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The nucleotide sequence of cowpea mosaic virus B RNA
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The complete sequence of the bottom component RNA (B
RNA) of cowpea mosaic virus (CPMV) has been determined.
Restriction enzyme fragments of double-stranded cDNA were
cloned in M13 and the sequence of the inserts was determined
by a combination of enzymatic and chemical sequencing tech-
niques. Additional sequence information was obtained by
primed synthesis on first strand cDNA. The complete se-
quence deduced is 5889 nucleotides long excluding the 3'
poly(A), and contains an open reading frame sufficient to
code for a polypeptide of mol. wt. 207 760. The coding
region is flanked by a 5' leader sequence of 206 nucleotides
and a 3' non-coding region of 82 residues which does not
contain a polyadenylation signal.
Key words: CPMV B RNA/cDNA cloning/M13/nucleotide
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Introduction
The genome of cowpea mosaic virus (CPMV) consists of

two single-stranded RNA molecules of positive (messenger)
polarity. The two RNA molecules are separately encapsidated
into virions of identical protein composition which can be
separated on the basis of their buoyant densities. The two
RNAs are designated bottom component (B) and middle
component (M) RNA and have experimentally determined
mol. wts. of 2.02 x 106 and 1.37 x 106, respectively. Both
RNAs are essential for virus infection of plants (van Kam-
men, 1967; Bruening and Agrawal, 1967), but B RNA is
capable of independent replication in protoplasts (Goldbach
et al., 1980). Both RNA molecules have a small protein (VPg)
linked to their 5' termini (Daubert et al., 1978; Stanley et al.,
1978;) and both are polyadenylated (El Manna and Bruening,
1973). In vitro translation and protoplast studies have shown
that both RNAs are initially translated into large polypeptides
which are subsequently cleaved to give functional virus pro-
teins (Davies et al., 1977; Pelham, 1979; Rezelman et al.,
1980; Rottier et al., 1980; Goldbach et al., 1981). The
primary translation product of B RNA is a polypeptide of
mol. wt. - 200 K which is the precursor for proteins such as
the virus-specific protease and the VPg (Pelham, 1979; Stan-
ley et al., 1980), as well as those viral products required for
RNA replication (Goldbach et al., 1980). Synthesis of the
capsid proteins is directed by M RNA (Gopo and Frist, 1977;
Thongmeearkom and Goodman, 1978; Goldbach et al.,
1981; Franssen et al., 1982).
The nucleotide sequences at the termini of both RNAs have

been determined over the last few years (Davies et al., 1979;
Stanley and van Kammen, 1979; Najarian and Bruening,
1980; Lomonossoff et al., 1982) and recently the complete se-
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quence of M RNA has been determined (van Wezenbeek et
al., 1983). Here we report the determination of the nucleotide
sequence of B RNA thereby completing the nucleotide se-
quence of CPMV.

Results
Sequencing strategy
The strategy used was similar to that employed for TMV

RNA (Goelet et al., 1982). Double-stranded cDNA was syn-
thesised using CPMV B RNA as a template, and cut with
restriction enzymes. The resulting fragments were directly
ligated into a variety of M13 vectors. By cloning cDNA frag-
ments resulting from several different restriction enzyme
digests, a series of overlapping clones was obtained from
which most of the sequence could be deduced. Recombinant
clones harbouring inserts of less than - 300 bases were com-
pletely sequenced by the dideoxy method applied to M13
(Sanger et al., 1980). Sequence on the complementary strand
was obtained either by isolating the identical fragment cloned
in the opposite orientation or by the method of Hong (1981).
A number of clones containing longer inserts were additional-
ly analysed by applying Maxam and Gilbert sequencing to the
inserts isolated from the replicative form of the phage.

Figure 1 shows a map of the regions of the finally deduced
sequence cloned using different restriction enzymes. In most
cases each region was represented by several independently
isolated clones. One region of the sequence (between
nucleotides 1328 and 2141) was represented only by a series of
eight Sau3a clones (Figure 1). The order of these was deduced
by direct priming on B cDNA. Overall, the entire sequence of
CPMV B RNA was deduced from cloned cDNA with the ex-
ception of the 5'-terminal 93 residues, the sequence of which
had been previously determined (Stanley and van Kammen,
1979; Najarian and Bruening, 1980; Lomonossoff et al.,
1982). More than 97% of the sequence shown in Figure 2 was
determined on both strands and a large proportion was
covered by both dideoxy and Maxam and Gilbert sequencing.

