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Abstract

We developed an evolutionary epidemiological approach to understand the regional and world-wide dispéfsiomidd mosaic
virus (YMMV) by retracing its evolutionary history. Analyses of the distribution and the prevalence of YMMV in the Caribbean islands
of Guadeloupe and Martinique, and in French Guyana revealed that YMMV has a wide repartition and different prevdleosmia
alata L. (Asian and Oceanic origin), oD. cayenensis Lam.-D. rotundata Poir. (African origin) and orD. trifida L. (Amazon and the
Caribbean origin) in this region. Considering the data on the current dispersion of the virus and the evolution and the history of the
yams, the phylogenetic analysis of thet@minal part of the YMMV genome gave a consistent support of the Asian-Pacific origin of
YMMYV from D. alata species. The YMMV phylogenetic tree is star-like, suggesting an early split of the genetic lineages. An important
part of the clades is constituted by a single lineage arisen by recombination. The largest emerging monophyletic group illustrates well
YMMV geographical dispersion. This evolutionary pattern contrasts with the one revealed by the African distinct lineages and by the
second significant monophyletic group, for which a host adaptati@ toifida is suggested. The analysis of the pattern of nucleotide
substitutions in the CP gene revealed that purifying selection dominates the evolution of the CP of potyviruses and strongly operates on the
YMMV. Switching events, radiation, host and geographical adaptation and recombination events are proposed as major traits of YMMV
evolutionary history.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction us to manage diseases and the risk of introduction of new
viruses.
The evolution, dispersion and epidemiological properties Many studies have been undertaken with respect to the
of viruses are believed to be determined through a combina-evolution of viruses including plant viruse§4rcia-Arenal
tion of constraints imposed by the host(s), the vectors, the et al., 200} and have been reviewed for different groups of
environmental conditions and human activity. Facing emerg- viruses Roossinck, 1997; Simon and Bujarski, 1994; Gibbs,
ing and re-emerging viruses associated with increased hu-1999. However, very few studies have developed an inte-
man migrations, movement of plant material and climatic grated approach to virus evolution that includes aspects of
changes, it appears crucial to understand the evolutionaryepidemiology, evolutionary biology and viral population ge-
mechanisms which drive virus selection and diversification. netics at the same time. Thus, the evolutionary perception
Indeed, comprehension of these mechanisms would helpmay be blurred by the heterogeneity of the data and the di-
versity of the analytical methods used.
We attempted to develop an integrative approach to
* Corresponding author. Present address: INRA-URPV, Domaine Duc- understand potyvirus evolution using yam potyviruses as
los, Prise d'Eau, 97170, Petit-Bourg, Guadeloupe, France. a model Bousalem et al., 20008,bPotyviruses (genus
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Pierce, 34945 FL, USA. (Shukla et al., 1994 Yam potyviruses constitute informative
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natural models for comparative molecular evolution be- its evolutionary history. Special attention has been paid to
cause yams (genuBioscorea) are characterized by a very the study of the genetic variation and quantification of the
large diversity in the number of species, their geographical viral populations and to the factors and processes determin-
origin and in their world-wide distributionCrkwor, 1998. ing such genetic structure.

Moreover, a better understanding of the diversification and
evolution of yam potyviruses is needed, especially with
the dramatic increase in their incidence in the Caribbean.
Vegetative propagation through tubers, insect transmission
and uncontrolled introductions of infected germplasm have 2-1. Mirus sources and plants

resulted in the spreading of potyviruses over different crop-

ping areas world-wideThouvenel and Fauquet, 1979; Porth A large sampling of yam plants was performed taking into
et al., 1987; Goudou-Urbino et al., 1996; Odu et al., 1999; account the major species as well as their geographical cen-

2. Materials and methods

Bousalem and Dallot, 2000; Dallot et al., 2001
In a first approach recently publisheBqusalem et al.,
2000a,bh, we usedvam mosaic virus as a model. Our results

tres of origin and diversification. It included (Dioscorea
alata L. (Asian and Oceanic origin), (ii) the specific com-
plex Dioscorea cayenensis Lam.-Dioscorea rotundata Poir.

showed that recombination events and host adaptation werg/African origin) and (jii) Dioscorea trifida L. (Amazon and
some of the evolutionary mechanisms at the origin of the the Caribbean origin) species. Additional sampling was
high genetic diversity and the distant phylogenetic relation- performed on the minor yam speciBsoscorea esculenta
ships observed among natural populations of YMV. In the (Asian origin) and the wild yamDioscorea dumeturum
current study, we extend our understanding of potyvirus evo- (African origin).
lution by usingYam mild mosaic virus (YMMV) as a com- Prevalence of YMMV in French Guyana (north-east
plementary model to YMV. YMMV is a recently recognised South America) and in the French Caribbean islands of
distinct potyvirus infectinddioscorea alata in the South Pa- ~ Guadeloupe and Martinique was evaluated in 377 samples
cific (Mumford and Seal, 1997; Fuiji et al., 1999t was collected from yams showing typical virus symptoms and
originally described agam virus I, but is synonymous to  belonging toD. cayenensis-D. rotundata (23 cultivars),D.
Dioscorea alata virus (DaV) and is known to be widespread ~aata (18 cultivars) and. trifida (2 major cultivars and 14
onD. alata in Africa (Odu et al., 1999 We recently identi- experimental cultivars). Comparisons of YMMYV prevalence
fied YMMV in the Caribbean and in South America, and a ©n the three species (82 contingency table) and locations
first molecular characterisation showed a significant molec- (islands versus continental areasx 2 contingency tables)
ular divergence between isolates from Colombia, Martinique Were performed using the Fisher test statistics with exact
and Papua New Guine8¢usalem and Dallot, 2000; Dallot  P-values computed by permutatioRreeman and Halton,
et al., 200). 1951; Mehta and Patel, 1999n the islands versus conti-
The data on the evolution and the history of the yams are nental areas, the alternative hypothesis was “higher preva-
essential for a better comprehension of the diversification of Ience in the islands”.
the yam potyviruses. Food yams are believed to have origi- The evaluation of the genetic diversity was conducted
nated from tropical areas of three separate continents: Africa®n a larger sampling including isolates from different culti-
(D. cayenensis-D. rotundata), Southeast Asia and the South  vated and wild yam species from various parts of the world:
Pacific 0. alata), and South America,. trifida). However, ~ Africa (Togo), South America (Colombia, Brazil), Central
human activity has profoundly influenced the distribution of America, (Costa Rica), Asia (Japan), Oceania (Papua New
yams as economic plantB. alata has now a world-wide ~ Guinea, Fiji) Table ). Additional sequences of the partial
dispersionD. cayenensis-D. rotundata is present in Africa CP core region and thé-8ICR of 17 isolates were retrieved
and tropical America whered. trifida is restricted to its ~ from Genebank databaséaple 1. The isolates were from
area of origin Coursey, 1976; Orkwor, 1998; Hahn, 1987; Africa (Togo, Nigeria, Benin, Ivory coast, Guinea, Ghana
Degras, 1998 and Cameron), Asia (Sri-Lanka) and Oceania (Vanuatu).
Preliminary available evidence clearly indicates a link be-
tween YMMV distribution and the origin, migration and cur-
rent dispersion ob. alata from South Pacific. YMMV may
thus be a complementary model to YMV based on the dif-
ferences in its dispersion pattern and in its geographical and We developed an IC-RT-PCR procedure as previously
host origins. Indeed, our previous study allowed us to con- performed for YMV diagnosis Rousalem et al., 2000a
clude to the hypothesis of an African origin for YMV from  This technique was improved for multiplex PCR detection

