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Abstract. The nucleotide sequence of 17 variants ofevents were required to produce these three recombinant
the satellite RNA of cucumber mosaic virus (CMV- satRNAs. Thus, recombinants were found to be frequent
satRNA) isolated from field-infected tomato plants in the ((1L7%) in natural populations of CMV-satRNA, and re-
springs of 1989, 1990, and 1991 was determined. Theombination may make an important contribution to the
sequence of each of the 17 satRNAs was unique and wageneration of new variants. To our knowledge this is the
between 334 and 340 nucleotides in length; 57 positiondirst report of data allowing the frequency of recombi-
were polymorphic. There was much genetic divergencenant isolates in natural populations of an RNA replicon
ranging from 0.006 to 0.141 nucleotide substitutions peito be estimated.

site for pairwise comparisons, and averaging 0.074 for

any pair. When the polymorphic positions were analyzed<ey words:  Nucleotide sequence — Cucumber mo-
relative to a secondary structure model proposed fofaic Vvirus — Plant pathogenic RNA

CMV-satRNAs, it was found that there were signifi-

cantly different numbers of changes in base-paired and

non—_base-palred p(_)gltlons, and that mutations thgt d'ﬂnrodu ction

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- High rates of spontaneous mutation have often been re-
gence of CMV-satRNA. Phylogenetic analyses showedorted for RNA genomes. These result from frequent
that the 17 CMV-satRNA variants clustered into two €rrors in RNA synthesis, and the accumulation of these
subgroups, | and I, and evolutionary lines proceeding bymutations is commonly held to be the main mechanism
the sequential accumulation of mutations were apparentn the evolution of RNA viruses (for recent reviews cf.
Three satRNA variants were outliers for these two phy-Domingo 1989; Domingo and Holland 1988; Drake
logenetic groups. They were shown to be recombinantd993). However, major changes in viral genotpyes may
of subgroup 1 and Il satRNAs by calculating phylogeniesalso involve genetic exchange through the reassortment
for different molecular regions and by using Sawyer's Of genomic segments, as exemplified by influenza virus

test for gene conversion. At least two recombination(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
Correspondence toF. Garéa-Arenal; e-mail: AGROVIRUgsamba, ~ animal and plant RNA viruses has accumulated during
cnb.uam.es the last decade (Lai 1992, 1995; Robinson et al. 1987;
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Simon and Bujarski 1994). Most data come from experi-plified with Tag DNA polymerase (Promega) (Saiki et al. 1988) using
mental systems designed to favor selection of recombilhe primers 5GGAATTCCCGGGTCCTG3', with restriction sites for

. . . ndonucleaseEcoRl and Sma, and having eight bases (underlined)
nants. In natural populations, though, recombination hagomplementary to the’®nd of all CMV-satRNA reported to date, and

been observed rarely, and the frequency of recombinant$GGaATTCTAATACGACTCACTATAVGTTTTGTTTG 3, with
has not been estimated. an EcoRl site, a modified T7-RNA polymerase promoter, and 10

In this paper we analyze the contribution of mutation nuclectides (underlined) identical to those at theebd of all CMV-
accumulation and RNA recombination to the evolutions""tdF”\IIA redportid to date. CDNAWhaS hydrolyzed ff‘gﬂ' andSma

. - and cloned in the vector pBS+. The sequence of the cDNA inserts was

of natural popula}tlon's of the satellite R'_\IA (SE}tRNA) _Of determined by the dideoxynucleotide chain termination method (as in
cucumber mosaic virus (CMV). CMV is an isometric samprook et al. 1989). At least two independent clones were sequenced
plant virus with a tripartite, single-stranded RNA ge- for each CMV-satRNA.
nome of messenger polarity. Some CMYV isolates also The obtained nucleotide sequences were aligned and values for
contain a small (312_390 nucleotides Iong), linear, nor|_nucleotide substitution per site were calculated by the Jukes and Cantor

