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Summary. The complete sequence of 8159 nucleotides of the double stranded 
DNA genome of cassava vein mosaic virus (CsVMV) was determined (# U5975 1) 
and revealed a significant difference in genome organization when compared 
with a previous report (# U20341). When transferred to cassava plants by 
microbombardment, the full length CsVMV clone was infectious, confirming the 
genome organization here described. Sequence comparisons between CsVMV 
and members of the genera Caulimovirus and Badizavirus revealed high homolo- 
gies between consensus sequences of several proteins that are indispensable for 
virus replication, including a potential transactivator factor not reported previ- 
ously. The presence of a sequence complementary to a plant Met tRNA confirms 
that CsVMV is a plant pararetrovirus and is most closely related to members of 
the genus Cnulinzovirus as previously assessed. However, differences in genome 
organization, number and size of the ORFs, in addition to sequence compar- 
isons with other plant pararetroviruses, shows that either the genetic variability 
of caulimoviruses is much greater than previously thought, or that CsVMV is the 
unique representative of a new genus within the Caulinzoviridae family. On the 
basis of this study, it is proposed to upgrade the floating genus Caulimovirus to 
the family level and to divide the Cauliiizoviridae family into at least three genera 
with CsVMV being the type member of a new genus. 

Introduction 
Double stranded (ds) DNA plant viruses are currently classified into one of two 
floating genera; Cauliiizoviriis or Badrzavirus, of which cauliflower mosaic virus 
(CaMV) and commelina yellow mottle virus (ComYMV) are the respective type 
species [24, 251. All caulimoviruses identified to daFe are aphid-transmitted, in- 
fect only dicotyledonous plants and have isometric particles of about 50 nm in 

~, diameter which accumulate in inclusion bodies in the cytoplasm of infected cells. 
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Their genome is a circular molecule of dsDNA which replicates through a termi- 
nally redundant full-length RNA transcript which is used as template by a virus 
encoded reverse transcriptase [ 161. In addition to CaMV, several caulimoviruses 
have been characterized, including carnation etched ring virus (CERV) [20], fig- 
wort mosaic virus (FMV) [32], soybean chlorotic mottle virus (SbCMV) [14], 
peanut chlorotic streak virus (PCSV) [31] and strawberry vein banding virus 
(SVBV, X97304). 

Members of the genus Badnavirus can infect both monocotyledonous and 
dicotyledonous plant species, and their particles have a bacilliform shape. They 
are insect transmitted and their dsDNA genome is replicated in a manner similar to 
that of caulimoviruses [ 191. In addition to ComYMV, the badnaviruses sequenced 
to date include; rice tungro bacilliform virus (RTBV) [15, 22, 301, sugarcane 
bacilliform virus (ScBV) [3] and cacao swollen shoot virus (CSSV) [ 131. 

Cassava vein mosaic virus (CsVMV) is found primarily in the Amazon basin 
in Brazil, where it infects cassava plants (Maizihor spp), it causes only mild symp- 
toms and its incidence in cassava crops is apparently low [23]. Some of its char- 
acteristics, such as the shape of the particles, their accumulation in cytoplasmic 
inclusion bodies of infected cells [23] and the nature and size of its genome, 
make it a tentative member of the genus Caulinzovirus. We report here the com- 
plete sequence of an infectious clone of CsVMV. Confirmed by sequencing PCR 
products from naturally infected plants, this sequence differs from that previ- 
ously published [4], primarily by the addition of a single nucleotide, the result 
of which modifies the number of predicted open reading frames (ORFs). After 
microbombardment of cassava plants with cloned DNA, analysis of inoculated 
plants confirmed the clone to be infectious. Sequence comparisons were used to 
classify plant viruses and the results obtained agree with the previous classifica- 
tions made on the basis of serological and biological properties [29]. As for many 
of the plant dsDNA viruses, little information concerning their biological charac- 
teristics is available, therefore it is more convenient to use sequence comparison 
and molecular properties to establish their phylogenetic relationships. By these 
means we show that although certain molecular features support the assignment 
of CsVMV to the genus Caulimovirus, major differences in genome organization 
and coding capacities, suggest either that caulimoviruses comprise several sub- 
genera, CsVMV being the sole member of one subgenus, or that CsVMV is the 
sole member of a new genus of dsDNA plant viruses in the family Caulimoviridae 
comprising Caiiliinovirus, Badnavirus and the new genus. 

Materials and methods 
Infection 

Micropropagated plantlets of three different cassava cultivars, Bonoua Rouge (Ivory Coast), 
MMex 55 (Mexico) and MCol 22 (Colombia), were bombarded with gold particles coated 
with viral DNA linearized by BglII, using the same parameters as reported earlier for cassava 
transformation [33]. Three weeks later, cuttings from the plantlets were transferred to magenta 
boxes containing 30 ml of Murashige and Skoog (Murashige and Skoog, 1962) (MS) basal 
medium supplemented with 2% (w/v) sucrose and solidified with 7.5 gl-' agar. After a further 
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7 to 10 days, upper leaves were removed, DNA was extracted and a PCR performed using 
CV6 and CV7R primers. An amplified fragment was purified and sequenced using CV4 and 
CV5R primers. Total DNA from PCR positive plants was blotted after digestion by Bg1 II 
and hybridized using a probe made of a 978 bp Xbu I fragment of the CsVMV genome 
(nts 6385-7238). 

