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1Departamento de Biotecnologı´a, Escuela Te´cnica Superior de Ingenieros Agro´nomos, 28040 Madrid, Spain
2Unidad de Bioinforma´tica, Centro Nacional de Biotecnologı´a, Consejo Superior de Investigaciones Cientı´ficas, 28049 Madrid, Spain
3Area de Biologı´a Molecular y Virologı´a Vegetal, Centro de Investigacio´n y Tecnologı´a-Instituto Nacional de Investigacines Agrarias,
28040, Madrid, Spain

Received: 14 May 1996 / Accepted: 17 July 1996

Abstract. The nucleotide sequence of 17 variants of
the satellite RNA of cucumber mosaic virus (CMV-
satRNA) isolated from field-infected tomato plants in the
springs of 1989, 1990, and 1991 was determined. The
sequence of each of the 17 satRNAs was unique and was
between 334 and 340 nucleotides in length; 57 positions
were polymorphic. There was much genetic divergence,
ranging from 0.006 to 0.141 nucleotide substitutions per
site for pairwise comparisons, and averaging 0.074 for
any pair. When the polymorphic positions were analyzed
relative to a secondary structure model proposed for
CMV-satRNAs, it was found that there were signifi-
cantly different numbers of changes in base-paired and
non–base-paired positions, and that mutations that did
not disrupt base pairing were preferred at the putatively
paired sites. This supports the concept that the need to
maintain a functional structure may limit genetic diver-
gence of CMV-satRNA. Phylogenetic analyses showed
that the 17 CMV-satRNA variants clustered into two
subgroups, I and II, and evolutionary lines proceeding by
the sequential accumulation of mutations were apparent.
Three satRNA variants were outliers for these two phy-
logenetic groups. They were shown to be recombinants
of subgroup I and II satRNAs by calculating phylogenies
for different molecular regions and by using Sawyer’s
test for gene conversion. At least two recombination

events were required to produce these three recombinant
satRNAs. Thus, recombinants were found to be frequent
(∼17%) in natural populations of CMV-satRNA, and re-
combination may make an important contribution to the
generation of new variants. To our knowledge this is the
first report of data allowing the frequency of recombi-
nant isolates in natural populations of an RNA replicon
to be estimated.
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Introduction

High rates of spontaneous mutation have often been re-
ported for RNA genomes. These result from frequent
errors in RNA synthesis, and the accumulation of these
mutations is commonly held to be the main mechanism
in the evolution of RNA viruses (for recent reviews cf.
Domingo 1989; Domingo and Holland 1988; Drake
1993). However, major changes in viral genotpyes may
also involve genetic exchange through the reassortment
of genomic segments, as exemplified by influenza virus
(Simon and Bujarski 1994; Webster et al. 1992). For
RNA viruses with nonsegmented genomes, genetic ex-
change is only possible through RNA recombination.
Evidence for RNA recombination in several groups of
animal and plant RNA viruses has accumulated during
the last decade (Lai 1992, 1995; Robinson et al. 1987;
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Simon and Bujarski 1994). Most data come from experi-
mental systems designed to favor selection of recombi-
nants. In natural populations, though, recombination has
been observed rarely, and the frequency of recombinants
has not been estimated.

In this paper we analyze the contribution of mutation
accumulation and RNA recombination to the evolution
of natural populations of the satellite RNA (satRNA) of
cucumber mosaic virus (CMV). CMV is an isometric
plant virus with a tripartite, single-stranded RNA ge-
nome of messenger polarity. Some CMV isolates also
contain a small (312–390 nucleotides long), linear, non-
coding, satRNA that depends on CMV as a helper virus
for its replication, dispersion within the infected plant,
encapsidation, and transmission. Much information has
accumulated on the molecular biology of CMV and its
satRNA (cf. Collmer and Howell 1992; Palukaitis et al.
1992; Roossinck et al. 1992). Much less has been re-
ported on the genetic structure and evolution of CMV-
satRNA populations under natural, field conditions. The
recent occurrence in Spain of an epidemic of tomato
necrosis caused by CMV + satRNA (Jorda´ et al. 1992)
gave us the opportunity to address these issues. Natural
satRNA populations, representing different yearly epi-
sodes of this epidemic, were shown to be very variable.
The amount of genetic variation was maintained through
time, and satRNA haplotypes persisted between epi-
demic episodes. The genetic differences observed could
be explained by a sequential accumulation of mutations
that reached an apparent threshold to genetic divergence
(see Aranda et al. 1993). Genetic divergence in CMV-
satRNA has been shown to be checked by selective con-
straints related to the maintenance of a molecular struc-
ture (Fraile and Garcı´a-Arenal 1991). To get a deeper
insight into the mechanisms sustaining the observed ge-
netic differences, the nucleotide sequences of a set of
field isolates of CMV-satRNA were determined and ana-
lyzed. The data presented here show that, in addition to
point mutation, RNA recombination may be important in
shaping the genetic structure of CMV-satRNA popula-
tions.