. . 1969) method. These values were used to infer phylogenetic relation-
coding, satRNA that depends on CMV as a helper Vlrusghips by the neighbor-joining method (Saitou and Nei 1987). Sequence

for its replication, dispersion within the infected plant, gata were also used to obtain phylogenies by the Wagner parsimony
encapsidation, and transmission. Much information hasnethod (Kluge and Farris 1969). The mutation pattern was also ana-
accumulated on the molecular biology of CMV and its lyzed as suggested by Li et al. (1984). The possibility of genetic ex-

satRNA (cf. Collmer and Howell 1992; Palukaitis et al. change was analyzed using methods described by Dykhuizen and

1992: Roossinck et al. 1992)_ Much less has been reGreen (1991) and by Sawyer (1989). Analyses were done by hand, or

. . l]sing the PHYLIP 3.5 package (J. Felsenstein, Seattle, WA). A com-
ported on the genetic structure and evolution of CMV- pyter program was developed to perform Sawyer's test; this program is
satRNA populations under natural, field conditions. Theavailable by anonymous FTP at the internet address FTP.cnb.uam.es in
recent occurrence in Spain of an epidemic of tomatdhe directory software/molevol.
necrosis caused by CMV + satRNA (Jorefaal. 1992) CMV-satRNA sequences are available under EMBL accession
gave us the opportunity to address these issues. Natur3fmpers £75870-275886.
satRNA populations, representing different yearly epi-
sodes of this epidemic, were shown to be very variableRegits
The amount of genetic variation was maintained through
time, and satRNA haplotypes persisted between epiThe sequences of 17 CMV-satRNAs randomly sampled
demic episodes. The genetic differences observed couldmong those isolated during the epidemic episodes of
be explained by a sequential accumulation of mutationg 989, 1990, and 1991 are shown in Fig. 1 aligned against
that reached an apparent threshold to genetic divergenghat of satRNA 1989/12.1. The sequence of each of the
(see Aranda et al. 1993). Genetic divergence in CMV-17 satRNAs was unique, but all of them belonged to the
satRNA has been shown to be checked by selective corg30-340-nucleotide size class, ranging in length from
straints related to the maintenance of a molecular struc334 to 340 nucleotides.
ture (Fraile and GafarArenal 1991). To get a deeper  Genetic divergences varied for pairwise comparisons
insight into the mechanisms sustaining the observed geirom 0.006 (for pairs 1989/20.1-1991/2.2 and
netic differences, the nucleotide sequences of a set af989/20.1-1989/16.1) to 0.141 (for pairs 1990/5.1—
field isolates of CMV-satRNA were determined and ana-1990/15.1 and 1990/19.1-1990/15.1). The average value
lyzed. The data presented here show that, in addition tef nucleotide substitution per site between any two pairs
point mutation, RNA recombination may be importantin (as in Nei 1987, p. 276) was 0.074. Of a total of 343
shaping the genetic structure of CMV-satRNA popula-nucleotide positions in the alignment of Fig. 1, 57
tions. (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
Materials and Methods dimorphic positions (shown in boldface in Fig. 1) did not
occur at random, but defined two subgroups of se-
CMV-satRNA IsolatesSeventeen CMV-satRNA isolates were ran- qUENces: subgroup | (satRNAs 1989/12.1, 1989/16.1,
domly sampled out of 62 field isolates collected during the springs 0f1989/19.1, 1989/.20.1, 1989/20.2, 1990/15.1, 1990/20.1,
1989, 1990, and 1991 and described in Aranda et al. (1993). The1991/2.2, and 1991/4.1) and subgroup Il (satRNAs
isolates (from where these 17 were sampled) each represented an elef990/5_1' 1990/16.1, 1990/19.1, 1990/21.1, and
trophoretic variant in semidenaturing polyacrylamide electrophoresislgglls.1). SatRNAs 1989/3.4, 1989/24.1, and 1991/8.1

(as in Aranda et al. 1993; GaecLuque et al. 1984) present in virion ; .
RNA directly purified from field-infected tomato plants. CMv-satRNA did not belong clearly to either of these two subgroups.

variants were named N/i.j, meaning electrophoretic variant j from field
sample i obtained in year N (Aranda et al. 1993). Genetic Divergence in CMV-satRNA by
Sequence Mutation