Seqiieiiciiig 

A full length clone of the CsVMV genome was kindly provided by Robert J. Shepherd 
(University of Kentucky). This was cloned into pCKIZ at the Bgl II site. Six overlapping 
fragments were isolated using convenient restriction sites and cloned into pUC 1 19. Automatic 
sequencing, using the Applied Biosystem model 373A apparatus, was carried out on both 
strands by means of Tuq mediated elongation with dye labeled primers. When necessary, 
PCR reactions were performed and direct sequencing of the PCR product was carried out. 
The sequence was compiled using the SeqEd software provided by the manufacturer. 

I n  order to verify the sequence of the first isolate, infected tissue was kindly provided by 
Prof. A. Lima (Universidade Federal do Ceara, Fortaleza-Brazil). Two different sets of primers 
were designed to amplify the ambiguous region: nucleotides 6 8 17-6 8 18 of# U20341. Primer 
CV4 sequence 5’-GCTCTTCTATTGAAGAC-3’ corresponding to CsVMV nucleotides (nts) 
6 449 to 6465 was used with primer CV5R (5’-CAGCCATTGCACTGTA-3’) which corre- 
sponds to nts 6 844 to 6 859 (inverted, complementary), to amplify a fragment of 410 nts. A 
fragment of 55 1 nts was amplified between primer CV6 (5‘-GTCGAAGAACAATATCAG- 
3’. nts 6 51 1-6 528 of CsVMV) and primer CV7R (5’-GTCTTCCATCTAGGTTGGAG-3’, 
nts 7 062-7 O8 I reverse complement of CsVMV). These two PCR fragments were sequenced 
immediately after amplification without cloning in order to avoid possible selection during 
amplification. 

Geiioiiie aiia1yvi.Y a i i d  o l i g i i i i i e i i t s  

Analysis of DNA sequences, including determination of ORFs and derivation of predicted 
protein sequences, homology searches and multiple alignments, were carried out using pro- 
grams from the DNASTAR package for Macintosh (DNASTAR Inc., Madison, WI, USA). 
To predict the functions of the ORFs, the genomic sequence of the Strasbourg strain of CaMV 
and of one isolate of RTBV were used. For multiple alignments and establishing phylogenetic 
trees, all available plant pararetrovirus sequences were compared. Sequences were aligned 
using the clustal method of the Megalign program from the DNASTAR package with a gap 
penalty of 10 and a gap length penalty of 10. The multiple alignments obtained were used 
for constructing phylogenetic trees. 

Phylogenetic relationships were established by a cladistic parsimony method using the 
version 3.1.1 of the PAUP software (Phylogenetic Analysis Using Parsimony, D. L. Swof- 
ford, The Smithsonian Institution, Washington, DC, USA) by building phylogenetic trees 
according to the heuristic search, while assessment of the strength of the trees was achieved 
by performing bootstrap analysis with 1 O0 replicates. 

CsVMV sequences were compared with published sequences of the following cauli- 
moviruses and badnaviruses: cauliflower mosaic virus, CaMV Strasbourg strain (502048); 
CaMV-cm1841 strain (J02046); and CaMV D/H strain (M10376); carnation etched ring 
virus, CERV (X04658); figwort mosaic virus, FMV (X06166); strawberry vein banding virus, 
SVBV (X97304); peanut chlorotic streak virus, PCSV (U13988); soybean chlorotic mottle 
virus, SbCMV (X15828); three isolates of the rice tungro bacilliform virus, RTBV (M65026, 
X57924 and D 10774); commelina yellow mottle virus, ComYMV (X52938); cacao swollen 
shoot virus, CSSV (L14546); and sugarcane bacilliform virus, ScBV (M89923). 
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The ORFl represents the putative movement protein (MP), of the caulimo- 
viruses and was considered as the standard to which 330 aa from the C terminus of the 
polyprotein corresponding to ORFl of CsVMV (aa 900-1230), and 330 aa from the 
N-terminus of the polyprotein encoded by ORF3 of badnaviruses (aa 1-330) were 
compared. The core sequence corresponding to the coat protein (CP) was estimated as being 
200 aa in length and is upstream to the RNA binding site. A sequence corresponding 
to the proteinase was estimated to be 120 aa long beginning 23 aa upstream of the 
consensus DXGX sequence. After a first set of alignments was performed on the esti- 
mated full length sequence of the reverse transcriptase (RT), we kept for each virus, a 
sequence showing a significant level of homology (224%) of about 260 aa. in length. 
The inclusion body protein (IBP) of caulimoviruses was compared with the protein en- 
coded by ORF4 of CsVMV, an ORF absent in the former report [4]. In addition, a sequence 
of 300 nts that ends at the first ATG 3' to the TATA box was also aligned for phylogenetic 
analysis. A random sequence of equal length and composition was generated from four dif- 
ferent virus sequences using thse GeneAlign software [34] and has been included in each 
alignment. 

The PAUP program was unable to perform an accurate bootstrap analysis on multiple 
alignment established with the entire genomic sequences of all the viruses. After aligning the 
genomes by pair, we determined that only a segment of about 5500 nts, starting at ORFl for 
the caulimoviruses and CsVMV, and ORF3 for the badnaviruses, presented a significant level 
of homology among all viruses; the remaining part of the genome was not different from 
random alignment. A bootstrap analysis on such an alignment could then assess the strength 
of the deduced phylogenetic tree. As CsVMV genome is rearranged in relation to all currently 
characterized plant pararetroviruses, another alignment was made in which the homologous 
sequences were arranged in the same order as it exists in the plant pararetroviruses (MP-CP 
VS. CP-MP). 