2.2. Specific detection of YMMV by continuous
immuno-capture-RT-PCR

the yam compleD. cayenensis-D. rotundata, followed by
independent transfers @. alata andD. trifida during virus
evolution Bousalem et al., 200Qbin this study, we develop

by using universal potyvirus monoclonal antibodies (AG-
DIA) at a 1/50 dilution in carbonate buffer for successful
YMMYV detection. We used the specific YMMV detection

an evolutionary epidemiological approach to understand the primers UTR1R 5CACCAGTAGAGTGAACATAG-3 and

regional and world-wide dispersion of YMMV, by retracing

CP2F 3GGCACACATGCAAATGAAAGC-3 (Mumford
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Table 1

YMMV isolates in relation with their origin (country, host species) and
date of sampling sequenced in this study (A) and for which the sequence
was retrieved from the Genebank database (B)

and Seal, 1997 that amplify a 249 bp fragment including
the partial CP gene and th&RCR. The IC-RT-PCR pro-
cedure was conducted as previously descriligalgalem
et al., 2000awith the exception of the PCR amplification

Isolate Collecting Diost?orea Year qf Accession scheme (40 cycles of 30s at 95, 30s at 55C, 1 min at
country Species sampling _no. 72°C followed by a last elongation 10 min at 7@.
(A) Isolates sequenced in this study
gg: ; Colombia B: ;I:Z Egg QE%S; 2.3. Uncoupled IC-RT-PCR for sequencing
Mart 1 Martinique D. cay.—rot2 1998 AF548493
Mart 2 D. alata 1998 AF548494 The Nib C-ter, complete CP and-RCR were ampli-
Mart 3 D. Z:ata 1998 AP548495 fied using a set of four primers: the upstream primers
vt 2 D ot 1008 Ay SPecific to Nib C-ter were YMMV-S1/5GGAAATAGG-
Mart 6 D. alata 1998 AF548528 CATAAGCGTAAGC-3 as we previously describedji
Br2 Brazil D. alata 2000 AF548498 et al., 1999 and YMMVDP 5-GACTYGAAGCYATYTG-
CR1 Costa Rica D. trifida 1999 AF548499 YGC-3. As downstream primers for both retro-transcription
gﬂzg ; Guadeloupe B- 3:2 1332 ﬁiﬁﬁ and amplification, we used an oligodT or theN&CR spe-
Guad 3 D. alata 1998 AF5AS502 cific primer YMMVR1 5-TACTATGCAATACTTATAT-3'.
Guad 4 D. trifida 1998 AF548503 The amplified fragments were 1200 and 1116 bp for, re-
Guad 5 D. trifida 1998 AF548504 spectively, oligodT and YMMVR1 primers.
Guad 6 D. esculenta 1998 AF548505 Sample extraction and immunocapture were performed
Guyl  French Guyana D.trifida 1998 AF548506 using the same procedure as the continuous IC-RT-PCR.
gﬂz g B: :::;:g: ggg 2,5%%; Reverse-transcription was conducted as pr.eviqusly described
Guy 4 D. trifida 1998 AF548509 for YMV (Bousalem et al., 200Qa~or amplification, 3.l of
Guy 5 D. trifida 1998 AF548510 cDNA products were used in a 25 final volume PCR mix
Guy 6 D. trifida 1998 AF548511 per tube, containing manufacturer Taq buffer (Tris—HCI,
23 ; B g:}‘:gg ggg ﬁiﬁgg KCI, (NH4)2SOs, 1.5mM MgCh, pH 8.7), 25QuM of each
Togo 1 Togo D. alata 1999 AF548514 dNTPs, 1uM of each primer, 2.5U of HotStar Taq poly-
Togo 4¢ D. dumetorum 1999 AF548527 merase (QIAGEN). The amplification scheme was@3or
Fijil Fiji D. alata 2000 AF548515 15 min, followed by 35 cycles at 9£ for 1 min, 52°C for
Fiji2 D. alata 2000 AF548516 1min and 72C for 1 min and then one final elongation at
Fiji3 D. alata 2000 AF548517 72°C for 5 min.
Fiji4 D. alata 2000 AF548518
JPN 1 Japan D. alata 1997 AF548519
JPN 2 P D.alata 1998  AF548520 2.4. DNA sequencing
JPN 3 D. aata 1998 AF548521
JPN 4 D. alata 1993 AF548522 After electrophoresis (1% agarose in TAE buffer), PCR
PNG 1  Papua New Guined. alata 1993 AF548523 fragments of interest were excised and purified. Sequencing
mg ; B: 23: 1332 ﬁimgg was performed ei_ther directly or after clon_ing. _
PNG 4 D. alata 1994 AE548526 Direct sequencing was performed by using the previously
(B) Previously sequenced isplates described primers as well as internal prlmers.CPZF and
DaSLK 1 Sri-Lanka D alata _ AJ305464 C.I?ZFr B-GCTTTCATTTGCATGTGTGCC-3 For isolates
DaSLK 2 D. alata _ AJ305463 Fiji 1-4, PNG 1-4, JPN 1-4, PCR products were cloned
DeSLK 1 D. esculenta  — AJ305457 into pGEM-T Easy Vector (Promega, WI, USA) and three
Davan 1 Vanuatu D. alata - AJ305458 clones for each isolate were sequenced.
B‘T’g g Togo B' :J'ata - ﬁgggﬁgi Sequencing was carried out with Tag terminator sequenc-
chcg 19 Ivory Coast D alzg B AJ305470 in.g kit (Applied Biosystems) and analysed on an Applied
DaCDI 37 D. alata _ AJ305469 Biosystems 373A or 377 sequencer. Sequences were assem-
DrCmn 11 Cameron D. cay.—~ot. — AJ305456 bled and analysed by the auto-assembler software (Applied
DaCmn 42 D. alata — AJ305468 Biosystems, |nc_)_
DaBen 1 Benin D. alata - AJ305471
Bzm:g 216 Nigeria B: 3::2 B xggzgg 2.5. Phylogenetic analysis of the data
DaGui 1 Guinea D. alata - AJ305467
DrGui 1 D. cay.—ot. — AJ305455 2.5.1. Partition of the data set
DaUga 1 Ghana D. alata - AJ305460 Aregion of 1050 nt has been sequenced for 36 isolates that
DaUga 3 D. alata - AJ305459

aD. cayenensis-D. rotundata.
b Sequence including the partial core of the CP and theGR.