Nucleotide Sequence Determination and Analy$asdl-length . . . . .
cDNA for these CMV-satRNAs was obtained by reverse transcriptionPhylogenetic relationships among the 17 satRNAs in Fig.
with AMV reverse transcriptase (Boehringer Manheim) and PCR am-1 were calculated by the Wagner parsimony and neigh-
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20 30 40 50 60 70 80
1989/12.1 GWWWGWMWAUWWAUQAWWMCW
1989s719.1 ... U e e e G e
1989/16.1 ... U e e e e e
1989/20.1 ..., U e e e e o e e
1991/2.2 ... U e e e o e
1989/20.2 ... U e e o e e
1991/4.1 L. U e e o e e
1990/15.1 ... U e e e e P S
1990/20.1 .......... Uieoiioin N P A
1989/3.4 ... G Coovii G........... G.. AL
1990/19.1 ..., G Coviiiiii [ Gt A
1990/21.1 ..., .G Coviiiii [ G AL
1990/16.1 ..., G.......... Coiniii [ G.ooviiii i A
1991/3.1 ..., G.......... Coiiiii G........... G . Al
1990/5.1 ..., G Coviiii i G........... G A
1989/24.1 ..., Uoeonin. o e e e e
1991/8.1 ... U e o e e

90 100 110 120 130 140 150 160
1989/12.1 CUACGGCGGGUUGAGUUGA CGCA ~-CCUCGGACUGGGGACCGCUGGCUUGCGAGCUAUGUCCGCUACUCUCAGCACUACGT
1989/19.1 e o e e
1989/16.1 L. e e e
1989/20. 1 e e e e e e
19917/2.2 e et e
1989/20.2 ..., L
1991/4.1 Lo o e e e
1990/15.1 WAL G.-..... LN ..
1990/20.1 AL G.-...U. .
1989/3.4 L. S OO, e e e e
1990/19.1 ..., C.-...U .
1990/21.1 AL -...U
1990/16.1 ..., -...0. -
1991/2.1 AL = ULOUC. e u..... A.
1990/5.1 L.l -CC..u. ..Ul AL
1989/24.1 L. e e e e e e e
1991781 e e e e e

170 180 190 200 210 220 230 240
1989/i2.1 ACUCAJMCCCCMW@MMCCWCGCCGUUAMG A-UU-UCGAAAGAAAL
1989/19.1 e e e
1989/16.1 e e
198S/720.1 e e e
1991/2.2 e e e
1989/20.2 e e e e ..
199174.1 e e e e
1990/15.1 e e e {
1990/20.0 e e e e {
1989/3.4 e e e
199¢/19.1 U A..G........ C........
1990/21.1 U AL.GoLLL L Coooii i
1990/16.1 U A..G........ C.oo
1991/2.1 U e G........ C....... U
1990/5.1 U A.G........ e C
1989/24.1 L e e
1991/8.1 e e e

250 260 7 280 290 300 3219 320
1989/12. &CUCUGUUAGGUGGUAUCG UG - @U@WAGAMAAMCWAUAUMUGMAUCUCCvUMU
1989/19.
1989/16.
1989,/20.
1991/2.2 e e e i ee e e Ac v
1989/20.2 L LLoLoiiiiia.l. e S e e A
1991/4.1 L. e Ao e Al
1990/15.1 e e i ee e e Aeve i
1990/20.1 ..ol e A e e Acee i
1989/3.4 ..., B S B T T
1990/19.1 ... AU........ SAUC..... GG.UA. -=-U.CU....................
1990s21.1 ... CAU........ =AUC. ... GG.U..===..CU....................
1990/16.1 ....... S SAUC. ... GG.U..-==U.CU.C..................
1991/3.1 L.l SAUC.... A GG.U..=-==U.CU....................
1990/5.1 ...l SLAUC......o A GG.GA.---U.CU....................
1989/24.1 ..., AL, =LAUC...... . =G.U..~=-..CU...................
1991/8.12 ... AL =AUC. ... GG.U..---U.CU....................
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.
.
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330 340
1989/12.1 CUACAMCUCUAQAQGACQC
1989/19.1 e AL
1989/16.1 ... ..., C.o..... ...
1989/20.1 L.
1991/2.2 e ..
1989/20.2 e,
1991/4.1
19%0/15.1 ... AC........
1990/20.1 ... ..., C........
1989/3.4 ... L. C.o..oo..
1990/19.1 LU= AU..........
1990/21.1 LU= AU..........
1990/16.1 U
1991/3.1 U=
1990/5.1 O AU..........
1989/24.1 LU= C
1991/8.1 U= C