Results 
Iizfection 

Three out of fourteen plantlets tested of the cultivar MMex 55, one out of six MCol 
22 and one out of four Bonoua Rouge plants were PCR positive for CsVMV DNA 
one month after microbombardment with the linearized clone of the virus. The 
sequence of the amplified fragment was found to be identical to the correspond- 
ing region of the clone used to infect the plants (data not shown). A DNA blot 
performed on total DNA from a PCR positive plantlet, after digestion by BgZ 
II, a single cutter in the original clone, revealed a band of approximately 8 kb 
corresponding to the full length genome of CsVMV (data not shown). Virus par- 
ticles were also identified by electron microscopy in sections of infected tissue 
(Fig. la-b). All PCR positi1.e plants developed symptoms while in tissue culture, 
including discoloration of the veins, mottling, reduced leaf lamina and necrosis 
which started from the tip and extended to the whole leaf. Under growth cham- 
ber conditions symptom development was 'very slow, and only leaves more than 
one month old, produced symptoms similar to those observed in tissue culture. 
Moreover, necrosis did not extend to the entire leaf (Fig. IC), viral DNA was not 
detectable in an ethidium bromide stained gel, and virus particles were rare in the 
infected leaves of these plants. 
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Fig. 1. a Symptoms of cassava vein mosaic virus developing on an infected cassava 
plant under growth chamber conditions, from an early stage (left) to a later one (right). 
Electron micrographs of CsVMV particles in cassava mesophyll cells, b in an inclusion 
body, magnification 40 k, bar = 250 nm and c as a cluster in  the cytoplasm, magnification 

80 k, bar = 125 nm 

Geizoine orgaizizatioiz 
The CsVMV genome is a circular, double stranded DNA molecule. At 8159 
bp long it is slightly longer than that of other caulimoviruses except for those 
which infect the legumes (PCSV and SbCMV) (Table 1 and Fig. 2) and with the 
exception of RTBV, is almost 1 kb longer than the genome of badnaviruses. Table 
1 shows that the base composition of CsVMV is substantially different from both 
the caulimoviruses and badnaviruses with a GC content of only 25% compared 
with 34% to 40% for former and 33% to 44% for latter. 

The organization of the CsVMV promoter region is also distinctive in that the 
distance between the TATA box and the first ATG (which is not necessarily the 
ATG of the first identified ORF) is slightly greater than for the caulimoviruses 
(102/66-93). The distance between the AS1 cis element and the TATA box is also 
substantially greater in CsVMV (Table l), than for many of the caulimoviruses 
(168/19-142). The significance of these differences has yet to be determined. 

The origin of DNA replication with relation to the start of the first OW, differs 
among caulimoviruses. Only PCSV and SbCMV have two putative ORFs located 
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Table 1. Comparison of selected genomic features of caulimoviruses, badnaviruses and CsVMV 

Virus GC Genome TATA box Distance . Distance Distance 
name content length position TATA-ATG AS I -TATA TATA-org. 

% nts nts nts nts of rep.nts 

CaMV Str. 
CaMV 1841 
CaMV D/H 

Caulimo FMV 
viruses CERV 

SVBV 
PCSV 
SbCMV" 

39.97 
40.19 
40.1 1 
35.37 
36.39 
39.08 
34.50 
34.0 1 

8024 
803 1 
8016 
7743 
7932 
7876 
8174 
8175 

CsVMV CsVMV 24.93 8159 

RTBV Phl 33.67 8000 
RTBVPh2 33.70 8002 

Badna RTBVPh3 33.54 8002 
viruses ComYMV 43.40 7489 

cssv 44.09 7161 
ScBV 43.30 7568 

7405- 1 1 75 
7402-08 85 
738 8-94 83 
6896-6902 86 
7052-58 93 
7220-26 66 
6049-55 89 
6044-50 18 
6147-53 220 

7571-77 102 

7373-79 116 
7373-79 116 
7373-79 I16 
7322-29 121 
6962-68 95 
7373-79 43 

34 
34 
34 
19 
33 

NIA 
124 
142 
245 

168 

NIA 
NIA 
NIA 
NIA 
NIA 
226 

613 
623 
622 
84 1 
874 
650 

21 19 
2125 
2022 

582 

62 1 
623 
623 
160 
193 
189 

"SbCMV has two putative TATA boxes in the large intergenic region 

between the TATA box in the intergenic region and the origin of DNA replication 
(Fig. 2). CsVMV has greater similarity to the other caulimoviruses than to the 
badnaviruses, for which the intergenic region is closer to the sites of initiation of 
DNA replication. 

After establishing the sequence of the infectious clone, it could be seen that 
the genome of CsVMV is organized in five ORFs (Fig.2), and not the six as 
previously reported [4]. Two Adenine (AA) at position 6817-18, instead of only 
one A at 68 17 described by Calvert et al. induces a frameshift such that ORF4 and 
5 of the former description become actually only one ORF (ORF4). There would 
also appear to be a large intergenic region comprising nts 7453 to 7973 (735 nts 
long) which contains an eucaryotic consensus TATA box and the promoter of the 
virus [38]. 

In addition to O w l ,  2 and 3 previously described [4], the CsVMV genome 
contains: 

- ORF4, 1178 nts long which overlaps by 28 nts with ORF3, it encodes 
a predicted protein of 46.3 kDa and has a low homology with the IBP of the 
caulimoviruses. 

- An additional, short ORF5 (nts 797343136), is found downstream of the 
intergenic region. It is predicted to encode a protein of 6.3 kDa and has no apparent 
sequence homology with any other caulimovirus ORF, nor any protein in the 
standard sequence data bases. 



