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Abstract In determining putative recombination events
and their evolution rates in the RNAs 1 and 2 of currently
the known members of the family Bromoviridae, a detailed
study comprising 107 accessions retrieved from the inter-
national databases, has been carried out by using RECCO
and RDP v3.31f algorithms. These programs allowed the
detection of potential recombination sites in all the five
virus genera composing the family Bromoviridae with
various degrees of consistency. The RNAs 1 and 2 showed
inferred phylogenies fully congruent and clearly delineated
five clusters representing the five studied virus genera. In
this respect, we proposed to classify the Ilarviruses in three
distinct subgroups instead of 10 as mentioned in several
reports of the International Committee on Taxonomy of
Viruses where its suggestions were based on antigenic
differences. Moreover, we confirmed that Alfalfa mosaic
virus should be considered as a component of the Illarvirus
genus instead of being the unique representative of Alf-
amovirus genus. In addition, Pelargonium zonate spot and
Olive latent 2 viruses fully deserve their affiliation to the
family Bromoviridae.

Keywords Bioinformatics - Phylogeny - Recombination -
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Introduction

Various factors have been involved in the emergence of

new plant viruses including an expanded range of host and
vectors, changes in climate and environment, new
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agricultural practices, and the general increasingly move-
ment of humans populations and crops. One evolutionary
process that might facilitate emergence by generating novel
variants is recombination. Recombination, defined as the
exchange of genetic information between two nucleotide
sequences, is an important process that influences biolog-
ical evolution at many different levels. Recombination
explains a considerable amount of genetic diversity in
natural populations and, in general, genes located in
regions of the genome with low levels of recombination
have low levels of polymorphism [31]. Recombination
reshuffles existing variation and even creates new variants.
A single virus isolate does not consist of a single RNA
sequence, but of a population of related sequence variants,
often referred to as quasispecies [9, 10, 16]. The quasi-
species nature of RNA viruses implies a high adaptative
potential, allowing for the rapid selection of biologically
distinct sequence variants with the highest fitness in new
environments. It may result in dramatic changes in the
biological properties of the virus, with major epidemio-
logical consequences, including the appearance of
resistance-breaking strains or the acquisition of broader
host ranges [22, 28]. It has been shown that RNA recom-
bination enables the exchange of genetic material not only
between the same or similar viruses but also between dis-
tinctly different viruses [41]. Sometimes, it also permits
crossovers between viral and host RNA [1, 3, 15, 29].
Taking into account the structure of viral genomic mole-
cules and the location of crossover sites, three basic types
of RNA recombination were distinguished: Homologous,
aberrant homologous, and non-homologous [2, 21]. The
former two occur between two identical or similar RNAs
(or between molecules displaying local homology), while
the last one involves two different molecules. Most of the
collected data suggest that RNA recombinants are formed
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according to a copy choice model [2]. A viral replication
complex starts nascent RNA strand synthesis on one tem-
plate, called RNA donor and then switches to another
template, called RNA acceptor. Accordingly, two main
factors are thought to affect RNA recombination: the
structure of recombining molecules and the ability of the
viral replicase to switch templates.

Amongst positive-strand plant RNA viruses, the family
Bromoviridae encompasses several viruses having an
important economical impact. According to the 8th ICTV
report of the International Committee on Taxonomy of
Viruses [11], the family Bromoviridae consists of five
genera of plant viruses with a tripartite RNA: RNAs 1 and
2 encode the viral subunits of the replicase; RNA 3 is
bicistronic and codes for a movement protein that is
required for cell-to-cell movement (MP) and a coat protein
(CP) needed for cell-to-cell and long-distance transport; CP
is translated from a subgenomic messenger, RNA 4, that is
coterminal with the 3’ 800-1,000 nucleotides (nt) of RNA
3. According to Tzanetakis and Martin [39], an additional
open reading frame (ORF) was found in RNA 3 making
Fragaria chiloensis latent virus (FCLV) probably the first
Ilarvirus encoding a third protein via this genomic region.