During the cloning and sequencing, a small number of
clones were isolated which contained inserts which had ap-
parently been rearranged with respect to the finally deduced
sequence. This phenomenon has been noticed in a number of
previous studies and several explanations have been put for-
ward to explain it (Fields and Winter, 1981; Volckaert et al.,
1981). Overall there was little difficulty in deciding the correct
sequence by examining several different clones covering the
same region and by comparing the sequence derived from
cloned DNA with that derived by direct priming on the
cDNA. Sequence information from only one rearranged
clone was used to deduce the final sequence. This was a
HindlII clone which contains the sequence from the HindII
site at position 5755 through to the 3' end of the RNA, in-
cluding 16 A residues, ligated to a piece of sequence running
backwards from position 4255 to the HindlII site at position
4207. This clone presumably arose by a mechanism similar to
that responsible for one of the TaqI clones isolated during se-
quence studies on CMV RNA 3 (Gould and Symons, 1982).
The 3' end sequence derived from this clone was confirmed
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Fig. 1. Nucleotide sequencing strategy, showing the alignment of the Sau3a, Taql, Mspl, Hindlll, HindlII/Sau3a and HindIll/BamHl clones with respect to

the finally derived sequence. Most of the clones shown were isolated independently several times. The regions sequenced by priming on first strand cDNA are

indicated by arrows. (a) The complete sequence of this HindIII clone was not determ-iined and hence the location of its far end is not known. (b) In addition

to containing the 3' end of the RNA sequence, this clone contains additional sequence from nucleotides 4207 to 4255 (see text).

by direct sequencing on cDNA and by comparison with the
previously published sequence (Davies et al., 1979).
The sequence of CPMV B RNA
The complete nucleotide sequence is shown in Figure 2 and

consists of 5889 nucleotides excluding a poly(A) tail of
variable length (El Manna and Bruening, 1973). The size of
the RNA is in reasonable agreement with that estimated
previously (Murant et al., 1981; Lomonossoff et al., 1982)
when allowance is made for the presence of a poly(A) tail of

90 residues (Ahlquist and Kaesberg, 1979). The overall base
composition of the RNA is: 30.5% U, 17.507o C, 24.8% G
and 27.2% A. These figures are similar to those reported for
M RNA (van Wezenbeek et al., 1983) and in close agreement
with the experimentally determined value allowing for the
presence of extra A residues at the 3' end (van Kammen,
1967). The fact that the sequence of most of the RNA was

derived by examining several independently isolated cDNA
clones enables some estimate of the overall sequence hetero-
geneity to be made. Heterogeneities were found at 10 posi-
tions, though presumably, examination of additional clones
would reveal more. Of the heterogeneities found, eight
represented transitions and two transversions (see Figure 2)
and of these 10 changes, five resulted in an alteration in the
amino acid sequence of the putative polypeptide. This level of
sequence heterogeneity has been found previously in studies
on both RNA and DNA plant viruses (for example, Goelet et
al., 1982; Stanley and Gay, 1983) though not, apparently, in
the sequence of CPMV M RNA (van Wezenbeek et al.,
1983). The presence of sequence heterogeneity could, con-

ceivably, be the result of cloning artefacts but more probably
is a true reflection of a degree of polymorphism in the virus
population.

Analysis of the coding capacity of the sequence reveals the
presence of only one long open reading frame on the positive
(viral) strand. This starts at the AUG codon at position 207
on the sequence and continues until a UAG terminator at
position 5805 and is sufficient to code for a polypeptide of
1866 amino acids with a mol. wt. of 207 760. The longest
polypeptide that can be coded for by either of the two alterna-
tive reading phases is only 60 residues long and starts at an

AUG triplet at position 4936. The complementary (negative)
strand contains five regions that can potentially code for pro-
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teins of 100 residues or more, the longest of these being 140
amino acids. Such negative strand coding regions have also
been seen in tobacco mosaic virus (TMV) and AIMV RNAs 1

and 2 (Goelet et al., 1982; Cornelissen et al., 1983a, 1983b),
though their functions, if any, remain obscure.