includes the contiguous C-terminal region of Nib (114 nt),
the full CP (798 nt) and the'3NCR (144 nt). Within the CP,
we distinguished: (i) the N-terminal region (N-ter; 189 nt)
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encoding the hyper-variable amino-terminal extension ofthe We used two groups of methods based on different
CP polypeptide (up to the lysine amino-acidn the DVN assumptions: (i) the evolutionary pathway methods: the
motif in YMMV isolates, homologous to the KDVN motif  Nei—Gojobori methodNei and Gojobori, 1986; Ina, 1995

of PVY-N: (Shukla et al., 1994 (ii) the conserved core and (i) methods based on Kimura’s two-parameter model: the
C-ter regions (core: 705 nt) encoding the coréHE246) Li-Wu—-Luo method i et al., 1985, the Pamilo—Bianchi—Li
and C-terminal (R*’—1266 homologous to R*®-M267 in method Pamelo and Bianchi, 1993; Li, 1993he Kumar
PVY-N), (Shukla et al., 1994 Phylogenetic analyses were method Nei and Kumar, 2000 All the analyses were
first carried out on the complete sequences combining all performed with the MEGA2 progranK(mar et al., 200

the available information and then on each of the four inde-

pendent partitions (NIb, N-Ter CP, core CRNCR). 2.6. Recombination analysis

2.5.2. Phylogenetic analysis Recombination events were investigated according to a
Sequences were aligned by the Clustal algorithm from global approach previously performed for YMBdgusalem
the MegAlign software of DNASTAR package (version 1.2) et al., 2000p. This approach included a phylogenetic com-
Phylogenetic reconstructions were obtained by: (i) the max- parative analysis as well as the implementation of three pro-
imum parsimony (MP) method (PAUP 4.0b83w(offord, grams designed for the detection of recombination, each one
1998 with all molecular characters assessed as independentbased on a different metho®¢sada and Crandall, 2001
unordered, and equally weightdgitch, 1973; (i) the max- (i) the phylpro program (@&ta version 0.9)Weiller, 1999 is
imum likelihood (ML) method Felsenstein, 1991using the a distance-based method looking for inversions of distance
quartet puzzling method (PAUP 4.0b83timmer and Von  patterns among the sequences, (i) Geneconv 1.81, a new
Haeseler, 1996wnith the Tamura and Nei modelgmuraand  version of the VTDIST2 programSawyer, 1989 can be
Nei, 1993 of sequence evolution. The MP analyses were categorized as a substitution distribution method and exam-
conducted with heuristic searches using 100 replicates ofines pairs of aligned sequences for a significant clustering of
random taxon addition, tree bisection—reconnection swap- substitutions or fit to an expected statistical distribution; (iii)
ping (TBR), saving of all shortest trees (MULPARS on), RDP program implements a phylogenetic approach, infer-
and ACCTRAN optimization. The ML analyses were con- ring recombination when phylogenies from different parts
ducted with 10,000 puzzling steps. For the CP gene anal-of the genome result in discordant topologidsa(tin and
ysis, the two most closely related potyvirudestato virus Rybicki, 2000.
Y (PVY) (2) andPepper mottle virus (PepMoV) were used The phylogenetic approach was carried out by perform-
as outgroups. For partial gene analysis, PNG 1 isolate wasing comparisons of the phylogenies reconstructed from:
used as outgroup to avoid the misalignment of the variable (i) the full sequence of 1056 nt comprising the contiguous
regions of YMMV with PVY and PepMov. The choice of C-terminal region of Nib, the complete CP and the\E€R,
the isolate PNG 1 was based on a preliminary analysis with (ii) the complete CP, (iii) the aNCR, and (iv) various par-
unambiguously alignable nucleotides of the CP conservedtitions of the sequences. Among them, the most informative
core region, including PVY and PepMoV as outgroups. were (i) the C-terminal region of NIb and the contiguous
Robustness of the nodes of the phylogenetic trees was asN-terminal part of the CP and (ii) the partial core and
sessed by (i) the bootstrap (BP) computed after re-samplingsC-terminal part of the CP and the contiguoUs\NTR.
followed by a MP reconstruction (1000 replicates of heuris-  The three recombination programs were carried out with
tic search, one random sequence addition per replicate andhe full sequences of 36 isolates and with the partial core
MAXTREES = 100), Felsenstein, 1995(ii) the reliability CP and the 3NCR of 54 isolates including the additional
percentages (RP), i.e. the number of times the group appearsequences retrieved from the Genebank database.

after 10,000 ML puzzling steps (PUZZLE 4 Strimmer and For the Phylpro analysis, pairwise distances of all se-

Von Haeseler, 1996 quences including all variables sites were determined within
a split window of 40 columns. Conversion events in the

2.5.3. Estimation of evolutionary distances Geneconv program were evaluated by a pairwise compar-

Sequence data were used to estimate the number ofison of sequence segments excluding monomorphic sites.
nucleotide substitutions per site (d) using the Kimura's The likelihood of genetic rearrangements in the data set
two-parameters methoKimura, 1980) To examine the  was determined by 10,000 random permutations of the se-
pattern of nucleotide substitutions in the CP gene, the quences. The significance was evaluated for both global and
number of synonymous substitutions per sitig) @nd the pairwise comparisons. The option allowing the detection
number of non-synonymous substitutions per sitg (vere of “within-group” gene conversions was used. The RDP
estimated. Contribution of positive selection to sequence program analyzed every permutation of three sequences
variation has been assessed by the comparison of the ratian the aligned set, attempting to identify two “parental”
dn/ds. A ratio of less than 1 indicates that purifying selec- and one recombinant sequence. We performed successive
tion is uppermost, while a ratio greater than 1 is taken as analyses modifying the window size and the maximum as-
evidence of an excess of positive selection. sociated probability B). For large window sizes (50-100
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nucleotides)P was fixed for a range from 0.05 to 0.001, or modern cropping systeni. trifida was frequently in-

and from 0.001 to 0.000001 for small window sizes (5-20 fected with an infection rate of 52.6% in Guadeloupe and

nucleotides). 46.6% in Martinique, followed b¥p. alata (respectively, 9.5
and 28.6% of positive samples). Bdihtrifida andD. alata
were found significantly more infected in the Caribbean is-

3. Results lands than in French Guyan& & 0.009 and 0.037, respec-
tively, for D. trifida andD. alata). YMMV prevalence inD.

3.1. Epidemiological observations. high prevalence and cayenensis-D. rotundata was low (1.96 and 9.1% of infected

wide distribution of YMMYV in the Caribbean and French samples in Guadeloupe and Martinique) and the situation in

Guyana the islands did not differ significantly from the absence of

infections observed in French Guyan@ £ 0.149). Addi-

Field surveys were performed in all the areas of yam crop- tiona”y, YMMV was detected in five of the seven Samples
ping, to be representative of the different agro_ecosystemsconected in Guadeloupe and Martinique on the minor culti-
of the French Caribbean islands and of the French Guyana.vated specie®. esculenta.