There is a general belief that capsid protein genes of
RNA viruses evolve much more rapidly than genes
encoding components of the replication apparatus [18, 42].
Putative recombination events were detected in numerous
CP genes of plant viruses namely in PNRSV [6]. Recently,
we demonstrated that two additional viruses of perennial
plants (Plum pox and Prune dwarf viruses) can exchange
during recombination evolution of their CP genes, seg-
ments of genetic information exceeding 100 residues
(unpublished data). Referring to RNAs 1 and 2 and even
with some information provided by Codoner and Elena [8]
regarding the occurrence of putative recombination events
in these genomic regions, knowledge is still scarce espe-
cially in determining the recombination evolution rate
along 107 examined sequences.

The aim of this study was threefold: (i) to detect
potential recombination signals in all the RNAs 1 and 2
sequences of the different members of the family Bromo-
viridae available so far in the international databases; (ii) to
provide a detailed study on their recombination evolution
rate; (iii) to determine the evolutionary relationships
among them.

Materials and methods
Virus sequence source

The sequences of RNAs 1 and 2 of 107 accessions used in
this study were downloaded from GenBank (Table 1).
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Sequence alignments, recombination, and phylogenetic
analyses

The nucleotide sequences were aligned using CLUSTALW
2.0.9 and CLUSTALX 2.0.9 [23] with default parameters.
Their phylogenetic relationships were determined by using
the neighbor-joining (NJ) method implemented in
MEGA4.15 program [20]. Bootstrap analyses with 500
replicates were performed to assess the robustness of the
branches.

Potential recombination events between divergent
nucleotide sequences were explored with two programs:
RDP v3.31f8 [26] and RECCO [27]. RDP incorporates
several published recombination detection methods into
a single suite of tools: RDP [24], GENECONV [30],
BOOTSCAN [25], MAXCHI [38], CHIMAERA [31], SI-
SCAN [14], and 3SEQ [4]. In all these cases, defaults
parameters were used. Only events predicted by half of the
methods are considered as significant. The algorithm
developed and described by Maydt and Lengauer, [27] a
fast, simple and sensitive method for detecting recombi-
nation in a set of sequences and locating putative
recombination breakpoints is based on cost minimization.
This method has only two tunable parameters: recombi-
nation and mutation cost. In practice, the only parameter
considered is o, representing the cost of mutation relative
to recombination. When o changes from O to 1, the cost of
mutation weighted by o increases, and the cost for
recombination weighted by 1—o decreases. In other words,
the parameter o controls the ambiguity between mutation
and recombination.

Results

Recombination events during evolution of the
Bromoviridae

Examination of the RECCO program output regarding the
occurrence of recombination events in RNA 1 of the
Bromoviridae, revealed that 13 out of 15 ilarviruses were
putative recombinants (i.e., APLPV, CiLRV, EMoV,
BCRSV, PMoV, TAMV, TSV, HILV, FCLV, SPLV,
ApMYV, PDV, PNRSV). In contrast, CVV and SNSV did
not show any recombinant signal (Table 2). RDP package
gave the same results with, however, two exceptions:
TAMV and TSV. Within the Ilarvirus genus, the most
frequently recombining virus was APLPV (61 putative
recombination sites), whereas the opposite was the virus
EMoV (two sites). Alfalfa mosaic virus representing the
single member of the genus alfamovirus is the most
recombinant virus of the analyzed family Bromoviridae (75
sites), and its possible parental donors are EMoV and
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Table 1 Members of the family Bromoviridae included in the study and their accession numbers