Materials and Methods

CMV-satRNA Isolates.Seventeen CMV-satRNA isolates were ran-
domly sampled out of 62 field isolates collected during the springs of
1989, 1990, and 1991 and described in Aranda et al. (1993). The
isolates (from where these 17 were sampled) each represented an elec-
trophoretic variant in semidenaturing polyacrylamide electrophoresis
(as in Aranda et al. 1993; Garcı´a-Luque et al. 1984) present in virion
RNA directly purified from field-infected tomato plants. CMV-satRNA
variants were named N/i.j, meaning electrophoretic variant j from field
sample i obtained in year N (Aranda et al. 1993).

Nucleotide Sequence Determination and Analyses.Full-length
cDNA for these CMV-satRNAs was obtained by reverse transcription
with AMV reverse transcriptase (Boehringer Manheim) and PCR am-

plified with Taq DNA polymerase (Promega) (Saiki et al. 1988) using
the primers 58GGAATTCCCGGGTCCTG38, with restriction sites for
endonucleasesEcoRI andSmaI, and having eight bases (underlined)
complementary to the 38 end of all CMV-satRNA reported to date, and
58GGAATTCTAATACGACTCACTATAVGTTTTGTTTG 38, with
an EcoRI site, a modified T7-RNA polymerase promoter, and 10
nucleotides (underlined) identical to those at the 58 end of all CMV-
satRNA reported to date. cDNA was hydrolyzed usingEcoRI andSmaI
and cloned in the vector pBS+. The sequence of the cDNA inserts was
determined by the dideoxynucleotide chain termination method (as in
Sambrook et al. 1989). At least two independent clones were sequenced
for each CMV-satRNA.

The obtained nucleotide sequences were aligned and values for
nucleotide substitution per site were calculated by the Jukes and Cantor
(1969) method. These values were used to infer phylogenetic relation-
ships by the neighbor-joining method (Saitou and Nei 1987). Sequence
data were also used to obtain phylogenies by the Wagner parsimony
method (Kluge and Farris 1969). The mutation pattern was also ana-
lyzed as suggested by Li et al. (1984). The possibility of genetic ex-
change was analyzed using methods described by Dykhuizen and
Green (1991) and by Sawyer (1989). Analyses were done by hand, or
using the PHYLIP 3.5 package (J. Felsenstein, Seattle, WA). A com-
puter program was developed to perform Sawyer’s test; this program is
available by anonymous FTP at the internet address FTP.cnb.uam.es in
the directory software/molevol.

CMV-satRNA sequences are available under EMBL accession
numbers Z75870–Z75886.

Results

The sequences of 17 CMV-satRNAs randomly sampled
among those isolated during the epidemic episodes of
1989, 1990, and 1991 are shown in Fig. 1 aligned against
that of satRNA 1989/12.1. The sequence of each of the
17 satRNAs was unique, but all of them belonged to the
330–340-nucleotide size class, ranging in length from
334 to 340 nucleotides.

