukemia virus, Human T cell leukemia virus, Rous sarcoma virus 
(Toh et al., 1983), strongly suggest that gene V corresponds to the reverse 
transcripta.se used by CaMV to amplify viral DNA during the replication 
cycle. 

The final open reading frame VI encodes the 19S subgenomic RNA. This 
mRN A directs in vivo and in vitro the synthesis of the major protein of 
the inclusion bodies also called "vlroplasms" (Xiong et al., 1982). These 
viroplasrns are characteristic of caulimoviruses; they have a proteinaceous 
structure; they are found in the cytoplasm of infected cells and contain the 
virus particles. 

4. Replication of the Viral Genome 
Although we still do not understand the mode of expression of the viral 

genes, a oiral replication strategy, much reminiscent of that of the retro 
viruses, has been proposed in 1983 by a group of our laboratory and was 
confirmed by othersje.g., Guilley et al., 1983; Hull and Cover, 1983; Kruse et 

f 
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al., 1986; Menissier et al., 1983, 1984, 1986; Pfeiffer and Hohn, 1983). The 
current model is explained in Fig. 4. Synthesis of the negative DNA strand 
is always initiated with a host transfer RNA (t-RNAMet) primer, where the 
3• end is hydrogen-bonded to a 14 base sequence near the 5'end of the 35S 
RNA. When the template is exhausted about 600 bases from the initiation 
site, the first jump occurs to form a bridge between the new DNA segment 
R' and the R-RNA segment at the 3' end of one of the 35S RNA. Once 
safely repositioned, the negative DNA nascent strand is extended apparently 
continuously over the major expanse of the 35S RNA molecule upto the 5' end 
sequence of the t-RNAMet, which is complementary of its 3' end sequence. 
During the extension of the negative DNA strand, the RNase H enzyme 
digests the 35S RNA starting near the complex formed between t-RNAMet 
and the complementary sequence localized on the 35S RNA. Two GC rich 
segments are not digested by RN ase H and are used as "primer" by the 
enzyme to begin the extension of the positive nascent DNA strand. These 
2 GC segments define the position of the interruptions D..2 and 6.3 while 
the interruption D..l corresponds to the position of the complex between the 
t-RNAMet and the complementary sequence on the template 35S RNA. The 
viral double-stranded DNA nascent molecules are encapsidated by protein 
subunits present in viroplasms of the infected cells (Fig. 5). 
Although the model described in Figs. 4 and 5 has not yet been fully proven 

experimentally, it is substantiated by a whole set of circumstantial pieces of 
evidence. Indeed, attempts to isolate the viral replication complexes showed 
that the viroplasms are not only involved in the assembly of the virus, but 
also in its replication (Volovitch et al., 1983). A DNA polymerase activity 
has been detected in vlrlons, suggesting that synthesis of the viral DNA may 
be completed in immature virions during morphogenesis [Menissier et al., 
1984). 

5. In vi110 Viral Genome Recombination 
It has been firstly demonstrated that the co-inoculation, onto-sensitive 

plants, of non infectious complementary mutants induced only the multiplica 
tion of wild-type virus (Walden and Howell, 1982). Similarly, co-inoculation 
of bacteria plasmids containing CaMV DNA inserted into various restric 
tion sites led to expression of the inserted genome owing to recombina 
tions occurring at the plasmid level: the more distant the restriction sites 
used for insertion of the viral DNA were, the higher the recombination fre 
quency (Lebeurier et al., 1982). Recent observations showed that upon co- 
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Figure 5. Cauliflower mosaic virus potential vector gene, genome organization and repli 
cation. 

inoculation of two strains, one deleted and the other complete but linearized 
with the same restriction enzyme, recombinants between the two strains were 
generated through a dimeric intermediate formed at the level of the regions 
cut by the restriction enzyme. The dimeric molecule is formed in the inoc 
ulated cells. Then RNA polymerase II replicates a 35S RNA, using dimeric 
molecules as template. Such recornbinants have a genome corresponding to 
the replication of a dimeric DNA molecule by an intermediate 35S RNA 
(Geldreich et al., 1986). 

6. Cauliflower Mosaic Virus as a Gene Vector 
Ten years ago it was thought that CaMV could be a vector for the introduc 

tion of foreign genes into higher plants. But unfortunately such experiments 
demonstrate that recombination processes are dominant ?etween viral DNA 
molecules and that the foreign gene inserted in viral genome is eliminated. 
One exception was the insertion of methotrexate resistant gene into the local 
ization of gene II (Brisson et al., 1984). In conclusion, there was no success 
until now in the use of CaMV as vector. This is why another strategy has 
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been tried: the Tl plasmid of Agro bacterium tumef ociene has been used to 
mediate integration of CaMV DNA: the CaMV genome has been inserted 
into the T-DNA and integrated into the nuclear genome of various plants. 
These plants express two transcripts corresponding to the 19S and 35S RNA, 
but of variable levels and relative amounts (Shewmaker et al., 1985). The 
last strategy is to place a foreign gene under the control of CaMV promoters 
and to introduce both by direct gene transfer in cell cultures of a monocotyle 
plant which is not sensitive to Agrobacterium infection (Fromm et al., 1985). 
Therefore certain sequences of CaMV DNA can be successfully used for ex 
pression of foreign genes in a wide range of higher plants. But still much 
work has to be done until CaMV can be used as a good vector. 

As we have described above, CaMV uses a reverse transcriptase to repli 
cate its genome. The same mechanism is 'also used by Retroviruses and 
Hepadnaviruses. Comparisons of the amino-acid sequences predicted from 
the known nucleotide sequences of members of the three virus groups have 
been published. Such studies showed striking similarities between the "pol" 
gene of retroviruses and an open reading frame of Hepadnaviruses and ORF V 
of Caulimoviruses. This is why Pfeiffer and Hohn (1983) have proposed the 
super group name of "retroid" viruses. 
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