Three hundred seventy seven yam samples were collected

from the three main speci&s cayenensis-D. rotundata (23 3.2. Phylogenetic structuring of YMMV diversity

cultivars), D. alata (18 cultivars) andD. trifida (2 major

cultivars and 14 experimental cultivarsam mild mosaic 3.2.1. Evidence for eight phylogenetic groups from the

virus was detected in 15% of the 377 samples analyzed by analysis of the CP gene sequences of 36 isolates

IC-RT-PCR. YMMYV prevalence was found to differ signif- A first phylogenetic analysis was conducted on the 798 nt
icantly on the three yam species (Fisher statistic59.9 of the CP gene from 36 isolates reportedable 1 The cor-
with 2d.f., P = 1 x 10719). D. trifida was the most in-  responding phylogram is reported &g. 2 Eight groups
fected species (37.6% of infected samples) when compared(groups |-VIII) were evidenced by the two phylogenetic

with the other two species (Fisher statisties57.8 with ML and MP reconstruction methods, using as outgroups the
1d.f., P = 1.7 x 10713), whereas YMMV prevalence was two most closely related potyviruses PVY and PepMoV.
significantly higher orD. alata than onD. cayenensis-D. Six groups (I-VI) are represented by individual taxon with
rotundata (respectively, 11.2 and 3.6% of infected samples, non-significant inter-relationship supports (BP an RP less
Fisher statistics= 5.1 with 1d.f., P = 3.3 x 1072). than 50%). The polytomie structure of the resulting trees

Distinct situations in YMMV prevalence on the three makes difficult to establish a relationship between the differ-
yam species were also observed between continental and isent clades. However, two major groups supported by high BP
lands areasHig. 1). In French Guyana, onlp. trifida was and RP values, the groups VII and VIII, emerged. Among
found infected by YMMV in 29.5% of the samples tested. each group, three sub-groups (a, b, ¢) were identified with
The virus was detected in all the areas whBrdrifida is significant BP and RP values.
grown, in the traditional cropping areas along the pacific  To avoid any misleading conclusion due to the poly-
coast and the Maroni river as well as in the indigenous an- tomie structure of the tree, we performed a second anal-
cestral cropping areas in the rain forest. The situation wasysis based on the full sequences of 1056 nt. Congruent
found nearly identical in Guadeloupe and Martinique with a results with CP analysis were observed (data not shown),
wide distribution of YMMYV, independent of the traditional except for isolate Mart 2 (group Il) that shifted to group

1007

801
c
2
E 601 O D. trifida
E O D. alata
% 401 88 B D. cay-rot
R

201 24 43

G T T 1
Martinique Guadeloupe French Guiana

location

Fig. 1. YMMV prevalence on the three main yam speciBs ffifida, D. alata and D. cayenensis-D. rotundata) in the islands of Guadeloupe and
Martinique (Caribbean) and in French Guyana (South America). The numbers at the top of the bars indicate the number of samples tested.
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Fig. 2. Phylogenetic analysis of the CP gene of 36 isolates of YMMV: phylograms reconstructed from the CP nucleotide sequences using the maximum
parsimony analysis and rooted by the most closely related potyviruses PVY and PepMV as out-groups. The robustness of the nodes was assessed
bootstrap percentages (50% majority-rule consensus trees, numbers above branches). The quartet puzzling maximum likelihood (ML) method analysi
was conducted on the same nucleotide matrix and robustness of the nodes was assessed by the reliability percentages (below branches). Branch leng
are proportional to the number of substitutions inferred. The main phylogenetic groups are indicated by thick bars and labelled horizontéigaRecom
isolates are indicated with the dotted bars. The host of origin of the isolates is mapped on the phylogram and the legend is reported on the figure: black
white, and hatched squares correspond to YMMYV, respectively, samplddiamorea alata, the complexD. cayenensis-D. rotundata and D. trifida;

white circle corresponds to YMMV sampled dh esculenta.

VIl (BP = 61). This change of clustering of Mart 2 has 3.2.2. Evidence for additional grouping from the analysis
been related to a recombination event. Pairwise sequence®f 54 sequences of the partial CP core region and the
inter-group comparisonsTéble 2 confirmed the diver-
gence of each group and provided supplementary support An additional phylogenetic analysis was conducted on the
partial CP core and the’-BICR sequences of 54 isolates,
including 16 isolates retrieved from the Genebank database,

of the structure of YMMV diversity in eight phylogenetic

groups.

3-NCR

VIII
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Table 2
Genetic diversity of YMMV

Phylogenetic Assessment of genetic diversity of the CP gene

analysis - - - - - -
groups YMMV intra and inter-group comparisén Potyviruses species compari§on
| Il 1] [\ \% VI VIl VIl Species % Divergence (aa) d dn ds dn/ds
| 0.174 0.149 0.148 0.148 0.165 0.196 0.175 YMV 27 11.5 (18.5) 0.130 0.058 0.356 0.162
- 0.871 0590 0595 0.568 0.649 0.842 0.776
0.014 0.023 0.017 0.024 0.032 0.042 0.028
1l 2.3 0.156 0.158 0.167 0.182 0.173 0.170 BYMV 24 8.2 (15.8) 0.143 0.050 0.504 0.100
- - 0.612 0.626 0.714 0.758 0.674 0.739
0.027 0.023 0.031 0.031 0.040 0.029
1 43 34 0.004 0.150 0.145 0.158 0.175 0.156 BCMV 19 7.3 (12.9) 0.078 0.036 0.200 0.180
45 338 0013 0.565 0.549 0578 0.638 0.632
0.001 0.025 0.029 0.034 0.049 0.026
\Y 3.8 38 4.5 0.130 0.160 0.175 0.158 PPV 34 6.9 (26.2) 0.087 0.041 0.243 0.168
- 5 - 0.442 0.612 0.655 0.625
0.026 0.030 0.041 0.025
\Y 45 49 4.5 5 0.184 0.158 0.154 YMMV 36 6.2 (12.4) 0.140 0.033 0.519 0.063
5 - 53 - - 0.718 0.536 0.597
0.043 0.049 0.032
\ 6.8 6.8 7 8 8.9 0.179 0.198 PRSV 77 5.4 (10.3) 0.084 0.027 0.261 0.103
- - 7.5 - - - 0.645 0.873
0.051 0.037
VIl 56 5.6 7 6.4 7.5 10 0.09 0.169 PVY 34 5.2 (10.5) 0.078 0.028 0.228 0.122
8.7 87 10.6 10 11.3 12.4 0297 0.603
0.027 0.047
Vi 3.8 34 4 4 5 7 75 0065 SCMV 85 5.2 (10.5) 0.073 0.084 0.065 1.292
7 3.8 7 6 8.3 10.5 13 0.209
0.012

aYMMYV intra and inter-group comparison: above the diagonal: the inter-group values: respediivedlyand d,. The corresponding intra-group
values are indicated (excluding group constituted by one isolate) on the diagonal. Below the diagonal: respectively, minimum and maximuap inter-gro

amino acid divergence.
b potyviruses species comparison: the number of sequences analysed is indicated under the virus name. Mean and maximal (under brackets) amino acid

divergence values of the CP are given. The nucleotide diversity (d) is expressed as nucleotide substitution by siterephésents the non-synonymous
substitution andds the synonymous substitution. The accession numbers of the potyviruses sequences used in this study are available under request to

the first author.

