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Summary. Variants of Coconut cadang-cadang viroid have been identified in a
plantation oil palm growing in Malaysia. Three size classes are described, com-
prising 297, 293, and 270 nt. Compared with the 296-nt form of coconut cadang-
cadang viroid (CCCVd), all variants substituted C3! — U in the pathogenicity
domain and A'”> — C in the right-hand terminus. Other mutations and deletions
accounted for the different sizes. These are the first sequences reported for variants
of Coconut cadang-cadang viroid in a species other than coconut palm, and this
is the first evidence that variants closely related to CCCVd occur outside the
Philippines.

*

Coconut cadang-cadang viroid (family Pospiviroidae, genus Cocadviroid) causes
the lethal cadang-cadang disease of coconut palms (Cocos nucifera L.) in the
Philippines. Total losses exceed 40 million palms [16]. Another cocadviroid,
coconut tinangaja viroid (CTiVd), is associated with the decline of coconut pro-
duction in Guam [27]. These viroids spread naturally but their epidemiology is
poorly understood and no direct control measures are available [16]. Whereas

The GenBank accession numbers for the sequences reported in this paper are DQ097183—
DQO097185.
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CCCVd and CTiVd have only been characterised from coconut palm, a number
of other species of palm and other monocotyledons in the Pacific region and
South East Asia have been shown by molecular hybridisation to contain CCCVd-
like RNAs [6, 9, 15, 18]. In commercially grown African oil palm in South East
Asia and the South Pacific region such CCCVd-like molecules were frequently
associated with an orange spotting disorder [6, 7] previously described as “genetic”
orange spotting (GOS) [2,5,17,22,23,26]. Since GOS occurs widely, and CCCVd
is a quarantinable viroid, it was considered necessary to determine the degree of
similarity between the CCCVd-like molecules and CCCVd. Because previous
work [6] had shown that these CCCVd-like molecules were generally present
at much lower concentrations than for CCCVd in coconut or oil palm [15], one
oil palm with the highest detectable level of CCCVd-like RNA was selected for
this study. We used a method for isolating and cloning circular molecules closely
related by nucleotide sequence to CCCVd and describe the relationships at the
molecular level between the variant CCCVd RNA sequences recovered from the
oil palm and CCCVd.

Leaf samples were obtained from a four-year-old oil palm growing in a
commercial plantation in Malaysia which had been shown by Northern blot
hybridization [6] to contain CCCVd-like RNA (data not shown). Nucleic acids
were extracted from leaflets of fronds 3 (third youngest), 10, and 20 using the
polyethylene glycol (PEG) extraction method [6]. They were fractionated by 2-
dimensional polyacrylamide gel electrophoresis (2D-PAGE) [21] in which the first
dimension comprised a non-denaturing 5% polyacrylamide gel and the second
dimension comprised a denaturing 5% polyacrylamide gel containing 8 M urea.
Zones to which circular viroid molecules and their corresponding linear molecules
were expected to migrate were identified by comparison with a parallel gel con-
taining CCCVd. These zones were excised and eluted [20]. The RNA was collected
by ethanol precipitation. Two sets of forward and reverse primers were designed
from the CCCVdy4e sequence (GenBank accession number: J02050) for the
reverse transcription-PCR (RT-PCR) amplification of CCCVd-related molecules;
GVR4 (5'-TGT ATC CAC CGG GTA GTC TC-3') and GV4 (5-ACT CAC GCG
GCT CTT ACC-3') from nucleotides 191-172 and 192-209, respectively; GVRS
(5-AGG TTT CCC CGG GGA TCC CTC AAG CGG CCT C-3), and GV5
(5'-CGA ATC TGG GAA GGG AGC GTA CCT GGG TCG-3') from nucleotides
71-41 and 76-105, respectively.

First-strand cDNA was synthesised with AMV reverse transcriptase (Promega)
using the GVR4 and GVRS reverse primers. This was amplified by PCR using
a PCR master mix (Promega) containing 200 uM dNTPs, 1.5 mM MgCl,, and
25 units/ml Tag DNA polymerase. PCR amplification products with primers
GVRS5/GVS5 [10] or with primers GVR4/GV4 [18] were analysed by 5% PAGE
or 2% agarose gel electrophoresis. Amplicons similar in size to that of CCCVd
RT-PCR products were extracted from excised gel fragments using a MinElute
Gel Extraction Kit (QIAGEN). They were cloned using a PCR Cloning Kit
(QIAGEN) by ligation into the pDrive cloning vector (QIAGEN) and transformed
into E. coli XL1-Blue competent cells (Stratagene) by electroporation (Bio-Rad
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Gene Pulser) with settings of 1.8 kV, 25 wFD, and 200 €2. Plasmids were prepared
from transformed bacterial colonies and inserts excised and sized by PAGE.
Seventeen clones were selected, and plasmids were sequenced at the Australian
Genome Research Facility (AGRF) (Brisbane). Nucleotide sequences were com-
pared by BLAST with available sequences on the NCBI database. Sequences
were aligned using CLUSTAL W [1] after adjustments were made to maximize
similarity using the GENEDOC program [11]. Secondary structure was predicted
by Mfold version 3.1 [28].