Genetic divergences varied for pairwise comparisons
from 0.006 (for pairs 1989/20.1–1991/2.2 and
1989/20.1–1989/16.1) to 0.141 (for pairs 1990/5.1–
1990/15.1 and 1990/19.1–1990/15.1). The average value
of nucleotide substitution per site between any two pairs
(as in Nei 1987, p. 276) was 0.074. Of a total of 343
nucleotide positions in the alignment of Fig. 1, 57
(16.6%) were polymorphic. At 50 of these, only two
bases, including point insertion and deletions (indels) as
a possible base, were found. The bases at 30 of these
dimorphic positions (shown in boldface in Fig. 1) did not
occur at random, but defined two subgroups of se-
quences: subgroup I (satRNAs 1989/12.1, 1989/16.1,
1989/19.1, 1989/.20.1, 1989/20.2, 1990/15.1, 1990/20.1,
1991/2.2, and 1991/4.1) and subgroup II (satRNAs
1990/5.1, 1990/16.1, 1990/19.1, 1990/21.1, and
1991/3.1). SatRNAs 1989/3.4, 1989/24.1, and 1991/8.1
did not belong clearly to either of these two subgroups.

Genetic Divergence in CMV-satRNA by
Sequence Mutation

Phylogenetic relationships among the 17 satRNAs in Fig.
1 were calculated by the Wagner parsimony and neigh-
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Fig. 1. Alignment of the nucleotide sequence of 17 field isolates of CMV-satRNA. Only differences respective to the sequence of satRNA
1989/12.1 are presented; (−) indicates a deletion. Dimorphic positions dividing satellite RNA into two subgroups (I and II) are inbold type.
Positions that would be base-paired according to Gordon and Symons (1983) secondary structure model areunderlined.
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bor-joining methods. E-satRNA (Hidaka et al. 1988),
which is clearly distinct from most 330–340-nucleotide-
long CMV-satRNAs (Fraile and Garcı´a-Arenal 1991),
was used as an outgroup. Both methods yielded similar
tree topologies (shown in Fig. 2 for the Wagner parsi-
mony method): two main branches, corresponding to
subgroups I and II as defined above on the basis of
dimorphic sites, were found. CMV-satRNAs 1989/3.4,
and 1989/24.1 and 1991/8.1, were outliers, respectively,
of subgroups I and II (branches Ib and IIb in Fig. 2).
When these three satRNAs were excluded from the
analysis, the significance of the clustering in a bootstrap
test increased considerably; subgroup I was found in
98% of the trees, vs 72%, and subgroup II was found in
100% of the trees, vs 84%. Phylogenetic relationships
among the satRNAs did not correspond to the date of
isolation. As shown by branch Ia in the tree of Fig. 2,
evolutionary lines may be detected with intermediary
types found at or near the nodes, indicating divergence
from a parental satRNA by the sequential accumulation
of point mutations (see also the polymorphic sites in the
corresponding satRNAs in Fig. 1).

Analyzing the sequences of 23 CMV-satRNAs iso-
lated at different parts of the world from different host
plants showed that the need to maintain a structure may
limit the genetic divergence of CMV-satRNAs (Fraile
and Garcı´a-Arenal 1991). To check whether structure-
related constraints may be detected in a population of
CMV-satRNA from a single host plant, and from a re-
stricted area, a similar analysis was done. A putative
ancestral sequence was derived by maximum parsimony
(with E-satRNA as an outgroup). That sequence was
folded into a putative secondary structure like that pro-
posed by Gordon and Symons (1983) for Q-satRNA,
with 50% of its bases paired (in 44 G:C, 24 A:U, and 16
G:U pairs). Then, mutations in each of the 17 satRNAs in
Fig. 1 respective to this ancestral satRNA were analyzed
separately for base-paired (underlined in Fig. 1) and
non–base-paired positions (Gojobori et al. 1982). Based
on a total of 359 differences for the 57 polymorphic
positions it was found that the number of point mutations
per site (single base substitutions + point indels) is sig-
nificantly greater for nonpaired than for paired positions
(0.0875 ± 0.0045 vs 0.0641 ± 0.0035,P ø 0.0001, all
comparisons by chi-square and Wilcoxon’s nonparamet-
ric tests). Indels are also significantly (P ø 10−6) more
frequent at unpaired (0.0247 ± 0.0022 per site) than at
paired (0.0028 ± 0.0007) positions. The frequency of
transitions calculated as in Li et al. (1984) was signifi-
cantly (P ø 0.003) greater for paired (58.19%) than for
unpaired positions (41.92%). Also, replacement tenden-
cies for G and C were lower in paired (9.97% for both G
and C) than in unpaired (20.57% for G and 21.52% for
C) positions. Thus, the pattern of mutation accumulation
differed significantly according to positions, so muta-

tions that disrupt base pairing were less preferred at the
sites likely to be parts of secondary structure elements.