CsVMV type species of a new genus 

ORF2 ORF3 ORF4 

\ l I l l  I 
IR ORFl ORF2 \ I 1 ORF3 I 1 I 

ORFl ORF2 / I / IR 

IR ORFl ORF2 I I \ ORF3\ \ \ 

95 1 

- 
CaMV 
8024 

FMV 
7743 

C E R V  
7932 

SVBV 
7876 

PCSV 
81 74 

SbCMV 
8175 

I 
CsVMV I 

8159 I 

-1 
I 

RTBV 
8000 

ComYh 
7489 

cssv 
71 61 

S c B V  
' 7568 

Fig. 2. Comparison of the genomic organization of CsVMV with the caulimoviruses and 
badnaviruses. ORFs or ORF segments encoding similar putative function are linked by ver- 
tical lines; the number 1 indicates the origin of DNA replication. 4 MP active site, * RNA 
binding site, O PR active site, + RT active site, Q TAV active center, 4 RNAse H con- 
sensus sequence. All maps commence at the beginning of the intergenic region because it 
is a common region defined just by the sequence and produces a coherent figure. Starting 
at the site of DNA replication will give a scrambled figure as this site varies considerably 
among all the viruses. As the initiation of transcription is not known for all of the viruses 

i t  cannot be used as starting point 
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(a): TATA box: 
CaMV: 
FMV : 
CERV: 
SVBV : 
PCSV : 
SbCMV: 
SbCMV: 
C SVMV : 
RTBV : 
ComYMV: 
cssv: 
ScBV:  

TCCTCTATATAAGGAAG 
CCCTCTATITAAGAAGG 
CTGGCTATATAAAGGGA 
CTCTCTATATAAAGAGC 
TTGCCTATAAATAAGTT 
TACTTTATTAAAAGTGG 
CGCATT A T  AAAT AAGAG 
TTTCCTATATAAGGAAC 
TCCAGTATATAAGGAGC 
TTTCCT TATTTAAGCAC 
CCATCTATAAATGAGAG 
CTGCCTATATAAGGCAC 

(b): Activating Sequence 1 (AS1): 
OCS(A.  t.) : AA ACGTAAGCIGCTTACGT AC 
CaMV: TG ACGTAAGGlGATGACGC AC 
FMV : TG ACGAACGC/AGTGACGA CC 
CERV: AG ACGTCATG/CATGACGT T T  
PCSV: TG ACGTAAGG/GCTTACGC CA 
SbCMV: GA ACGTCGGC/AATGACQA AA 
C sVMV : AG ACGTAAGC/ACTGACßA CA 
ScBV:  AG ACGTAAGC/AATGACGA T T  

(c): Coat protein (CP) RNA binding site: 
CaMV: CRCWICNIEGHYANEC P 
FMV: CRCWICTEEGHYANEC P 
CERV: C RC WVC NIEGHYANEC P 
SVBV : C RC WICNEIGH FAKDC R 
PCSV: CRCWICQEEGHYANEC P 
SbCMV: CQCWLCHEEGHYANECP 
C s V M V :  CKCYNCGEEGH ISPNCK 
RTBV: C RC Y I C  QDENHLANRC P 
ComYMV: CKCY ICGQEGHYANQCR 
cssv: CKCYLCGDEGHFAREC P 
ScBV:  C RC YVC GSPDHLMKDC K 
C o n s e n s u s  : CXCXXCXXXXHXXXXC 

(d): Movement Drotein (MP): 

n t s  7 4 0 0 - 7 4 1 6  
n t s  6 8 9 1 - 6 9 0 7  
n t s  7 0 4 6 - 7 0 6 2  
n t s  7 2 1 5 - 7 2 3 1  
n t s  6 0 4 4 - 6 0 6 0  
n t s  6 0 3 9 - 6 0 5 5  
n t s  6 1 4 2 - 6 1 5 8  
n t s  7 5 6 6 - 7 5 8 2  
n t s  7 3 6 8 - 7 3 8 4  
n t s  7 3 1 7 - 7 3 3 3  
n t s  6 9 5 8 - 6 9 7 3  
n t s  7 3 6 8 - 7 3 8 4  

n t s  7 3 5 4 - 7 3 7 3  
n t s  6 8 6 0 - 6 8 7 9  
n t s  7 0 0 1 - 7 0 2 0  
n t s  5 9 0 8 - 5 9 2 7  
n t s  5 8 8 5 - 5 9 0 4  
n t s  7 3 8 6 - 7 4 0 5  
n t s  1 3 0 - 7 1 4 9  

(ORF4 aa 4 1 2 - 4 2 8  
(ORF4 aa 4 0 9 - 4 2 5  
(ORF4 aa 4 1 8 - 4 3 4  
(ORF4 aa 3 9 7 - 4 1 3  
(ORF3  aa 3 9 0 - 4 0 6  
(ORF4 aa 3 8 0 - 3 9 6  
( O R F 1  aa 7 3 9 - 7 5 5  
(ORF3  aa 7 7 2 - 7 8 8  
(ORF3  aa 8 7 9 - 8 9 5  
(ORF3  aa 7 8 6 - 8 0 2  
(ORF3  aa 7 3 6 - 7 5 2  