The RT-PCR products from all three fronds of the oil palm were single
amplicons ca. 300 bp in size, but they were detectable by silver staining only.
To produce sufficient PCR product for cloning, the RT-PCR products were eluted
after fractionation by 5% PAGE and re-amplified by PCR using the same primer
set. Ethidium-bromide-stained amplicons were obtained with both primer sets
(Fig. 1). As a control for this procedure, it was shown that no amplicons of viroid
size were obtained from 2D-PAGE gel samples collected from zones outside the
expected viroid region (Fig. 1).

Seventeen clones were obtained from the oil palm using both sets of primers.
Twelve were 297 nt in size (OP597), four were 293 nt (OP,93), and one was 270 nt
(OP270). OP297 and OP,93 were obtained from all three fronds using both primer
sets, and OP;7¢ was obtained from frond 10 using GVR4/GV4 primers. All showed
high sequence similarity with CCCVd;9g, but none were identical to previously
described forms of CCCVd [18, 19].
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Fig. 1. PCR amplification of RT-PCR products from the circular viroid region of 2D-PAGE

fractionated oil palm nucleic acids (3, 4, /4) compared with gel samples from the non-

viroid region (5, 6, 7, 11, 12, 13, 15). a Primers GVRS5/GVS, b primers GVR4/GV4. Size

markers are 25bp DNA ladder (/, 9), 1 kbp DNA ladder (8, /7) and the PCR product

from the circular viroid region of CCCVd (2, 10) prepared the same way. /6 is a negative

control (sterile distilled water as PCR template). This result was obtained from frond 10 of
the viroid positive oil palm



1450 G. Vadamalai et al.

CCCVd comprises two monomeric ‘fast’” (CCCVday and CCCVdy47) and
‘slow’ (CCCVdy96 and CCCVd,g7) electrophoretic forms as well as dimeric forms
of each monomer [14]. CCCVdyy47 differs from CCCVdjy4g, and CCCVdyg7 from
CCCVdyg6, by the insertion of a cytosine at position nt 197 (see *, Fig. 2a).
The slow RNAs are derived directly from the corresponding ‘fast’ forms by a
partial duplication of the right-hand terminus (TR) of proposed rod-like secondary
structure [8].

Of the 12 OPy97 clones, four were identical and were defined in this study as
the consensus sequence of OP»97. This sequence had 98% sequence similarity with
CCCVdy96 and had the same duplication in the TR as described for CCCVdagg
(Fig. 2b). It differed by the insertion of a G in the TR and four single base
substitutions (Fig. 2¢), which were distributed across the pathogenicity domain
(P), the central domain (C), and the TR. The remaining eight clones had one to
five additional base substitutions in their sequence compared with the consensus
sequence, and these were distributed across all five domains of the secondary
structure (Fig. 2¢). The possibility that the base changes were generated by PCR
errors, including PCR-derived recombination [3] has been considered. However,
the observations that some base changes were consistent across all variants and
that the number of base changes observed greatly exceeds the reported error rate
of 1-2 x 10~ for Tag polymerase [25] suggests that most are not due to random
errors introduced by PCR amplification of these variants.

The consensus sequence of OP»93 was derived from two identical clones of
the four clones sequenced. As with OP297, OP»93 had a duplicated TR (Fig. 2d).
It had 97% sequence similarity with CCCVdaeg, differing by the deletion of four
nucleotides, one insertion and four substitutions (Fig. 2d). Three of the deletions
and one substitution occurred in the P domain. One deletion was in the C domain,
and the other changes were in the TR. The other two clones had three and five
additional base substitutions, respectively, which occurred in the variable (V), TR,
and P domains (Fig. 2d).

OP37¢ had 90% sequence similarity with CCCVdagg. It showed no duplication
of the top strand of the TR (Fig. 2e-indicated by grey bar) which, compared
with OP97 and OPy93, represented a deletion of 27 nt. However, the lower strand
of the TR was duplicated (Fig. 2e-indicated by black bar) except that the two
base substitutions (A!4° — C and U'3! — C) made this duplication imperfect. In
addition, there were two more single base substitutions C3! — U in the P domain
and C??! — U in the C domain. OP,7¢ was predicted to have a branched secondary
structure to accommodate the duplication of the lower TR domain alone (Fig. 2f).
Absence of duplications of either the upper or lower strand of the TR domain has
been previously reported in citrus exocortis viroid [24].