Discussion
The determination of the nucleotide sequence of B RNA

together with the published sequence of the M RNA from the
same isolate of the virus (van Wezenbeek et al., 1983) com-

pletes the entire sequence of CPMV. Thus the genome of the
virus consists of two positive strand RNAs of 5889 and 3481
nucleotides.
The positive strand sequence of B RNA contains a single

long open reading frame capable of coding for a 208-K
polypeptide. Thus the sequence data are consistent with the
observation that cell-free translation of CPMV B RNA leads
to the synthesis of a '200-K' protein in both wheat germ and
rabbit reticulocyte systems (Davies et al., 1977; Pelham,
1979). The long open reading frame starts at the first AUG
codon which had previously been shown to occur at position
207 (Lomonossoff et al., 1982). This initiation codon is sur-

rounded by precisely those nucleotides which are postulated
to have a role in efficient initiation (Kozak, 1981, 1983) and it
is therefore a good candidate for the functional initiator for
the '200-K' polypeptide. This apparently simple situation
contrasts with that found on M RNA where in vitro transla-
tion leads to the synthesis of two overlapping polypeptides
differing at their N termini (Pelham, 1979; Goldbach et al.,
1981; Franssen et al., 1982). The sequence of M RNA (van
Wezenbeek et al., 1983) suggests that the first AUG codon is
non-functional and that initiation at the second and third
AUGs (which are in-phase) gives rise to the two primary pro-
ducts. In this regard it is interesting that neither the first (non-
functional) nor second (inefficient or 'leaky') AUGs are sur-

rounded by appropriate context nucleotides. The fact that the
translation properties of the two CPMV RNAs can be direct-
ly related to the presence or absence of appropriate
nucleotides flanking the AUG codons provides further
evidence for the importance of such nucleotides in correct in-
itiation.
The long open reading frame on B RNA ends with an
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amber (UAG) terminator at position 5805. This terminator is ficult to detect as read-through of the amber terminator
followed by a further 82 nucleotides before the poly(A) tail is would only add 28 amino acids to the length of the 208-K
reached. Amber appear to be the least frequently used of the translation product. With regard to the efficiency of amber
three terminators in eucaryotes (Kohli and Grosjean, 1981) terminators, it is perhaps relevant that both the terminators at
and amber terminators are known to be leaky in a number of the ends of the 30-K and coat protein cistrons of TMV
instances (Peiham, 1978; Schinnick et at., 1981). If a certain (vulgare) are changed to UAGs in the related tobamovirus,
amount of read-through did occur on B RNA, the next in- cucumber green mottle mosaic virus (CGMMV) (watermelon
phase terminator encountered would be formed by the strain) without apparent ill-effect (Goelet et' at., 1982; Meshi
3 '-terminal U reid6cue of the euec together with the- first oe a!. 1983)
two As of the poly(A) tail. The use of a poly(A) tail to pro- In both cell-free and protoplast systems the primary
vide termination signals has been demonstrated in the case of translation product of B RNA is rapidly cleaved to give at
mammalian mitochondrial mRNAs (Ojala et al., 1981), but least eight polypeptides. The origin and functions of these
the occurrence of such a mechanism in CPMV would be dif- polypeptides have been the subject of intensive study and
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recently a cleavage map has been published (Goldbach and
Rezelman, 1983). Unfortunately at present there are no
amino acid sequence data available concerning the termini of
these proteins which would allow them to be aligned with the
nucleotide sequence.

Comparison of the sequences of M and B RNAs by 'dot
matrix' analysis revealed little sequence homology between
the two, apart from that already noted at the termini (Davies
et al., 1979; Stanley and van Kammen, 1979; Najarian and
Bruening, 1980). However, both RNAs have similar base
compositions and both have a tendency to avoid the dinucleo-
tide CpG. This discrimination against CpG was manifested
during the sequencing as a low frequency of restriction en-
zyme sites which contain this dinucleotide, e.g., TaqI
(TCGA), five sites; MspI (CCGG), three sites. Overall CpG is
used 0.40 times as often as expected at random for an RNA
of the base composition of B RNA. As shown previously,
both the 5' and 3' non-translated regions of the two RNAs
are very U-rich (5': M 32.607o, B 35.9070; 3': M 43.307o, B
41.5%o) and this unusual base composition taken with the se-
quence homologies at the termini may well have some
significance in viral replication. As found with M RNA, the
3' non-coding region of B RNA does not contain the hexa-
nucleotide sequence AAUAAA associated with polyadenyla-
tion of eukaryotic mRNAs. 'Dot matrix' comparison of the B
RNA sequence with itself failed to reveal any direct or in-
verted repeats within the RNA at the level of comparison us-
ed.
The cDNA cloning used in the determination of the se-