a i H l g a v k i l i k a  F r  G i d t p  k a l i D d R i  C a u l i m o v i r u s e s  c o n s e n s u s  
CaMV: VHLGAVKILLKAQPRNQIDTPI K I A L I D D R I N S  (ORF1  aa 1 2 7 - 1 5 9 )  
FMV: IHLGAVKILLTAQF RQG IDTSVKMALIDDR I V N  (ORF1  aa 1 2 4 - 1 5 6 )  
CERV : I H  FGAIKVLIKARF REG I N S  P I  K M  AL I D  DR I T D  (ORF1  aa 1 1 9 - 1 5 1 )  
SVBV: I H  IGSVKIMIKSTFRTGIDSPI  SVALLDRRMKN (ORF1  aa 1 1 8 - 1 5 0 )  
PCSV: I H V N W Q I V I R S T F R E G  I T T P V  I I RVEDNR I Q D  ( O R F l  aa  1 1 3  - 1 4  5 
SoyMV: VH ISTLQVLIKSTF LKGLDTPL ELTLRDNRLLN (ORF1  aa 1 0 2 - 1 3 4 )  
CsVMV:  IHLAAVEI WKAYFREG I D T P F  E I ILCDDR I T Y  (ORF1  aa 1 0 0 1 - 1 0 3 3 )  
RTBV : YH IGMMAIGVKGLHRRKIGTKVMIMFYDDSFGK (ORF3 aa 1 1 3 - 1 4 5 )  
ComYMV: I H  IGVMLVRIQILHRKFAGTMALIVFRDTRWSD (ORF3 aa  1 4 0 - 1 7 2 )  
cssv: I H  IGXLQVRIQILHRQEEGTMALWFRDNRWSG (ORF3 aa 1 4 0 - 1 7 2 )  
ScBV:  I H  PG XLAVRIQPLH PDWSGKLVFIVFRDIRDNP (ORF3 aa 1 3 6 - 1 6 0 1  

(e): Proteinase (PR): 
CaMV: FV DTGA S L C I A  (ORF5 aa 43-53) 
FMV: YV DTGA SLCIA (ORF5 aa 52-62) 
CERV: YV D T G S  SLCMA ( O W 5  aa 32-42) 
SVBV : YV DTQA SMCTA ( O W 5  aa 77-87) 
PCSV: Y I  DTGA TICLA (ORF5 aa 21-31) 
S bCMV : Y I  DTGA TLCFG (OW5 aa 34-44) 
C s V M V :  L F  DTGA N I C I C  (ORF3 aa 24-34) 
RTBV : L I  D S G S  T H N I I  (OW3 aa 985-995) 
ComYMV: I V  DTGA TACLI (OW3 aa 1218-1228) 
cssv: I L  DFGA TTCCI  (OW3 aa 1076-1086) 
ScBV: L L  DTGA T R S C I  (ORF3 aa 1081-1091)  

i H i G i l a v r i q i L H r  G t m  l i v F r D  r w s  B a d n a v i r u s e s  consensus 

( f ) :  Reverse transcriptase (RT): 
CaMV : FCCV YVDDI  LVFSN 
FMV: FCMV YVDDI  IVFSN 
CERV : YCCV YVDDI  LVFSN 
SVBV: FCAV YVDDI  IVFSK 
PCSV: I S L A  Y I D D I  IVFTK 
SbCMV: IYLA Y I D D I  L I F T K  
C sVMV F I I V  Y I D D I  LVFSK 

' RTBV : F A I L  Y I D D I  LIASN 
ComYMV : F I A V  Y I D D I  LVFSE 
cssv: F I A V  Y I D D I  LVFSE 
ScBV:  F I A V  Y I D D I  LVFSE 

(OW5 aa 398-411) 
(OW5 aa 390-403) 
( O W 5  aa 380-393) 
(OW5 aa 430-443) 
(ORF5 aa 339-352) 
( O W 5  aa 354-367) 
(OW3 aa 358-371) 
(ORF3 aa 1335-1348).  
(OW3 aa 1560-1573) 
(OW3 aa 1439-1452) 
(OW3 aa 1412-1425) 
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Seqneiice ideiztijkatìoii 
Transcriptional promoter 

An eukaryotic consensus TATA box is located in the intergenic region at 
nucleotide position 7571-7577. This region shows a high homology with other 
pararetroviruses genomes (Fig. 3a) and its function as a strong constitutive pro- 
moter has been demonstrated [38]. In addition, a sequence with high homology to 
the OCS element of Agrobncterium tunzefacierzs, also called activating sequence 
1 (AS I), has been identified at position 7388-7403, 168 nts upstream of the TATA 
box. This sequence is known to activate plant virus promoters [.2] and is present 
in all but one of the caulimoviruses (SVBV) (Fig. 3b) and in only one badnavirus 
(ScBV). ComYMV has a ASI-like sequence with low homology to the OCS 
element and a different role to that of caulimoviruses AS 1 [26]. 

Origin of replication 
As in the genomes of other pararetroviruses, CsVMV genome contains a sequence 
that is complementary to a plant met tRNA. This corresponds to the initiation site 
of DNA replication used by the viral reverse transcriptase on the viral RNA 
when primed by the tRNA [16]. The first nucleotide at this site is generally 
designated nucleotide I of pararetrovirus genomes. The origin of replication is 
located downstream of the large intergenic region in caulimoviruses and RTBV, 
but inside the large intergenic region in the four other badnaviruses. Only the 
caulimoviruses which infect legumes have two ORFs between the end of the large 
intergenic region and the origin of DNA replication, of which ORFI encodes the 
putative movement protein (Fig. 2). 

Structural and catalytic functions; coat protein (CP), movement protein (MP), 
replicase (RT), and proteinase (PR) 

The sequence reported here does not differ from the one reported previously 
with regards to the ORFs containing the consensus for the RNA binding site 
of the coat protein (CP), the putative movement protein (MP), the proteinase 
(PR) or the reverse transcriptase (RT). Figure 3c-f shows all these consensus 
and their position in the different ORFs. The RNA binding site of the CP [I], 
with the consensus sequence of a zinc finger CXCXXC4XH4XC found in all 
plant pararetroviruses coat proteins was identified in CsVMV at amino acids (aa) 
739-755 of the polyprotein encoded by ORFl . 