Fig. 1. Alignment of the nucleotide sequence of 17 field isolates of CMV-satRNA. Only differences respective to the sequence of satRN.
1989/12.1 are presented; (=) indicates a deletion. Dimorphic positions dividing satellite RNA into two subgroups (I and |hdadetype.
Positions that would be base-paired according to Gordon and Symons (1983) secondary structure moderlared.
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bor-joining methods. E-satRNA (Hidaka et al. 1988), tions that disrupt base pairing were less preferred at the
which is clearly distinct from most 330—-340-nucleotide- sites likely to be parts of secondary structure elements.
long CMV-satRNAs (Fraile and GdiArenal 1991),

was used as an outgroup. Both methods yielded similar

tree topologies (shown in Fig. 2 for the Wagner parsi-Genetic Divergence by RNA Recombination

mony method): two main branches, corresponding to

subgroups | and Il as defined above on the basis offhe bases at the dimorphic positions for the satRNAs
dimorphic sites, were found. CMV-satRNAs 1989/3.4, that are outliers in subgroups | and Il (Fig. 2) show that
and 1989/24.1 and 1991/8.1, were outliers, respectivelySatRNA 1989/3.4 resembles subgroup Il from itsehd

of subgroups | and Il (branches Ib and b in Fig. 2). to some point between nucleotides 105 and 152, and it
When these three satRNAs were excluded from thd'as asequence similar to subgroup I from this point to its
analysis, the significance of the clustering in a bootstraps_€nd. On the other hand, the sequences of satRNAs
test increased considerably; subgroup | was found int989/24.1 and 1991/8.1 are_S|m|Iar to those of :_subgroup
98% of the trees, vs 72%, and subgroup Il was found i from the 5 and to some point between nucIe_oupies 230
100% of the trees, vs 84%. Phylogenetic relationship@nd 250, and from here to the &nd they are similar to
among the satRNAs did not correspond to the date Oﬁubgroup I '(see Fig. 1)', Th's suggests that. thgse three
isolation. As shown by branch la in the tree of Fig. 2,‘°"”V[R'\I'A‘S might have originated by recomb|nat|o'n be-
evolutionary lines may be detected with intermediarytWeen _satRNA_s in subgroups | and II. To test Fh's hy-
types found at or near the nodes, indicating divergenc othesis two different approaches were used. First, phy-

from a parental satRNA by the sequential accumulatio ogenetic analyses of different regions of the satRNAs

of point mutations (see also the polymorphic sites in the(Dykhmzen and Green 1991) were done, involving
) - satRNAs from each of the subgroups la and lla together
corresponding satRNAs in Fig. 1).

Analyzing the sequences of 23 CMV-satRNAs iso- with the puta_1t|ve rec_ombmant(s). The S|gn|f|c§1nce of the
. ) tree topologies obtained by the Wagner parsimony (Fig.
lated at different parts of the world from different host : o
lants showed that the need to maintain a structure ma3) and neighbor-joining methods was analyzed by boot
IFi)mit the genetic divergence of CMV-satRNAs (Fraile Xtrap (Felsenstein 1985) with 1,000 replicates. Results
) th f th phyl ti thods. SatRNA
and Garéa-Arenal 1991). To check whether structure- were the same for both phylogenetic methods. Sa

. X X 989/3.4 clustered with subgroup Il when nucleotides
related constraints may be detected in a population o

) —150 were considered and with subgroup | when
CMV-satRNA from a single host plant, and from a re- , e qtides 150-3nd were considered (Fig. 3B). Con-

stricted area, a similar analysis was done. A putativg o sey satRNAs 1989/24.1 and 1991/8.1 clustered with
ancestral sequence was derived by maximum parsimony,qroup | when nucleotides 1-250 were considered and
(with E-satRNA as an outgroup). That sequence wagyith subgroup Il when nucleotides 250-nd were con-
folded into a putative secondary structure like that pro-gjjered (Fig. 3A). For all analyses, and for both methods
posed by Gordon and Symons (1983) for Q-satRNAf phylogenetic inference, these clusterings were statis-
with 50% of its bases paired (in 44 G:C, 24 A:U, and 16ica|ly significant.