our 36 sequencedéble J and two other isolates from Mar-  3.3. Evidence of extensive homologous recombination

tiniqgue and Togo (Mart 6 and Togo 40). among YMMV

Although the phylogenetic analysis of these sequences
did not conform completely to the branching pattern  Conflicting phylogenetic signals in the sequence data were

displayed by the complete CP analysis, the phylogenetic detected by conducting various phylogenetic reconstruction
grouping of the new sequences provided supplementaryanalyses. In addition to the phylogeny of the complete CP
information Fig. 3). The most interesting point in a geo- (Fig. 2), we show the most significant results obtained with
graphical perspective analysis is the grouping of 12 African the sequences coding for the C-terminal region of NIb and
isolates into three closely additional groups (1X, X and XI). the contiguous N-terminal part of the CFRd. 4A), the core
The 13th African isolate (DaCDI 37) significantly grouped and the C-terminal part of the CFi§. 4B) and the 3NCR
with group VIII (subgroup a). Among the three sequences (Fig. 40. All gave basically the same relative phyloge-
from Sri-Lanka isolates, one (DeSLK 1) clustered with netic groupings except for theé-BICR. The inconsistency
the group IV (JPN 2 from Japan) with a low RP and a of phylogenetic grouping in the’CR is more related to
non-significant BP value. The two other sequences groupeda low phylogenetic signal and to a difference in the evo-
significantly with the group VIII, subgroup c. Similarly, the lutionary histories between the coding and the non-coding
additional isolate from Martinique (Mart 6) clustered with region rather than to recombination events. However, re-
group VIII. An additional clustering, supported by high MP combination events may be evidenced by the analysis
and RP values, was evidenced between isolates DaVan 1of conflicting groupings supported by high PM and RP

from Vanuatu and Guad 6 from Guadeloupe (group VI). values.
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Fig. 3. Phylogenetic analysis of the partial CP core region and #CR of 54 YMMV isolates. Phylogram was produced by the quartet puzzling
maximum likelihood (ML) approach on nucleotide sequences beginning at the WCIEN motif of the CP up t\tBR ®f 54 YMMV isolates, including

the 36 previously analysed isolates (in bold), two isolates partially sequenced (in italic and underlined) and 18 sequences (in bold andkitdic) retr
from Genebank databas&aple ). The taxon used as outgroup (i.e. PNG 1 isolate) is indicated in grey. Values at the nodes (RP) are indicated above
branches. Maximum parsimony analysis was conducted on the same nucleotide matrix and the robustness of the nodes was assessed by BP (bel
branches). Branch lengths are proportional to the number of substitutions inferred. The new isolates are indicated by thick bars and thengprrespondi
phylogenetic groups are labelled horizontally. Only the modified groups are indicated and the new phylogenetic groups (groups IX—XI) are boxed. The
host origin of the new isolates is mapped on the phylogram and the legend is reported on the figure.
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Distinct topological positions according to the part of the Caribbean and South American isolates from the African
sequences analyzed were observed for three isolates fronmspeciesD. cayenensis-D. rotundata in our sampling is re-
Guadeloupe (Guads 1, 3 and 6), one isolate from Martinique lated to the very low prevalence of YMMV on this species
(Mart 2) and one isolate from Brazil (Br2). The robustness in this region of the world (se€ig. 1). Moreover, the re-
of these differences was demonstrated by high PM and RPstriction of French Guyana samples b trifida reflects
values, Fig. 4, Table 3. the epidemiological situation, since neittigralata nor D.

The analyses performed with the Phylpro, Geneconv and cayenensis-D. rotundata species were found infected in this
RDP programs provided concordant results for the major- region.
ity of the sequences tested and supported the hypothesis Given this sampling situation, different types of relation-
that the conflicting phylogenetic signals previously observed ships are evidenced by the evolutionary pattern of YMMV.
were due to recombination evenigable 3. Moreover, the The largest emerging monophyletic group is the group VIII.
three programs detected two other isolates (Guads 4 and 5This group illustrates well a lack of phylo-geographical re-
from Guadeloupe) as potential recombinants that have notlation, as it contains isolates collected from all the regions
been detected previously by the topology of the phyloge- sampled. The subgroup “c” contains isolates from Africa,
netic trees. These two isolates are closely related (0.1% ntCaribbean, South America, Asia and Oceania whereas the
divergence) and were considered as two samples of the samsubgroup “b” includes isolates from Brazil and Africa and
isolate. the subgroup “a” is restricted to Asia and Oceania. This evo-

Additional analysis was conducted on a second data set,lutionary pattern contrasts with the one exhibited by the sec-
including the 17 sequences of the partial CP core and theond significant monophyletic group (group VII) for which
3-NCR as well as the 36 previous sequences partitioneda clear host adaptation ©. trifida is established, with the
on the same region. An African isolate (DaCDI 19 from exception of the subgroup “a” that includes the recombi-
Ivory Coast) was indicated as a potential recombinant nant Guad 1 as uniqgue member. We cannot conclude that
(Table 3. there is a geographical specialization of this group, due to

In most of the cases, the closest putative parental se-the over-representation @. trifida isolates from French
guences were identified and belonged to the groups VII and Guyana in our sampling.

VIII (Table 3. These sequences are implicated in inter- or  There is strong evidence for geographical clustering of
intra-group recombination events. The recombination oc- isolates from Africa, as supported by the three African
curred at different locations of the region analyzed, includ- groups (IX—XI). The samples cover the most cultivated yam
ing one or multiple recombination breakpoints. These sites species in Africa D. alata and D. cayenensis-D. rotun-

of recombination were identified in the core of the CP (Guad data) and an indigenous wild yam. dumeturum. No strict

6), in the C-terminal part of the CP (Br2, Mart 2) and in the regional relation was found among these African isolates.
3-NCR (Guads 3 and 6)Téble 3. The Guad 1 isolate was  The isolates from West Africa (Nigeria, Benin, Togo, Ivory
the only one not detected as a recombinant by both GeneconvCoast and Guinea) cluster together (group X and Xl) or
and RDP but the analysis of the phylogeny revealed distinct with the isolates from East Africa{g. 3.

topologies from the different portions of genes chosen con- The evolutionary pattern of the isolates from Japan and
firmed by the phylpro program. Multiple sites were involved Papua New Guinea is particular. These isolates are posi-
(located mostly in the N-ter part and core of the CP), lead- tioned into five distinct groups. Four of these groups consti-
ing to a very complex mosaic pattern with no clear parental tute the most basal groups in the phylogratig(2). The 5th
sequences always identified. is the sister group (subgroup a) of the major monophyletic

To avoid any misleading interpretation in the topology of group VIII. A close association between Japan and Papua
the tree due to the recombinants, we performed an analysisNew Guinea isolates is supported by the group Il and the
excluding these isolates. No significant changes were ob-subgroup “a” of the group VIII. Interestingly, the remaining
tained (data not shown). isolates represent distinct individual clades and do indeed

represent distinct genotypes.
3.4. Sructure of the YMMV population in relation with
yam species and geographical origin 3.5. Sequence diversity analyses