Fig. 3. a Homologies among the TATA box sequences of different plant pararetroviruses. 
Some are putative. The first six sequences are caulimoviruses, the following four are bad- 
navirus sequences. For SbCMV two putative TATA boxes were proposed. b Sequence ho- 
mologies between the activating sequence l (AS l )  of different caulimoviruses and the corre- 
sponding palyndromic sequence of the octopin synthase gene of Agrobacteriuin tumefaciens. 
Homologous sequences do not exist in badnaviruses except for ScBV. Consensus sequences 
for: c coat protein RNA binding site, d putative movement proteins (MP), e proteinase (PR) 

and f replicase (RT) active site of plant pararetroviruses 
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In addition, a significant aa similarity (up to 61 %)with the consensus sequence 
of the caulimoviruses movement proteins (MP) [27], comprising the RNA binding 
domain of the CaMV MP [35] , was found in the aa 1001-1 033 of the polyprotein 
encoded by ORFI. The most peculiar aspect of the CsVMV genome is the re- 
spective order of the CP and MP coding sequences compared with the genomes of 
both the caulimoviruses and badnaviruses. All viruses from both genera encode 
the MP upstream of the CP; while CsVMV apparently encodes first the CP, then 
the MP (Fig. 2). This unusual order has also been reported by Calvert et al. [4], 
who confirmed this genomic organization by sequencing PCR products obtained 
from CsVMV infected tissues. 

ORF3 of CsVMV corresponds to ORF5 of caulimoviruses, and encodes a 
polyprotein in which the consensus sequence of the aspartic proteinase QTCA is 
located (aa 26-29) (seeFig. 3e) [28,36]. This ORF also includes the consensus se- 
quence X I / V m  represented in the reverse transcriptase of plant pararetroviruses 
at aa 364-366 (Fig. 3f)  [9]. 

It is interesting to note that for CsVMV, in contrast to the general situation 
found in retroelements, the equivalent of the gag (CP) and pol (RT) ORFs are not 
found on the same ORF nor in the two overlapping ORFs [8. 171. 

Inclusion body protein (IBP) or transactivator (TAV) 
The inclusion body protein (IBP) encoded by ORF6 of CaMV is reported to be 
involved in several functions during the virus cycle, the most important being 
the main component of the viral inclusion body matrix [6] and the regulating 
translation of polycistronic mRNA. In the latter function, the product of ORF6 is 
also termed transactivator (TAV) [7]. The mRNA encoding ORF6 is transcribed 
by the 19s promoter in CaMV [I I]. An alignment performed with the encoded 
products of caulimoviruses ORF6 and CsVMV ORF4, showed a low level of 
similarity (from 1 1.5% to 13%) which increases from 13% to 20% (1 1 % to 13% 
for the random sequence) when a core sequence of 9 1 aa, including the putative 
active center of the TAV defined by De Tapia et al. [7], is considered (Fig. 4a). 
We assume that CsVMV ORF4 encodes a protein with a role equivalent to the 
IBP (or TAV), despite the molecular weight differences with the caulimoviruses 
IBP (46 kDa compared to 56-61 m a ) .  This function was not identified in the 
previous report of CsVMV sequence [4]. 

A region of 17 aa located in the ORF2 of CsVMV which encodes a 71aa 
protein, was found to be homologous (up to 58% similarity) to a sequence in 
CaMV, FMV and CERV ORF6 (Fig. 4b). However, this region of homology does 
not cover the putative active center of the TAV [7], indicating that this similarity 
may not have any biological significance. Interestingly, sequences homologous 
to the IBP were also found in ORF4 of RTBV (Fig. 5). This was the only bad- 
navirus found to possess a fourth ORF at the same genomic location as ORF6 
of caulimoviruses. The product of RTBV ORF4 has no known function but it 
is assumed that it does not act as a translational transactivator, equivalent to the 
CaMV TAV [lo]. 

Q 
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YSLTDYNKLVADIYTDRNLV (OW4 da 123-142) 
NYYVVYNGPHAGIYDDWGCT (OW6 aa 139-158) 
SWFAVYKGPNKEFFTEWEIV (OW6 aa 155-174) 
DFYVVYNGPYAGIYDHWGTA (OW6 aa 133-152) 
KTWIYDGPNQGIYDSWALV (OW6 aa 145-164) 
RYYVIYNGPGKGIYDEWGKA (OW5 da 79-98) 
KAYVIFDGPWKGIYQDWHIV (OW6 -1 da ?) 

yv ynGP giyd w caLllim3viruses coI7sensus 

IKRFNKHLIKTTYKRIF ( O m  aa 44-60)' 
VKRFRTNCIKNTEKDIF (OW6 324-340) 
IKNFRKKVLNAKDAAIF (OW6 ad. 316-332) 
VQRFRKKCIKDSEKEIF (OW6 315-331) 

955 

krFrk ik k IF cas- 

Fig. 4. a Sequence homologies found between caulimovirus ORF6, encoding for the inclu- 
sion body protein (IBP), and the protein encoded by ORF4 of CsVMV. The presumed active 
site is indicated in bold. For SbCMV the consensus is found in a frameshift (- I )  ORF as men- 
tioned by De Tapia et al. [7]. b Short homologies found between the IBP of caulimoviruses 

and the 8.8 kDa protein encoded by ORF2 of CsVMV 

C O I I s e n S E  P aGL IYPs NLqE i s I P  W 

W: OW6 ad 289 PQMVREAYAAGLIKT1YPS"LQE 312-30-343 IRSTIPV-W 350 
FMI: OW6 ad 281 PYLVHTAFRAGLAKVIYPSPNLQE 304-30-335 IFSSIPD-W 342 
CERV: OW6 aa 280 PEGILESFKAGLVRFIYPSTNLQE 303-30-334 IKSTIPC-W 341 
SVBV: OW6 a 298 PEYVREAFHCGLISLIYPGENLKE 321-42-364 DIL-IPYHW 370 