G:U pairs). Then, mutations in each of the 17 satRNAs in - second, Sawyer’s test for gene conversion (Sawyer
Fig. 1 respective to this ancestral satRNA were analyzed 989) was applied to the set of 17 satRNAs. This test is
separately for base-paired (underlined in Fig. 1) anthased on the search for stretches of sequences identical
non—base-paired positions (Gojobori et al. 1982). Basegbr different isolates that would be significantly longer
on a total of 359 differences for the 57 polymorphic than expected based on the random distribution of poly-
positions it was found that the number of point mutationsmorphic sites. Table 1 shows that the value of both sta-
per site (single base substitutions + point indels) is sigtistics related to the sum of the square length of frag-
nificantly greater for nonpaired than for paired positionsments conserved between sequences departed very
(0.0875 + 0.0045 vs 0.0641 + 0.003B,=< 0.0001, all  significantly from what would be expected by randd®n,
comparisons by chi-square and Wilcoxon’s nonparamets= 0.00001 for both SSCF (see table for abbreviation key),
ric tests). Indels are also significantl? < 10°° more  when only the condensed 57 polymorphic positions
frequent at unpaired (0.0247 + 0.0022 per site) than aamong the 17 satRNAs were considered, and SSUF
paired (0.0028 + 0.0007) positions. The frequency ofwhen all (uncondensed) positions were considered. It
transitions calculated as in Li et al. (1984) was signifi- could be that these results of Sawyer’s test were an ar-
cantly (P < 0.003) greater for paired (58.19%) than for tefact resulting from the sequence conservation of some
unpaired positions (41.92%). Also, replacement tendenregions of the satRNA caused by base pairing (see
cies for G and C were lower in paired (9.97% for both G above). Therefore, Sawyer’s test was repeated just for
and C) than in unpaired (20.57% for G and 21.52% forthe putatively unpaired positions, and the results were the
C) positions. Thus, the pattern of mutation accumulatiorsame as when all nucleotide positions were considered.
differed significantly according to positions, so muta- On the other hand, both when all positions were consid-
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* E-sat significant. When condensed sequences were used in ad-
a [ 1989/12.1 dition to the region above, the test also detected regions
. ool shared between satRNA 1991/8.1 and satRNAs in sub-
1989/20.1 group lla 3 to position 250. With a lesser significand® (
. 1891/2.2 < 0.02) the test also detected small regions in which
1989/20.2 some sequences present an unusual accumulation of mu-
1e91/4.1 tations (i.e., fragments shared between satRNAs in sub-
| 1990715.1 groups | and Il between positions 223 and 250, and be-
o 1oo%T  tween 248 and 300 in Fig. 1) (data not shown).
19961191 Thus, all evidence taken together supports the conclu-
lta 1990/21.1 sion that satRNAs 1989/3.4, 1989/24.1, and 1991/8.1
1990/16.1 originated from a recombination between satRNAs in
. 84 1990/5.1 subgroup | and in subgroup Il. The frequency of recom-
b :zz:z: binant satRNAs in the analyzed population is high
—_'I:‘ 1o89/4 1 (17.6%). These recombinant satRNAs have been gener-
ated by at least two different recombination events: One
10 steps would have generated satRNA 1989/3.4 and a second

. N . o one satRNAs 1989/24.1 and 1991/8.1. The sequence data
Fig. 2. Most parsimonious phylogenetic tree for 17 field isolates of . . -
CMV-satRNA. E-satRNA (Hidaka et al. 1988) was used as an out-2reé compatible with the possibility th_at satRNAs
group. The percentage of trees in a bootstrap analysis, after 1,008989/24.1 and 1991/8.1 evolved by mutation accumula-
replicates, that support this topology is indicated. tion from the same parental recombinant sequence.