Genus Virus/isolate GenBank accession number
RNA 1 RNA 2
Ilarvirus Tobacco streak virus (TSV) NC_003844 NC_003842
Citrus leaf rugose virus (CiLRV) NC_003548 NC_003547
Citrus variegation virus (CVV) NC_009537 NC_009538
Elm mottle virus (EMoV) NC_003569 NC_003568
Tulare apple mosaic virus (TAMYV) NC_003833 NC_003834
Apple mosaic virus (ApMV) NC_003464 NC_003465
Prunus necrotic ringspot virus (PNRSV) NC_004362 NC_004363
Prune dwarf virus (PDV) U57648 NC_008037
American plum line pattern virus (APLPV) AF235033 AF235165
Spinach latent virus (SPLV) NC_003808 NC_003809
Humulus japonicas latent virus (HILV) NC_006064 NC_006065
Parietaria mottle virus (PMoV) NC_005848 NC_005849
Blackberry chlorotic ringspot virus (BCRSV) DQ091193 DQ091194
Fragaria chiloensis latent virus (FCLV) NC_006566 NC_006567
Strawberry necrotic shock virus (SNSV) NC_008708 NC_008707
Alfamovirus Alfalfa mosaic virus (AMV) NC_001495 NC_002024
Oleavirus Olea latent virus 2 (OLV-2) NC_003673 NC_003674
Proposed Anulavirus Pelargonium zonate spot virus (PZSV) NC_003649 AJ272328
Bromovirus Brome mosaic virus (BMV) NC_002026 NC_002027
Brome mosaic virus/strain Fescue (BMV/F) DQ530423 DQ530424
Cowpea chlorotic mottle virus (CCMV) NC_003543 NC_003541
Cowpea chlorotic mottle virus/T (CCMV/T) AF325739 AF325740
Cowpea chlorotic mottle virus/R (CCMV/R) AF325736 AF325737
Broad bean mottle virus (BBMV) NC_004008 NC_004007
Cassia yellow blotch virus (CYBV) NC_006999 NC_007000
Spring beauty latent virus (SBLV) NC_004120 NC_004121
Cucumovirus Cucumber mosaic virus/Fny (CMV/Fny) NC_002034 NC_002035
Cucumber mosaic virus/Ri-8 (CMV.Ri-8) AM183117 AM183118
Cucumber mosaic virus/palampur (CMYV.palampur) AJ879490 AJ865382
Cucumber mosaic virus/Y (CMV.Y) D12537 D12538
Cucumber mosaic virus/pepo (CMV/pepo) AB124834 AB124835
Cucumber mosaic virus/MF (CMV/MF) J2A76479 AJ276480
Cucumber mosaic virus/42CM (CMV/42CM) AB368496 AB368497
Cucumber mosaic virus/CA (CMV/CA) AY429434 AY429433
Cucumber mosaic virus/CS (CMV/CS) AY429435 AY429436
Cucumber mosaic virus/P1-1 (CMV/P1-1) AMI183114 AMI183115
Cucumber mosaic virus/Phy (CMV/Phy) DQ402477 DQ412731
Cucumber mosaic virus/pCb7 (CMV/pCb7) EF216866 DQ785470
Cucumber mosaic virus/CTL (CMV/CTL) EF213023 EF213024
Cucumber mosaic virus/BX (CMV/BX) DQ399548 DQ399549
Cucumber mosaic virus/PHz (CMV/PHz) EU723568 EU723570
Cucumber mosaic virus/China (CMV/China) EU665000 EU665001
Cucumber mosaic virus/Tsh (CMV/Tsh) EF202595 EF202596
Cucumber mosaic virus/Q (CMV/Q) X02733 /
Cucumber mosaic virus/LY (CMV/LY) AF198101 AF198102
Cucumber mosaic virus/TN (CMV/TN) AB176849 AB176848
Cucumber mosaic virus/36al (CMV/36al) / AB079890
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Table 1 continued

Genus Virus/isolate GenBank accession number
Cucumber mosaic virus/pNa (CMV/pNa) / DQ785471
Cucumber mosaic virus/pRad35 (CMV/pRad35) / DQ785469
Cucumber mosaic virus/TC (CMV/TC) / EF640931
Peanut stunt virus/J2 (PSV/J2) AB360968 AB360969
Peanut stunt virus/ER (PSV/ER) NC_002038 NC_002039
Peanut stunt virus/J (PSV/J) D11126 D11127
Peanut stunt virus/Rp (PSV/Rp) AMO905353 AMO905354
Peanut stunt virus/Mild strain (PSV/Mild strain) AY429431 AY42943
Tomato aspermy virus/V (TAV/V) NC_003837 NC_003838