Genetic Divergence by RNA Recombination

The bases at the dimorphic positions for the satRNAs
that are outliers in subgroups I and II (Fig. 2) show that
satRNA 1989/3.4 resembles subgroup II from its 58 end
to some point between nucleotides 105 and 152, and it
has a sequence similar to subgroup I from this point to its
38 end. On the other hand, the sequences of satRNAs
1989/24.1 and 1991/8.1 are similar to those of subgroup
I from the 58 and to some point between nucleotides 230
and 250, and from here to the 38 end they are similar to
subgroup II (see Fig. 1). This suggests that these three
satRNAs might have originated by recombination be-
tween satRNAs in subgroups I and II. To test this hy-
pothesis two different approaches were used. First, phy-
logenetic analyses of different regions of the satRNAs
(Dykhuizen and Green 1991) were done, involving
satRNAs from each of the subgroups Ia and IIa together
with the putative recombinant(s). The significance of the
tree topologies obtained by the Wagner parsimony (Fig.
3) and neighbor-joining methods was analyzed by boot-
strap (Felsenstein 1985) with 1,000 replicates. Results
were the same for both phylogenetic methods. SatRNA
1989/3.4 clustered with subgroup II when nucleotides
1–150 were considered and with subgroup I when
nucleotides 150–38 end were considered (Fig. 3B). Con-
versely, satRNAs 1989/24.1 and 1991/8.1 clustered with
subgroup I when nucleotides 1–250 were considered and
with subgroup II when nucleotides 250–38 end were con-
sidered (Fig. 3A). For all analyses, and for both methods
of phylogenetic inference, these clusterings were statis-
tically significant.

Second, Sawyer’s test for gene conversion (Sawyer
1989) was applied to the set of 17 satRNAs. This test is
based on the search for stretches of sequences identical
for different isolates that would be significantly longer
than expected based on the random distribution of poly-
morphic sites. Table 1 shows that the value of both sta-
tistics related to the sum of the square length of frag-
ments conserved between sequences departed very
significantly from what would be expected by random,P
ø 0.00001 for both SSCF (see table for abbreviation key),
when only the condensed 57 polymorphic positions
among the 17 satRNAs were considered, and SSUF
when all (uncondensed) positions were considered. It
could be that these results of Sawyer’s test were an ar-
tefact resulting from the sequence conservation of some
regions of the satRNA caused by base pairing (see
above). Therefore, Sawyer’s test was repeated just for
the putatively unpaired positions, and the results were the
same as when all nucleotide positions were considered.
On the other hand, both when all positions were consid-
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ered and when only the putatively unpaired positions
were considered, the value of statistics related to the
maximum length of fragments shared between two se-
quences (MCF and MUF) did not depart from what was
expected randomly.

The ability of Sawyer’s test to locate the putative
recombinant fragment(s) is very dependent on the set of
sequences used. This is because the test compares the
largest common fragment, condensed (MCF) or uncon-
densed (MUR), found in any pair of sequences with their
distributions obtained from random permutations of the
data. If very similar sequences are included in the com-
parison, the MCF (or MUF) values will be determined by
those sequences: In the simulation, large fragments will
be found, increasing theP value—that is, the number of
simulation sets showing a MCF (or MUF) score higher
than the fragment. To avoid this effect, for the location of
putatively exchanged fragments, we performed Sawyer’s
test on the 136 possible pairs of sequences. With this
modification the test becomes more powerful, and many
putative recombinant regions were found using uncon-
densed sequences. The fragments with a length that de-
viated significantly from what was expected from ran-
dom (P ø 0.00001) were shared by satRNAs 1989/24.1
and 1991/8.1 and the satRNAs in subgroup Ia, involving
sequences 58 to position 225, or by satRNA 1989/3.4 and
satRNAs in subgroup IIa, involving sequences 58 to po-
sition 152. These significances remained and were sta-
tistically significant except for two out of 23 tests, when
considered as part of a multiple test with discontinuous
distribution of significances (Malpica and Briscoe 1982),
and the combined probabilities (Sokal and Rohlf 1981, p.
780) of any of the three sets of tests was again highly