ered and when only the putatively unpaired positionsDiSCUSSion
were considered, the value of statistics related to the
maximum length of fragments shared between two se-
guences (MCF and MUF) did not depart from what wasWe have previously reported, from the analysis of 62
expected randomly. isolates of CMV-satRNA by the ribonuclease protection
The ability of Sawyer’s test to locate the putative assay method (RPA, Palukaitis et al. 1994), that popula-
recombinant fragment(s) is very dependent on the set dfions of CMV-satRNA representing three episodes of a
sequences used. This is because the test compares tleld epidemic on tomato are very heterogeneous. The
largest common fragment, condensed (MCF) or uncondiversity of the population was maintained through time,
densed (MUR), found in any pair of sequences with theirwith little replacement of haplotypes between epidemic
distributions obtained from random permutations of theepisodes, and genetic diversity seemed to be near an
data. If very similar sequences are included in the comupper permitted threshold (Aranda et al. 1993). The data
parison, the MCF (or MUF) values will be determined by presented here, derived from the analysis of 17 CMV-
those sequences: In the simulation, large fragments wilkatRNAs randomly sampled from those 62, confirm our
be found, increasing the value—that is, the number of previous conclusions: All the sequenced satRNA isolates
simulation sets showing a MCF (or MUF) score higherbelong to the 330-340-nucleotide size class, each deter-
than the fragment. To avoid this effect, for the location of mined sequence is unique, phylogenetic analyses show
putatively exchanged fragments, we performed Sawyer'shat relationships among satRNA isolates do not corre-
test on the 136 possible pairs of sequences. With thitate with the year in which they were isolated, and
modification the test becomes more powerful, and manynucleotide substitution values per site in the population
putative recombinant regions were found using unconare very large even as compared to those reported for
densed sequences. The fragments with a length that dether plant or animal RNA viruses (Moya and Garcl
viated significantly from what was expected from ran- Arenal 1995; Rodguez-Cerezo et al. 1989, 1991). The
dom (P =< 0.00001) were shared by satRNAs 1989/24.1average and extreme values of diversity, estimated as
and 1991/8.1 and the satRNAs in subgroup la, involvingnumber of nucleotide substitutions per site, also agree
sequences’5o position 225, or by satRNA 1989/3.4 and with those estimated from RPA data (Aranda et al. 1993)
satRNAs in subgroup lla, involving sequencéddpo-  and are similar to those reported for a set of 23 CMV-
sition 152. These significances remained and were stasatRNAs isolated from different parts of the world and
tistically significant except for two out of 23 tests, when from different host plants (Fraile and GaaeArenal
considered as part of a multiple test with discontinuousl991). Point mutation appears to be the main cause for
distribution of significances (Malpica and Briscoe 1982),the observed genetic diversity, as has frequently been
and the combined probabilities (Sokal and Rohlf 1981, preported for RNA genomes (Domingo 1989; Drake
780) of any of the three sets of tests was again highly1993). Our data support the notion that divergence may
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57 tont 250 nt250to 3
E-sat * E-sat
—e 1989/19.1 ' 1989/12.1
1991/2.2 ‘ 1991/2.2
1989/202 95.3% 1089/19 1
1989/20.1 1990/15.1
— 1985/16.1 1991/4.1
| l—e  1989/12.1 198920 2
98 2% ~e 1991/4.1 1989/20 1
“r 1989/24.1 1990/20.1
1991/8.1 1989/16.1
] : 1990/1£.1 1990/16.1
1990/20.1 i I 1991/3.1
199/3.1 1990/21.1
1 [ 1990/5. 1 100% 1990/19.1
946% 1990/5. 1
1990/16.1
1990/19.1 1991/8.1
1990/21.1 1989/24.1
. nt 150to 3
5’to nt 150 ;
- E-sat E-§§1
1990/20.1 | I_. 1989/12.1
1951/2.2
" 1990/15.1
1991/4.1 % ‘%l I 1989/20.1
‘ 1591/2.2 3939?0.?
58% . 1989/16.1 — 1989/16.1
1989/20.1 L 1:5?2.?
1989/12.1 — :92010 1
1989/19.1 ‘990;5 !
h " b
oot L 1989/19.1
1990/21.1 1089/
! 1991/3.1 " —— :390;;6‘.1
86.7% 1989/3.4 - 1991/3.1
1990/16.1 99.8% % [_:__. 199(/5.1