The different phylogenetic groups and recombinant iso-  To quantify the amount of variation in the nucleic acid that
lates are presented with their corresponding hosts and ge+esults in variation in the encoded CP protein and to under-
ographical origins inTable 4 The sampling may appear stand the impact of selection, patterns of nucleotide substi-
skewed but it is explained by obvious epidemiological rea- tution were analyzed. The number of synonymat &nd
sons. Our study focused mainly on the three main yam non-synonymousdt,) substitutions per site was preliminary
speciesD. alata, D. cayenensis-D. rotundata and D. tri- estimated by different methods as describedsattion 2
fida. A comparative analysis of the prevalence of YMMV on The obtained values were very close to one another with
these species was possible only in the Caribbean and Soutfa slight difference in the estimation of the values at syn-
America, whereD. trifida is restricted. The low number of onymous sites that was overestimated by the Li-Wu-Luo



Table 3
Evidence of recombinant isolates supported by phylogeny and by the programs phylpro, Geneconv and RDP

Isolates Recombination evidence Recombination type
Phylogeny Phylpro Geneconv RDP
Parent8 Portion gene Parents Site{s) Parents PoS8. P Parents Pos. P
Global analysis with 36 sequences including partial Nib, CP dadCR
Guad 3 Vlliic Nib + CP Vllic and VIIIb 1024 Vlilb 780-937 <10 Vilic 1-781 3 x 10°° Intra-group
VIlb 3’-NCR Vb >781
Br2 Vilb Nib + CP Nter core  VIilb and VII 785 Villb - <10 Vilb 1-786 2.7x 10~*  Inter-group
Ungrouped  CP Cte# 3-NCR Vil >786 Single site
Guad 1 VIl CP Nter Vllc, Vlib, VIII 126, 187, 504, - - - - - - Intra- and inter-group
Ungrouped CP Cte# 3-NCR 597, 858, 936 Mosaic
Mart 2 Ungrouped Nib+ CP VI, IV? VI 241, 399, 498, 806 VIl 819-856 4 1072 Unknown 1-792 5x 1074 Inter-group
Vil CP Cter + 3-NCR \Il >792 Mosaic
Guad 6 Ungroupéd Full sequence VI, VI 1 206, 339, 438, 860 Un-known >748 31074 — - - Probable mosaic
Guads 4and 5 - a VIl and VIII 813 VI 735-814 7x 10%  Unknown 1-816 1.2« 10* Intra-group
Vil >816
Supplementary analysis including the partial CP core and #dCR of 54 isolates
DaCDI 19 X Core CP+ 3-NCR  Vllic and X, XI  >260 X 88-155 2x 1073 - - - Inter-group
XI 245-320 Single site

2Parents correspond to the group of the sequences determined as the potential source of recombination.

b Site corresponds to the peak(s) of low phylogenetic correlation in Phylpro. Pos. in Geneconv program corresponds to the significant fragmenimtiieaéiare events are thought to occur. For

RDP program, Pos. indicates the fragments the most related to the one or the other of the parental sequences.

¢ A supplementary analysis including the partial sequences (WCIEN motif upN€CR) of 54 isolates showed a significant cluster (99% bootstrap) with DaVan isBlatéata isolate from Vanuatu).

4 The recombination event was not shown by the different phylogenies reconstructed from the chosen portion genes.
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Table 4
Phylogenetic classification of YMMV isolates in relation with their geographic and yam species origin
Phylogenetic and recombination analysis Origin
Sequence Groups Recombinant Geographic Host
C-terminal part of Nib | - Papua New Guinea D. alata
+ CP + 3-NCR2
1l Recombinant Caribbean D. alata
1] - Japan, Papua New Guinea D. alata
\% - Japan D. alata
\% - Japan D. alata
VI Recombinant Caribbean D. esculenta
VIl (c) - South America D. trifida
VIl (b) - Central America, Caribbean D. trifida
VIl (a) 1 Recombinant Caribbean D. alata
VI (c) 1 Recombinant Oceania, Caribbean, South America D. alata, D. cay.—rot.
VIl (b) 1 Recombinant South America, Africa D. alata
VI (a) - Oceania, Asia D. alata
Partial CP+ 3'NCR IX - Africa D. alata, D. cay.—rot.
X 1 Recombinant Africa D. alata, D. cay.—rot. and D. dumeturum
Xl - Africa D. alata

aTwo distinct phylogenetic analyses were performed: the first one was performed with 37 sequences comprising parti@PNit3'-NCR. The
second one included partial CP andNECR sequences retrieved from Genebank.

method (i, 1997) and underestimated by the modified Nei Inter-group diversity values were consistently larger than
and Gojobori methodumford and Seal, 1997Thus, for those resulting from intra-group comparisons. This might
the rest of the analysis, the Pamelo and BianBanGelo and  indicate population differentiation, i.e. differences among
Bianchi, 1993 and Li (Li, 1993) method was used to allow populations were larger than differences within popula-
the comparison with the published data. tion. The diversity within the groups VII and VIl was
The mean pairwise value of nucleotide diversity for more than two times smaller (0.096 and 0.065, respec-
the whole set of 36 YMMV CP sequences was 0.140. tively) than the maximum inter-group divergence value. In
Comparatively with seven other potyviruses (total of 333 contrast, the diversity value within the group Il (isolates
sequences), YMMV exhibits, with BYMV, the largest di- from Papua New Guinea and Japan) was five times smaller
versity (Table 2. This diversity was about two times larger (0.004).
than the lowest diversity among potyviruses, observed for The same potyvirus sequence data was used to assess
the SCMV (Table 2. This high nucleotide diversity of YMMV diversity by comparison of the mean pairwise per-
YMMV was correlated to a highds value and to a low  centage of divergence and the maximum divergence of CP
dn value comparatively to the other potyviruses. Thus, the amino acid sequences. The sequence comparisons of the full
resultingd,/ds was very low. On the contrary, the low di- length CP of 36 isolates of YMMV revealed a maximum
versity of SCMV was related to a lowek and to a higher of divergence of 12.4% with an average of 6.2Valfle 2.
dn values than observed for other potyviruses, resulting in This value corresponded to an intermediate diversity value
adn/ds ratio >1. The other potyviruses analyzed had ratios comparatively to the high average diversity value of YMV
between 0.1 and 0.18 with intermediateandds values. (11.5%), to the maximum divergence value of PPV (26.2%)
Inter-group YMMV analysis showed diversity values and the low diversity of SCMV (average 5.2%, maximum
ranging from 0.130 to 0.198Téble J. The smallest value  divergence 10%). Intra- and inter-YMMYV amino acid diver-
was observed for the Japanese groups (V and IV) while gence analysis, showed, as for the nucleotide diversity anal-
the largest implicated the major groups VIII (0.198 with ysis, a relative equal distribution of the diversity between
group VI) and VII (0.196 with group I). Interestingly, the the different groups, with a maximum for the groups ViII
average of the inter-group diversity values showed by the and VIII.
D. trifida group VII (0.176) was slightly larger than the one A complementary analysis was performed using the
showed by the cosmopolitan YMMV group VIII (0.168). 3'-NCR as a second molecular marker. Compared to eight
Between these minimal and maximal values, the genetic other potyviruses (103 sequences), the YMMVNELR
diversity shown by the different groups was of a similar or- appeared one of the most variable with an average value of
der of magnitude, indicating significant genetic differences 9.37% and a maximum of divergence of 22.7%, just after
between these phylogenetic groups and that correlated wellthe PVY which presented the largest diversity (results not
with the phylogenetic analysis. shown).
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4. Discussion