BCRSYV, as the major and the minor parents, respectively.
OLV-2 was recombinant also (55 sites), but RDP program
did not provide any significant result. It was shown to be
subjected to recombination with more than two-thirds of
members of ilarvirus genus. Recombination investigations
of the genus Bromovirus based on RECCO analysis,
showed that only three members (BBMV, CYBV, SBLV)
were recombinants (Table 3). These results were congruent
with RDP package output except for CYBV. The only virus
belonging to the proposed Anulavirus genus, i.e., PZSV
was also recombinant with at least 34 potential recombi-
nation sites. Two isolates of PSV (Mild, and Rp) were
recombining in 14 and 19 locations, respectively. Although
RDP v3.31p algorithm did not confirm that PZSV and the
Cucumovirus PSV (Mild, Rp) as recombinants, a strong
support was given to four isolates of CMV (i.e., 42CM,
CTL, P1-1, Tsh). In fact, most of the methods incorporated
in RDP package confirmed the results obtained by RECCO
and pointed out that TAV is the potential minor parental
donor of no less than 17 CMYV isolates. Seeking for the
recombination evolution rate in RNA 1 of the Bromoviri-
dae, the majority of llarvirus genus members showed that
their breakpoint extent exceeded 3 nt but did not overstep
27 residues (APLPV) (Table 4). In contrast, the breakpoint
extent of the greater number of putative recombination
sites of AMV was limited to one single residue. The
breakpoint extent in OLV-2 was nearly the same in 1, 2,
3,or >3 residues, but the largest size was the greater in the
Bromoviridae RNA 1 (61 nucleotides). In majority, the
breakpoint extent size of the Bromoviruses and Cucum-
oviruses overtook three nucleotides but not exceeding 54
residues (CMV.42CM) (Table 5).

Concerning RNA 2 of the Bromoviridae, all the studied
ilarviruses were recombinants according to RECCO. RDP
package confirmed these results except for APLPV, EMoV,
BCRSV, PMoV, and PNRSV. Similarly, OLV-2 was
revealed to be recombinant by RECCO but not by RDP
3.31f algorithm (Table 2). HILV and APLPV were the
highest recombinant viruses with 86 and 71 putative
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recombination breakpoints, respectively. OLV-2 and AMV
belonging to two taxonomically distinct genera showed a
high degree of recombination with 92 and 58 possible
recombination sites, respectively. Recombination events
occurred also in RNA 2 of the Bromoviruses (BBMV,
CYBYV, SBLYV), PZSV, and all Cucumoviruses mentioned
above supplemented, however, by seven more CMV iso-
lates (i.e., pCb7, pRad35, China, BX, Palampur, pepo, AS)
(Table 3). In determining potential recombination events, a
high consistency was observed between RECCO and RDP
package particularly for CMV and its various isolates as
well as for TAV. Nonetheless, no confirmation was given
by RDP program for the following viruses: BBMV, SBLV,
PZSV, PSV.Mild, PSV.Rp. CMV.China, and CMV.BX. On
the recombination evolution rate, approximately one half
of members of llarvirus genus showed breakpoints extent
consisting of one single residue particularly for HILV (37
sites) and APLPV (29 sites) (Table 4). A similar situation
was observed for OLV-2 (38 sites). Conversely, more than
80% of the recombinant Bromoviruses added to PZSV and
Cucumoviruses displayed recombination sites having sizes
overstepping three residues. The highest size was reached
by CMV.PI1-1 isolate (93 nt) (Table 5).