1990/5.1
1990/19.1

1990/19.1
—_{:: 1990/21 1

10 steps

Fig. 3. Most parsimonious phylogenetic trees for different molecular from nucleotide 250 to '3end (inA) or 5 end to nucleotide 150 and
regions of CMV-satRNA. CMV-satRNAs in subgroups la and lla (as in from nucleotide 150 to '3end (in B). The percentage of trees in a
Fig. 2) plus satRNAs 1989/24.1 and 1991/8X) or 1989/3.4(B) were bootstrap analysis with 1,000 replicates that support the shown topolo-
considered. Molecular regions were frorhedhd to nucleotide 250 and gies is indicated.

occur along different evolutionary liens by the sequentialpositions. It could be that constraints required to main-
accumulation of mutations to reach what may be an uptain a molecular structure would be less restrictive than
per threshold: It has been shown for CMV-satRNA those related to the maintenance of an encoded protein
(Fraile and Gara-Arenal 1991) that negative selection sequence, and this could explain the high values of ge-
to maintain a functional secondary structure may be im-etic divergence found for CMV-satRNA as compared to
portant in limiting genetic divergence. This is also ap- RNA viruses, including its helper virus, CMV (our un-
parent from the sequences of 17 field satRNAs: Thepublished results). It could also be that its dependence
analysis of the observed mutation pattern shows it to bérom functions encoded by a virus (CMV) allow a wider
different for nucleotide positions that might be paired, orrange of divergence.

unpaired, as predicted from a secondary structure of the Interestingly, RNA recombination may play an im-
satRNA molecule proposed initially for Q-satRNA (Gor- portant part in the evolution of CMV-satRNA: Three out
don and Symons 1983) and extended later to many othesf the 17 analyzed satRNA isolates probably arose
satRNAs (Gar@-Arenal et al. 1987; Hidaka et al. 1988; through recombination between satRNAs in subgroups |
our unpublished results). Mutations that are less liable t@nd II, according to the significance of analyses based on
disrupt base pairing are found at the putatively pairedhe congruency of phylogenies for different molecular
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Table 1. Values of the statistics of Sawyer’s test for gene conver- frequency of recombinants in natural populations. The

siorf maintenance of a secondary structure is, so far, the only
identified constraint for the genetic divergence of CMV-
Ob d SD ab SD of
stisict scoe Pvalug  moaf - scores satRNA. SatRNAs 1989/3.4, 1989/24.1, and 1991/8.1
can be folded into structures that have a stability closely
|\S/|?:(|::F 46";5;9 ooéi(igo _14‘-1;4 3.801.46 gimjlar to that of the isolates in subgroups | and II.
SSUF 2925600  0.0000 Z 08 187,559 62 Although natural isolates of several RNA viruses have

MUE 225  0.6170 -0.33 41.04 been reported for which a recombinant origin has been
proposed (cf. Simon and Bujarski 1994 for plant viruses;
*Permuting 57 polymorphic positions in 17 CMV-satRNA sequence or Robertson et al. 1995 for AIDS viruses), this is the

variants first report, to our knowledge, of recombinant isolates
SSCF= sum of the squares of the condensed fragment lengths, MCF

_ maximum condensed fragment length, SSYRsum of the squares being identified in the same natural population with iso-
of the uncondensed fragment lengths, MEBFmaximum uncondensed lates that could be parental to them. Also, no data have

fragment length been reported for the frequency of recombinant isolates
¢ Relative number of permuted data sets with scores greater than dh natural populations. Our data show that RNA recom-
equal to the observed score binants may be present at high frequencies in natural

9 For 10,000 random permutations of the data set

¢ (observed score — mean)/SD populations of RNA replicons, and that recombination

may make an important contribution to their evolution.
For CMV-satRNA, RNA recombination may bridge the
regions (Dykhuizen and Green 1991), and on Sawyer'sonstraints that appear to limit mutation accumulation
test for gene conversion (Sawyer 1989). CMV-satRNAinto two main genetic types (subgroups | and IlI), thus
has a highly structured molecule, and this might favor thencreasing the genetic plasticity of this highly variable
stop and template-switch of the polymerase complexRNA replicon.
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