Because an arbitrary level of 90% sequence similarity and distinct biological
properties are accepted as separating viroid species from variants [4], OP297,
OP»93, and OP;7¢ can be considered as variants of CCCVd, and not a new species
of cocadviroid. Each contain the minimal infectious CCCVda4¢ sequence, and we
propose that they be named as oil palm variants of CCCVd. These names should
remain tentative until infectivity has been demonstrated. The provisional names
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are coconut cadang-cadang viroid (oil palm variant 297), coconut cadang-cadang
viroid (oil palm variant 293) and coconut cadang-cadang viroid (oil palm variant
270). This suggestion provides for designation on the basis of size and can be
revised as more data become available.

These oil palm variants were present at a much lower concentration than
described for CCCVd. For example, after concentration by the PEG extraction
procedure they were detectable only by Northern blot analysis of polyacrylamide
gels (as previously described [6]) or by silver staining of RT-PCR amplicons (but
not by the less sensitive ethidium bromide staining). Previous studies [10] showed
that both CCCVd and CTiVd were detectable by ethidium bromide staining after
one round of RT-PCR amplification of total nucleic acid extracts from coconut
palm. They were also detectable in these extracts by ethidium bromide staining
after agarose gel electrophoresis. CCCVd has been isolated from infected oil palms
in the Philippines at levels similar to that in coconut palms [15], and it therefore
seems possible that the low concentration of these oil palm viroids is a function
of their variation in sequence from CCCVd rather than the species in which they
occur. Mutations have been found to regulate replication and symptom expression
of potato spindle tuber viroid variants [12, 13].

The base changes in the oil palm viroids differ from previously reported
mutations in CCCVd [8, 19]. This is the first report that mutants of CCCVd occur
in species other than coconut palm and outside the Philippines region. Mutation
of viroids can give rise to a range of disease phenotypes, and for CCCVd, it has
already been found that mutations in the P and C domain are associated with
a severe form of coconut cadang-cadang disease known as ‘brooming’ (Fig. 2a)
[19]. Now that the clones of the oil palm sequences are available, infectivity assays
can be done to test their pathogenicity, to compare their levels of accumulation in
tissues, and to see whether they are associated with phenotypes such as GOS.

Although more than one variant was recovered from a single oil palm, the
majority of clones (71%) were of the 297-nt variant, suggesting that this was
dominant in the nucleic acid sample and present in all three fronds. No variants
of the ‘fast” CCCVdyss form were obtained in this study. This agrees with a
previous report [6] that the CCCVd-like RNA from a GOS-affected oil palm in

<
Fig. 2. Secondary structures with a minimum computed folding energy at 37°C of
a CCCVdyye (—112.5kcal/mol), b CCCVdagg (—137.3kcal/mol), ¢ consensus OPg7
(—138.2 kcal/mol), d consensus OP»93 (—143.4 kcal/mol), and e OP»79 (—119.0 kcal/mol).
f Shows the branched predicted secondary structure of OP27¢. The sites where mutations
occurred compared with CCCVdjge are indicated. Those found in all three oil palm variants
are indicated in solid oval text boxes, whereas those specific to one variant are shown in solid
rectangular text boxes. Additional mutation sites found in single clones of OP297 and OP393
are indicated in dotted text boxes. Duplicated sequences are indicated with the same shade.
White dots in the duplicated sequences indicate the site of a base substitution which makes the
duplication imperfect. The base substitutions indicated in dashed text boxes in CCCVda4¢ are
the mutation points of the ‘brooming’ mutant [19]. TL, P, C, V, and TR indicate the five domains
of CCCVd; terminal left, pathogenicity, central, variable, and terminal right, respectively
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the Solomon Islands was about 296 nt in size, and suggested that the ‘slow’ viroid
form is dominant in oil palm. In addition to the three size classes, there were minor
and apparently sporadic variations among the individual variants. This appears to
be a further example of viroids propagating in their hosts as populations of closely
related sequence variants (quasi-species), with one or more predominating in the
population [4].

The primers selected for RT-PCR were not designed to target sequences in
other cocadviroids or pospiviroids, so this study does not exclude the possibility
that viroids other than CCCVd, or distant variants of CCCVd, may be present in
oil palm. Of immediate concern is the close similarity of the variants reported here
to CCCVd. This prompts speculation that oil palm may be an important reservoir
of CCCVd and a vehicle for the international distribution of a core sequence which
has the potential to mutate to a pathogenic form.

In conclusion, the identification of these CCCVd variants in a commercially
grown oil palm shows that viroid molecules closely related to the lethal CCCVd
are present in oil palm plantations in a region outside the Philippines, the country
where CCCVd is thought to be contained. The observation that they occur at a low
concentration suggests that CCCVd variants may exist below the threshold of de-
tection in some plant reservoirs. Such subliminal infections may provide hitherto
unrecognised sources of viroid sequences which could mutate into pathogenic
variants, with the potential to cause an economically important disease. Further
work should include a study of the infectivity of this range of CCCVd variants in
oil palm, their effects on symptom development and commercial yield, and their
geographical distribution.
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