4.1. New insights on Yam mild mosaic disease outbreaks
in the Caribbean and South America: evidence for the
cosmopoalitan trait of YMMV

201

persal and the origin, migration and current dispersioD.of
alata (Fig. 5). East to west movement of yam species is well
known and there is no significant corresponding transfer of
American species to the Old WorB4vies, 1968; Coursey,
1976; Orkwor, 1998; Hahn, 1987; Degras, 1R9Bhe Asi-
atic yamD. alata probably originated in tropical Burma and

The analyses of the distribution and the prevalence of Thailand and spread from Southeast Asia to India and the

YMMYV provided new insights on the disease outbreaks in
yam in this area: YMMV shows a wide repartition in Guade-
loupe, Martiniqgue and French Guyana but occurs with dif-
ferent prevalence sinde. trifida appears significantly more
infected tharD. alata andD. cayenensis-D. rotundata. This
high prevalence of YMMV on the relative new hdst tri-
fida would suggest the selection of a specific YMMV popu-

Pacific Ocean more than 2000 years aGoyrsey, 1976
The major centre of diversification and dispersiooélata
appears to be now Papua New Guinkkitin and Rhodes,
1977; Lebot, 1999; Coursey, 1976. alatareached the East
coast of Africa from Malaysia at about 1500 AD with Por-
tuguese and Spanish seafar&sijrsey, 1976; Hahn, 1987
and was transferred to the Caribbean from West Africa, with

lation with a better fitness to invade rapidly this species. The the African specieB. cayenensis-D. rotundata, by the slave

absence of infections dp. alata andD. cayenensis-D. ro-
tundata in French Guyana, the centre of originDf trifida,

trade in the 16th century. Direct introductions Df alata
from South-east Asia to the Caribbean had also probably

would also support this hypothesis. At this point, the appar- occurred in the 16th century but also in the 20th century.

ent host adaptation of the isolates of group VIIDotrifida

does not allow us to conclude to a strict host specificity, that 4-3. Phylogenetic support of the Asian-Pacific origin of

can be shown only by biological experiments. However, in
the case of another potyvirus, tfkum pox virus (PPV),
the anisotropy of distribution of the two main PPV-D and

YMMV

Our phylogenetic analysis gives a consistent support of the

PPV-M phy|ogenetic groups on apricot and peach SpeciesASian-PaCiﬁC Origin of YMMYV fromD. alata SpeCieS. This

(Bousalem et al., 1994vas not related to a strict pathotype
but rather to a myriad of biological factors, each of them
bringing a better fitness to invade one or the otRrius
species Dallot et al., 1998; Quiot et al., 1995

YMMV was already known to infecD. alata and D.
cayenensis-D. rotundata (Bousalem and Dallot, 2000; Odu
et al., 1999, D. japonica andD. opposita (Fuji et al., 1999,
2001, D. numelarieandD. Penthaphila (Bousalem and Lou-

hypothesis corresponds to the most parsimonious scenario of
the evolution of YMMV deduced from phylogenetic analysis
and from the current dispersion of the virus. Phylogeny of
the complete nucleotide sequences of the YMMV CP shows
eight distinct genetic clades that share a common ancient
ancestor (recombinant isolates excluded).

The basal positions in the phylogenetic tree are occupied
by individual clades (I, 111, IV and V) that have Japan, Papua

bet, unpublished results). This study constitutes the first re- New Guinea or both origins. In addition, two other iso-

port of YMMV infection on the American yam speci€s
trifida, on the Asiatic-Oceanian speciBsesculenta andD.
transversa and on the African yanD. dumetorum. In addi-
tion, computation of the geographical origin of the YMMV
isolates analyzed in this studyfgble ) and those previ-
ously reported Dallot et al., 2001; Fuji et al., 1999, 2001;
Mumford and Seal, 1997; Odu et al., 199Bovided the ev-
idence of the world-wide distribution and of the cosmopoli-
tan character of this virus.

4.2. Bio-geographical evidence of the link between the
pattern of distribution of YMMYV and the geographical
origin, dispersion and current distribution of D. alata

The reconstruction of the YMMV history by analysis of
its current distribution is inextricably linked to the history
of the genudDioscorea. The current pattern of yam species
distribution is dominated by the world-wide distribution of
D. alata, the African and tropical American distribution of
D. cayenensis-D. rotundata and the restriction oD. tri-
fida to tropical America, its area of origirCpursey, 1976;
Orkwor, 1998; Hahn, 1987; Degras, 1998 global analysis
clearly indicates a link between the pattern of YMMV dis-

lates (JPN 3 and PNG 2) from this same geographical zone
occupy the most ancestral node (subgroup a) of the main
YMMYV group (VIII). This cosmopolitan group includes iso-
lates showing a world-wide origin: Asia, Pacific, Caribbean,
Tropical America and Africa and illustrates well the pattern
of migration ofD. alata. In conformity with this parsimo-
nious scenario, the African clades and Detrifida clade
probably arose by bio-geographical diversification.

4.4. High accumulation of synonymous mutation and
purifying selection act in the evolution of YMMV

Analyses of nucleotide substitution accompanying the
YMMV evolution shows that YMMV is the potyvirus
that has the most variable CP nucleotide genetic diversity.
YMMV CP diversity is due to an accumulation at a higher
level of synonymous mutations and the resulting amino acid
diversity has been found moderate, especially by compar-
ison with YMV and PPV. For these two viruses, the most
divergent values are consistent with the shift of host or/and
a geographical diversification. Inter and intra-YMMV anal-
yses are in concordance with these observations. The cos-
mopolitan group VIl and group VIl linked t®. trifida are



Fig. 5. World-wide dispersion of the phylogenetic groups of YMMV in relation with the natural origin habitats of three main yam species and theatimseshD. alata (modified and completed
from Coursey, 1976 Natural habitats of yam species are represented by dotted lir@. foifida, by stripe-dotted line for the compleB. cayenensis-D. rotundata and by a continuous line fdp. alata.
Plain arrows indicate historical dissemination®f alata. The approximate date of dissemination is indicated above the arrows (AD: “Anno domini”). Introducti@nsalzfta directly from South-east
Asia and Oceania to the Caribbean and South America might have also occurred, since the 16th century and in the 20th. Dotted-line arrows ingottesthedhyorld-wide movement of YMMV
and roman numbers indicate the YMMV phylogenetic groups evidenced.
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the most divergent. However, a large fraction of the total
YMMYV diversity is also distributed among the different phy-

logenetic groups, indicating other sources of diversification.
Rapid divergence driven by positive selection has been

203

viruses. Our data, indeed, constitute a powerful evidence
that recombination is an important evolutionary strategy for
potyviruses.

The current geographical distribution of YMMV recom-

rarely demonstrated at the molecular level, since it can be binants in tropical America and particularly in the Caribbean

confounded with variation at RNA and protein sites that
tolerate genetic drift Kares et al., 2001 The estimation

of the dn/ds ratio was used to evaluate the hypothesis of
an evolutionary response of the YMMV CP to accommo-
date new host species (Bs trifida) or geographical adap-

tation. We have found that purifying selection dominates
the evolution of the CP of potyviruses and strongly oper-
ates on the YMMV. However, the overall negative selec-

could be explained by the sympatric distribution of the two
potentially parental genotype groups VII and VIIl. In case
of allopatric distribution, such as in French Guyana where
the group VIl is restricted t®. trifida, intra-group recom-
bination could be an alternative strategy of diversification.