significant. When condensed sequences were used in ad-
dition to the region above, the test also detected regions
shared between satRNA 1991/8.1 and satRNAs in sub-
group IIa 38 to position 250. With a lesser significance (P
ø 0.02) the test also detected small regions in which
some sequences present an unusual accumulation of mu-
tations (i.e., fragments shared between satRNAs in sub-
groups I and II between positions 223 and 250, and be-
tween 248 and 300 in Fig. 1) (data not shown).

Thus, all evidence taken together supports the conclu-
sion that satRNAs 1989/3.4, 1989/24.1, and 1991/8.1
originated from a recombination between satRNAs in
subgroup I and in subgroup II. The frequency of recom-
binant satRNAs in the analyzed population is high
(17.6%). These recombinant satRNAs have been gener-
ated by at least two different recombination events: One
would have generated satRNA 1989/3.4 and a second
one satRNAs 1989/24.1 and 1991/8.1. The sequence data
are compatible with the possibility that satRNAs
1989/24.1 and 1991/8.1 evolved by mutation accumula-
tion from the same parental recombinant sequence.

Discussion

We have previously reported, from the analysis of 62
isolates of CMV-satRNA by the ribonuclease protection
assay method (RPA, Palukaitis et al. 1994), that popula-
tions of CMV-satRNA representing three episodes of a
field epidemic on tomato are very heterogeneous. The
diversity of the population was maintained through time,
with little replacement of haplotypes between epidemic
episodes, and genetic diversity seemed to be near an
upper permitted threshold (Aranda et al. 1993). The data
presented here, derived from the analysis of 17 CMV-
satRNAs randomly sampled from those 62, confirm our
previous conclusions: All the sequenced satRNA isolates
belong to the 330–340-nucleotide size class, each deter-
mined sequence is unique, phylogenetic analyses show
that relationships among satRNA isolates do not corre-
late with the year in which they were isolated, and
nucleotide substitution values per site in the population
are very large even as compared to those reported for
other plant or animal RNA viruses (Moya and Garcı´a-
Arenal 1995; Rodrı´guez-Cerezo et al. 1989, 1991). The
average and extreme values of diversity, estimated as
number of nucleotide substitutions per site, also agree
with those estimated from RPA data (Aranda et al. 1993)
and are similar to those reported for a set of 23 CMV-
satRNAs isolated from different parts of the world and
from different host plants (Fraile and Garcı´a-Arenal
1991). Point mutation appears to be the main cause for
the observed genetic diversity, as has frequently been
reported for RNA genomes (Domingo 1989; Drake
1993). Our data support the notion that divergence may

Fig. 2. Most parsimonious phylogenetic tree for 17 field isolates of
CMV-satRNA. E-satRNA (Hidaka et al. 1988) was used as an out-
group. The percentage of trees in a bootstrap analysis, after 1,000
replicates, that support this topology is indicated.
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occur along different evolutionary liens by the sequential
accumulation of mutations to reach what may be an up-
per threshold: It has been shown for CMV-satRNA
(Fraile and Garcı´a-Arenal 1991) that negative selection
to maintain a functional secondary structure may be im-
portant in limiting genetic divergence. This is also ap-
parent from the sequences of 17 field satRNAs: The
analysis of the observed mutation pattern shows it to be
different for nucleotide positions that might be paired, or
unpaired, as predicted from a secondary structure of the
satRNA molecule proposed initially for Q-satRNA (Gor-
don and Symons 1983) and extended later to many other
satRNAs (Garcı´a-Arenal et al. 1987; Hidaka et al. 1988;
our unpublished results). Mutations that are less liable to
disrupt base pairing are found at the putatively paired

positions. It could be that constraints required to main-
tain a molecular structure would be less restrictive than
those related to the maintenance of an encoded protein
sequence, and this could explain the high values of ge-
netic divergence found for CMV-satRNA as compared to
RNA viruses, including its helper virus, CMV (our un-
published results). It could also be that its dependence
from functions encoded by a virus (CMV) allow a wider
range of divergence.