FXN: OW4 aa 232 PRFIGDLYAHGFIKQINFTTKVPE 255-32-278 IEREIPR-W 285 

Fig. 5. Sequence homologies between the encoded product of cauliinoviruses ORF6 and 
RTBV ORF4 

Other functions 
Computer assisted searches for other functions that are characteristic of the 
caulimoviruses, including the insect transmission factor (ITF) encoded by their 
ORF2, and the DNA binding protein encoded by ORF3, did not lead to the iden- 
tification of such sequences in the CsVMV genome. 

DNA binding protein of caulimoviruses (ORF3) and badnaviruses (ORF2) 
share little similarity. The binding domain of these proteins is characterized 
by a lysine rich region containing proline residues, generally specific to AT 
rich DNA [5,21], and can be identified at nts 221-229 of CsVMV ORF1. Fur- 
thermore, two hydrophilic regions, rich in leucine and isoleucine residues located 
upstream of the previous motif, may constitute a double leucine zipper (nts 136- 
157 and 198-219), the presence of which suggests a binding activity of the N 
terminus of the polyprotein encoded by ORFl (Emmanuel Jacquot, pers. comm.). 
The binding activity of this ORFI domain has still to be confirmed by biological 
assay. 
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Fig. 6. Phylogenetic trees of caulimoviruses, badnaviruses and CsVMV based upon com- 
parison of aa sequences of movement proteins (a), proteinases (b), reverse transcriptases (c), 
and coat proteins (cl). Numbers on the branches are the bootstrap values after 100 replicdtes 

No homologies were found in sequence data bases for the remaining part of 
O w l ,  for O W 2  or the putative ORF5. It is interesting to note that a significant 
level of homology (60% similarity) was found at the ORFl N-terminus of CsVMV 
(aa 20 to 68) with an absissic acid inducible protein from barley (aa 17 to 64). 
However, no role has yet been assigned to this protein [12]. 
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Multiple alignments and phylogenetic relationships 
The phylogenetic tree obtained after alignment of the MP sequences (Fig. 6a) 
shows a distinct separation between the Cauliinovirus and Badizavirus genera. 
CsVMV clusters with the caulimoviruses but on a branch independent from other 
members of the genus. Using the alignment corresponding to the PR sequences 
(Fig. 6b), a tree is obtained which classifies CsVMV in neither of the recognized 
genera. However, this is also the case for the legume infecting caulimoviruses. 
The RT sequences are the most conserved regions among the two genera and their 
alignment produces a phylogenetic tree in which the main distinction concerns 
RTBV, which branches apart from the cluster containing all other plant pararetro- 
viruses, and in which CsVMV is the last to be aggregated to the caulimovirus 
ensemble (Fig. 6c). The tree obtained from the CP sequences alignment clusters 
CsVMV with the legume caulimoviruses (Fig. 6d). However, this observation is 
somewhat muted by the fact that the genus Cnulinzovirus is not uniform as far as 
CP sequences are concerned. The trees given by the IBPs and the promoters (data 
not shown) show an heterogeneous distribution, allowing no clear relationship to 
be structured, even among members of the accepted genera. 

The tree generated from the comparison of a 5500 nts fragment of the genomes 
of these viruses clearly reflects the distinction suggested by the protein sequence 
alignments (Fig. 7). This distinction remains even when the CsVMV sequence is 
manually adjusted to have the same function order as in the other pararetrovirus 
genomes (MP-CP). The two genera, Caulinzovirus and Badizavirus, each divided 
in two subclusters, are strongly differentiated, while among the caulimoviruses a 
distinction can be made between those infecting legumes and the others. Similarly, 
RTBV is clustered apart in the genus Badizavirus. CsVMV stands on a separate 
branch and does not cluster with viruses from either of the genera. 

Discussion 
The infectivity of the CsVMV clone used in this study indicates that all functions 
necessary for the virus cycle in the plant, with the possible exception of vector 
transmission, are present and functional, and that the sequence and genome or- 
ganization presented here corresponds to a biologically active virus. The slow 
development of symptoms on infected plants, the low quantity of virus particles, 
and the low amount of viral DNA extracted from infected leaves, all indicate a 
low level of virus replication under the growth chamber conditions employed in 
this study. It is possible however that this observation is the result of an ineffi- 
cient replication of the clone used, or that, in a natural environment, in differznt 
light andlor temperature conditions, the virus replication would be more efficient. 
Nevertheless, as this virus is not a major threat to cassava cultivation, it is possible 
that even in its natural environment, replication of CsVMV occurs at low level. 

The isometric shape of its particles, their accumulation in cytoplasmic inclu- 
sion bodies of infected cells [23] and a genome consisting of a dsDNA molecule, 
led previous authors to classify CsVMV as a tentative member of the Cauliinovirus 
genus [18]. However, very little is known about the biology of this virus, such as 
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its natural vector, serology or tissue tropism. The CsVMV promoter, in a manner 
similar to Cutilimovirus promoters, displays a constitutive pattern of expression 
in transgenic plants [38] and virus particles have been observed in most types of 
infected cassava tissue [23]. 