4.6. Switching events, radiation, host and geographical
adaptation and recombination events. major traits of

tion can mask punctual positive selection operating on a YMMV evolutionary history

few positions as evidenced recently with potyvirusds(ry
et al., 2002. The dy/ds values found for the studied po-

In the absence of positive selection, mechanisms like

tyviruses are in the same range as those reported for RNAaphid sampling inducing bottlenecks and founder effects as-

and DNA viruses infecting animals and plants, (1997;
Garcia-Arenal et al., 20Q1Positive selection is considered
to be less frequent than negative selectiGojpbori et al.,

sociated to a new bio-geographical environment have more
likely contributed, with the recombination events, to the for-
mation of the distinct YMMV lineages.

1990; Sala and Wain-Hobson, 199%he most compelling Phylogenetic analyses revealed the presence of multiple
evidence for positive selection is provided by the human and clades with most having a single taxon. The connection be-
animal viruses as a consequence of the immune responséween the clades is not resolved and the overall topology
(Nielsen, 199% of the YMMV phylogenetic tree is star-like, suggesting an

The identification of positive selection acting on the early split of the genetic lineages. An important part of the
SCMV CP was thus not expected. This feature could be clades is constituted by a single lineage arisen by recombina-
probably related to the host and geographical adaptationtion that could reflect fairly recent events between different
that operate for this virusAlegria et al., 2008 In the other YMMYV lineages. The creation of individual lineage is also
hand, the potyvirused; values change little as they could be consistent with the hypothesis of radiation by geographical
near to saturation. As suggested $gla and Wain-Hobson isolation due to the island trait of the area of origin. This is
(1999) the reliable interpretation af,/ds ratios is possible ~ compatible with a star phylogeney produced by this lineage
only when the degree of nuclei acid divergence is small. In- indicating that, under the assumption of a constancy rate,
deed, analysis of nucleotide diversities data for some virus all lineages diverged at the same timk@nfura, 1983. The
genes Garcia-Arenal et al., 20Q1shows that highed,/ds amino acid and nucleotide substitutions among this lineage
values are more correlated to laly value than to highd, are as expected very close and conform to a star phylogeny.
value. Sampling might have produced an “Iceberg bias” and thus
providing a partial picture of the total phylogenetic diversity
of the virus. To address this possibility, a complementary
study about YMMYV in relation with other Asian-Oceanian
yam speciesly. numelaria, D. penthephila, D. bulbifera, D.

The sequence of the six recombinants evidenced in ourjaponica, D. hispida) will be developed.
data set were obtained by direct sequencing, suggesting that This explanation is applicable to the origin of the African
these recombinants represent the master population of thegroups, for which both geographical diversification and host
viral quasi-species with a selective advantage over parentaldiversification involving the wild AfricarDioscorea species
genomes. Perhaps most intriguingly, the results demonstrateare possible.
that the majority of the closest putative parental sequences The second main group (group VII) is restricted to the
belonged to the majors groups VII and VIII and that these Caribbean and tropical America. The restricted geographical
extremely divergent groups are linked by recombination into area of this later group is related to the geographical cen-
a single gene pool as a source of a new distinct YMMV tre of diversification ofD. trifida. We hypothesize that the
lineages (groups Il and VI). Comparable results have beengroup VIl arose by host selection and adaptation. The strict
reported for three YMV lineage86usalem et al., 2000kn specificity of this group td. trifida has not been biologi-
recent years, recombination in natural populations has beencally established yet. An alternate hypothesis may be related
reported for several plant viruseSifnon and Bujarski, 1994;  to the theory of an ecological specialization, which gener-
Aranda et al., 1997; Revers et al., 1996; Cervera et al., 1993;ally assumes that radiation of a parasite into a novel host
Glasa et al., 20010hshima et al., 2002and it has been  affects its ability to compete on the original hosu¢ner and
proposed that recombination can be advantageous for RNAElena, 200D The cost associated with host radiation in a

4.5. Recombination events as a source of YMMV lineage
differentiation
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RNA virus model is compatible with this theorglao et al.,
1977; Novella et al., 1995; Crill et al., 2000; Turner and
Elena, 200D In this view, D. trifida adaptation could be a

M. Bousalem et al./Infection, Genetics and Evolution 3 (2003) 189-206

island may have occurred in 1992 either through importa-
tion of infected plants or seeds, and has been considered to
be widespread only 7 years laté&dsbiez et al., 1996

recent property in comparison with a host switches event. A Due to the increase in human migrations and to climatic

similar situation involving the YMV originating from Africa
andD. trifida was describedBousalem et al., 200Qtand

changes, emerging and re-emerging viruses constitute one of
the major challenges for virologists in this new century. The

the strict correlation of host-lineage was recently confirmed use of a concept such as “integrated genetic epidemiology”

(Bousalem, unpublished results).
It is important to note that the genetic diversity of the
trifida group is high comparatively to the major group VIII.

for interpreting molecular data is now accepted in the do-
main of human and animal infectious diseas€ibdyrenc,
1999 but remains limited for plant viruses. Our evolutionary

We attributed this observation to the fact that the size of the epidemiological approach may lead to novel ways of ana-
guasi-species (i.e. level of genetic diversity in a viral popula- lyzing and predicting the risk of emergence/re-emergence of
tion) is not constant but rather varies depending on the hostnew virus/strain in a global disease management approach.
environment, and that the viral quasi-species is selected for

a particular level of variation specific to the virus-host com-
bination Schneider and Roossinck, 2Q0This suggests the

possibility that different hosts may accelerate or decelerate

the rate of viral evolution by permitting or denying high
level of diversity in a viral population.

Evidence of host-adaptation is clear with oy trifida
for both YMMV and YMV (Bousalem et al., 2000bD.
trifida belongs to the most divergent yahacrogynodium
section while the African yanD. rotundata—D. cayenensis
and the Asiatico-Oceanidb. alata are close and belong to
the same sectioknantiophyllum (Coursey, 1976

4.7. An evolutionary epidemiological approach to
understanding regional and world-wide dispersion of
YMMYV: global and regional time scale

The correlation between the migration of the YMMV and
the migration ofD. alata (and occasionallyD. esculenta)
would allow us establishing a time scale of the major evo-
lutionary events: (1) the YMMV ancestor occurred in the
Asian-Oceanic area where the major y@malata is orig-
inated, (2) a first diversification of YMMV by rapid radi-
ation in the South Pacific islands whdpe alata diversity
is greater, (3) introduction ob. alata in Africa at about
1500 AD: selection, diversification and formation of the
YMMV African lineage, (4) migration in the 16th century
of the YMMV from Africa to the Caribbean via botb.
alata and D. cayenensis-D. rotundata and transfer onto a
novel host, the American speci&s trifida, inducing the
selection and the formation of a new lineage, (5) this lin-

eage and the major and cosmopolitan group (VIII) gener-

ated variability through recombination, (6) fast colonization
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