Interestingly, RNA recombination may play an im-
portant part in the evolution of CMV-satRNA: Three out
of the 17 analyzed satRNA isolates probably arose
through recombination between satRNAs in subgroups I
and II, according to the significance of analyses based on
the congruency of phylogenies for different molecular

Fig. 3. Most parsimonious phylogenetic trees for different molecular
regions of CMV-satRNA. CMV-satRNAs in subgroups Ia and IIa (as in
Fig. 2) plus satRNAs 1989/24.1 and 1991/8.1(A) or 1989/3.4(B) were
considered. Molecular regions were from 58 end to nucleotide 250 and

from nucleotide 250 to 38 end (inA) or 58 end to nucleotide 150 and
from nucleotide 150 to 38 end (in B). The percentage of trees in a
bootstrap analysis with 1,000 replicates that support the shown topolo-
gies is indicated.
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regions (Dykhuizen and Green 1991), and on Sawyer’s
test for gene conversion (Sawyer 1989). CMV-satRNA
has a highly structured molecule, and this might favor the
stop and template-switch of the polymerase complex,
resulting in recombination (Carpenter and Simon 1994;
Nagy and Bujarski 1993; Simon and Bujarski 1994). By
Sawyer’s test we have been able to identify putative
recombinant regions in the satRNAs, but the exact points
of crossing-over cannot be identified by the analysis re-
ported here. Thus, no specific structural or sequence el-
ement can be linked with the generation of satRNAs
1989/3.4 and 1989/24.1, or 1991/8.1. Nevertheless, it is
likely that there are long stretches of paired positions
(i.e., nt∼ 85–120, nt∼ 240–260) near the regions where
crossing-over must have occurred.

RNA recombination has frequently been shown to
occur for both animal and plant RNA viruses under ex-
perimental conditions (Lai 1992, 1995; Simon and Bu-
jarski 1994), and it may be particularly frequent for non-
coding RNA replicons such as DI RNAs or satRNAs
(Carpenter and Simon 1994; Cascone et al. 1990). It has
been argued that RNA recombination may gain selective
advantages by introducing major changes to the genetic
and biological properties of the virus and, thus, increas-
ing its genetic plasticity. Also, RNA recombination
could diminish the negative effects of high mutation
rates due to the error frequencies of RNA polymerases
(Chao 1990; Lai 1992, 1995). Nevertheless, recombi-
nants are rare, or unreported, in natural populations, even
for virus groups like picornaviruses or coronaviruses,
which recombine easily under experimental conditions
(Lai 1995). It is thought that most viral recombinants
may have selective disadvantages in nature due to re-
quirements for perfect sequence and structural comple-
mentarity of the encoded proteins and/or RNAs for their
optimal functionality (Lai 1995). The dependence of
CMV-satRNA upon its helper virus CMV would dimin-
ish these constraints, what may be related to the high

frequency of recombinants in natural populations. The
maintenance of a secondary structure is, so far, the only
identified constraint for the genetic divergence of CMV-
satRNA. SatRNAs 1989/3.4, 1989/24.1, and 1991/8.1
can be folded into structures that have a stability closely
similar to that of the isolates in subgroups I and II.

Although natural isolates of several RNA viruses have
been reported for which a recombinant origin has been
proposed (cf. Simon and Bujarski 1994 for plant viruses;
or Robertson et al. 1995 for AIDS viruses), this is the
first report, to our knowledge, of recombinant isolates
being identified in the same natural population with iso-
lates that could be parental to them. Also, no data have
been reported for the frequency of recombinant isolates
in natural populations. Our data show that RNA recom-
binants may be present at high frequencies in natural
populations of RNA replicons, and that recombination
may make an important contribution to their evolution.
For CMV-satRNA, RNA recombination may bridge the
constraints that appear to limit mutation accumulation
into two main genetic types (subgroups I and II), thus
increasing the genetic plasticity of this highly variable
RNA replicon.
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