quence of CPMV B RNA has generated a collection of M13
phage harbouring defined parts of the viral genome. These
specific clones can now be used in hybridisation experiments
with a view to elucidating further aspects of the virus life-
cycle.

Materials and methods
Materials
CPMV strain SB (Nigerian isolate) was propagated in Vigna unguiculata

and B components isolated by caesium chloride density gradient centrifuga-
tion (Klootwijk et al., 1977). Viral RNA was extracted from either a natural
mixture of M and B or purified B components as described by Zimmern
(1975). Avian mveloblastosis virus reverse transcriptase was obtained from
Life Sciences Inc., EscheriChia coli DNA polymerase I (large fragment) and
calf intestinal phosphatase trom Boehringer and polynucleotide kinase from
CBL. Restriction enzymes swere obtained from either New England Biolabs or
BRL. All radiochemicals were supplied by Amersham International.

Svnthesis of double-stranded cDNA
Synthesis and purification of full-length cDNA copies of B RNA using a

mixture of M and B RNA or RNA from purified B components as template
was carried out as previously described (Lomonossoff et al., 1982). Second
strand synthesis using a 21-base long synthetic oligonucleotide as primer and
full-length B cDNA as template was carried out as described (Lomonossoff et
al., 1982). The reaction was terminated by the addition of two volumes of 1:1
phenol/chloroform, the aqueous phase passed through a 1 ml Sephadex
G-100 column and the excluded peak collected and concentrated by ethanol
precipitation.
Cloning of cDNA restriction firagnents

Double-stranded cDNA was either digested with Sau3a (or Mbol), Taql,
M.spl or Hindlll or Xwas digested with a combination of Hindlll and either
Sau3a or BatnHI. In some cases the resultant fragments were size-fractionated
on 15-30%-o neutral sucrose gradients to eliminate small pieces. The restric-
tion fragments were ligated into the appropriately linearised replicative forms
of the bacteriophage vectors MI3mp70I, M13mp8 and M13mp9 (D.R.
Bentley, unpublished; Messing and Vieira, 1982) and the DNA used to
transform E. coli strain JM 101. Recombinant phage were identified by the lac
complementation assay and by plaque hybridisation (Benton and Davis, 1977)
to either B-specific cDNA or kinase-labelled B RNA oligonucleotides

(Maizels, 1976). Bacteriophage isolation and DNA extraction were carried out
as described by Sanger et al. (1980).

Sequence determination
DNA sequence analysis of single-stranded bacteriophage DNA was carried

out as described by Sanger et al. (1977, 1980) using a 17-residue synthetic
oligonucleotide as primer (Duckworth et al., 1981). In some cases sequence in-
formation from the opposite end of a clone was derived by the method
described by Hong (1981). Additional sequence information from clones har-
bouring long (greater than - 500 bases) inserts was obtained by the method of
Maxam and Gilbert (1980). Double-stranded replicative forms of M 13 clones
were isolated (Birnboim and Doly, 1979), digested with appropriate restriction
enzymes and the insert purified by sucrose gradient centrifugation. The
isolated inserts were digested with a variety of restriction enzymes and either
5'-labelled by polynucleotide kinase or 3'-labelled by 'fill-in' using E. coli
DNA polymerase I (large fragment). Uniquely labelled DNA fragments were
obtained by either secondary enzyme digestion or strand separation and sub-
jected to base-specific cleavage reactions (Maxam and Gilbert, 1980).

Dideoxy sequence analysis using B cDNA as template and either kinase
labelled TI oligonucleotides or short restriction fragments as primers sas car-
ried out as previously described (Kitamura and Wimmer, 1980; Lomonossoff
et al., 1982). Sequence information derived from all three methods was stored
and assembled using computer methods (Staden, 1980).
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