The low G+C content of the CsVMV genome (25%) was shown to be very 
different from ha t  of the genomes of caulimoviruses (3440%) and badnav’ iluses 
(3444%) (Table l), which could have significance for its classification and evo- 
lution, as this criterion is usually uniform within a viral genus. The genome 
organization of CsVMV shows some similarities both with caulimoviruses and 
badnaviruses. A long intergenic region in which the replicative promoter is lo- 
cated is common to both genera and to CsVMV, as is the site of initiation of 
DNA replication with the binding site for Met tRNA which primes the synthesis 
of the minus strand DNA using the greater-than-full-length RNA as a template. 
However, location of the DNA replication initiation site differs greatly, not only 
between genera but also within a genus. In caulimoviruses genomes, it immedi- 
ately follows the large intergenic region; except for those that infect legumes, in 
which the DNA replication initiation site is about 2000 nts downstream of the 
large intergenic region. For badnaviruses, the DNA replication initiation site is 
located inside the intergenic region, except for RTBV in which it follows the 
intergenic region, in the manner similar to caulimoviruses (Table 1 and Fig. 2). 
However, the short intergenic region containing a second promoter responsible 
for the transcription of ORF6 which is characteristic of the caulimoviruses (19s 
of CaMV) was not identified on the CsVMV genome. This would make it com- 
parable to the badnaviruses. A second promoter might be present in an ORE but 
to identify such a putative second promoter, it would be necessary to carry out in 
vitro transcription analyses. 

Some of the functions encoded by the caulimoviruses genomes were identified 
in CsVMV by consensus homologies (MP, CP, PR and RT), but other important 
functions, such as the insect transmission factor (ITF) were not found. How- 
ever. the product of ORF2 in caulimoviruses (ITF) is not well conserved among 
members of the genus. Biological studies are needed to clarify the exact role of 
unassigned ORFs and of some regions of the polyprotein encoded by ORFl of 
CsVMV, such as the putative DNA binding domain. 

The organization of CP-pol functions in CsVMV genome (equivalent to gag- 
pol of retroviruses), makes this virus unusual amongst pararetroviruses. In all 
others pararetroviruses, retroviruses and retrotransposons. [8, 171 the sequences 
are ordered gag-pol, while in CsVMV this order is modified (Fig. 2). Further- 
more, the arrangement of MP with respect to CP is unique. The CsVMV genome 
also contains an additional putative ORF between ORFl (gag)  and ORF3 (pal) 
making CsVMV a unique representative among all the described retroelements. 
It is possible that the low homology shown by the short ORF2 with the IBP of 
caulimoviruses indicates that this ORF is the result of an intragenomic recombi- 
nation event which lead to ORF2 and ORF4. 

Construction of phylogenetic trees on the basis of homologous sequences 
yield different results according to the sequences that are compared (Fig. 6a-d). 
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Fig. 7. Phylogenetic tree of plant dsDNA viruses obtained upon comparison of 5 500 nts 
starting at ORFl for caulimoviruses and CSVMV and ORF3 for badnaviruses 

The relationships indicated by the trees obtained from MP and RT sequences link 
CsVMV with the caulimoviruses. RT sequences, the most conserved sequence 
among the dsDNA viruses, also place CsVMV within this genus. On the contrary, 
the tree produced from the PR sequences, which are also well conserved, indicates 
no relationship with either genera; and this is also the case for thè caulimoviruses 
which infect the legumes. The tree constructed from CP sequences shows a clus- 
tering of CsVMV with PCSV and SbCMV. This is the least informative tree in 
terms of relationships for the caulimoviruses, but it does group all the badnaviruses 
together. The tree obtained with genomic sequences (5500 nts) (Fig. 7 )  clearly 
shows a distinct position for CsVMV that is related neither to the caulimoviruses 
nor to the badnaviruses. 

Even with the few representatives sequenced to date, it can be seen that the 
genus C~iulinzovirzrs is not uniform in genome length, the position of the intergenic 
region nor for the initiation site of DNA replication. Additionally, their genomes 
also show very low sequence similarities within certain ORFs. These differences 
are clearly reflected on the current phylogenetic trees (Fig. 6 a-d). 

Despite some common biological properties between CsVMV and the mem- 
bers of the Cauliiizovirrrs genus, on the basis of the results presented in this study, 
we propose to create a new family named Cczzdinzoviridae, and comprising at least 
three genera; Cnuliiizovirus, Barlmvirus and a new genus with CsVMV as type 
species and unique member. 

All the members of the CaciliinovirLis and Badizavircu genera, as well as 
CsVMV, are poorly related on a molecular basis, with sequence comparisons 
somewhat at the limit of interpretation for phylogenetic relationships. Parts of their 
sequence have no detectable relationships, but some domains of their genome, 
encoding equivalent non-structural (MP, PR, RT) or structural (CP) functions, are 
conserved enough to show significant degrees of relatedness. Part of the observed 
genetic variability among plant pararetroviruses, therefore, may be the result of 
cumulative mutations after an early differentiation between caulimoviruses and 
badnaviruses. Alternatively, the example of CsVMV’s unusual genomic organi- 
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zation (Fig. 2) clearly shows that genome recombination has been a major factor 
in the evolution of this virus. Within a virus genus, genomic organization is gen- 
erally very well conserved and no changes in the order of domains are observed 
[37]. CsVMV is very unusual in this respect, by the simple fact that the order of 
the encoded CP and MP is reverse tÓ that in all the other plant dsDNA viruses. In 
addition the gag-pol continuum is disorganized compared to all the retroelements. 
This atypical situation could have resulted from intrdintergenomic recombina- 
tion. It would appear therefore that both mutation and recombination mechanisms 
led to. the appearance of CsVMV, a unique virus representing a very unusual type 
of plant pararetrovirus. 
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