Nucleotide sequence analysis

Maximum composite likelihood estimate of the pattern of
nucleotide substitution were conducted in MEGA4.1f. The
results for the Bromoviridae were as follows: (i) RNA 1:
rates of different transitional substitutions varied from 1.36
to 8.75, and those of transversionsal substitutions varied
from 8.13 to 11.53. The nucleotide frequencies were as
follows: 0.264 (A), 0.289 (T/U), 0.204 (C), 0.243 (G).
The transition/transversion rate ratios were k; = 0.828
(purines) and k, = 0.168 (pyrimidines). The overall
transition/transversion bias was R = 0.242, where
R = [AGk; + TCk,J/[(A + G)(T + C)]. There were a
total of 2430 positions in the final dataset. (i) RNA 2: rates
of different transitional substitutions varied from 4.20 to
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Table 4 Determination of recombination evolution rate along the sequences of RNAs 1 and 2 of the Ilarviruses, AMV and OLV-2

Virus  RNA 1 RNA 2
Size of breakpoint extent Wider extent position in Size of breakpoint extent Wider extent position in
aligned sequences (size in aligned sequences (size in
1 ) 2 . 3 ) >34 nucleotide) . 2 . 3 ) >3. nucleotide)
residue residues residues residues residue residues residues residues
APLPV 25 12 9 15 881-907 (27) 29 20 5 17 2896-2911 (16)
CiLRV 1 2 2 5 2257-2263 (7) 3 2 2 3 2425-2433 (9)
2890-2896 (7)
EMoV 0 0 2 697-711 (5) 2 1 3398-3421
BCRSV 0 1 3743-3745 (3) 2 2 2 2269-2277 (9)
PMoV 5 5 2 11 1305-1316 (12) 2 0 4 1009-1019 (11)
3571-3582 (12)
TAMV 3 3 0 1821-1834 (14) 7 1 0 1 2729-2732 (4)
TSV 2 0 4 2 827-840 (14) 3 4 11 2046-2057 (14)
HILV 13 10 12 11 1703-1710 (8) 37 25 10 14 135-142 (8)
1370-1377 (8)
1976-1983 (8)
FCLV 22 16 6 16 2081-2092 (12) 13 4 1 10 2052-2059 (8)
SPLV 4 3 5 2039-2050 (12) 3 1 3 11 2657-2673 (17)
ApMV 8 7 4 702-709 (8) 5 2 1 2 2981-2986 (6)
PDV 13 13 10 13 3808-3821 (21) 9 4 4 1364-1380 (17)
PNRSV 8 10 0 10 2149-2156 (18) 2 0 0 2 775-778 (4)
2981-2984 (4)
SNSV / / / / / 0 1 1 1823-1826 (4)
cvv / / / / / 0 0 10 795-819 (25)
AMV 31 17 10 17 1480-1491 (12) 16 13 10 19 1862-1876 (15)
OLV-2 14 12 13 16 307-367 (61) 38 19 15 20 2427-2438 (12)

8.09, and those of transversionsal substitutions varied from
7.88 to 11.92. The nucleotide frequencies were as follows:
0.262 (A), 0.308 (T/U), 0.203 (C), 0.227 (G). The transi-
tion/transversion rate ratios were k; = 0.478 (purines) and
k, = 0.679 (pyrimidines). The overall transition/transver-
sion bias was R = 0.258. There were a total of 1750
positions in the final dataset.

The MEGAA4.1f program implements also the Tajima’s
Neutrality Test. The purpose of this test is to identify
sequences which do not fit the neutral theory model at
equilibrium between mutation and genetic drift. Tajima’s
test compares a standardized measure of the total number
of segregating sites (these are the DNA sites that are
polymorphic) in the sampled DNA and the average number
of mutations between pairs in the sample. The Tajima’s D
was determined for RNA 1 (D = 4.567274) and RNA 2
(D = 4.677207).

Phylogenetic relationships

The phylogenetic relationships among members of the
family Bromoviridae based on their RNAs 1 and 2

sequences were inferred using NJ method. As a general
picture, RNAs 1 and 2 showed phylogenies fully congru-
ent. Remarkably, each taxonomical genus in the family
Bromoviridae constitutes a homogenous group clearly
distinct from one another. Based on the inferred evolu-
tionary history of members of Ilarvirus genus, AMV was
shown to be an integral part of the genus Illarvirus. In
addition, we proposed to classify these members in three
distinct subgroups (Fig. 1). Tentative subgroup I is formed
by ApMV, PNRSV, FCLV, PDV, AMV, HILV, and AP-
LPV. Tentative subgroup II is composed of BCRSV,
SNSV, TSV, and PMoV. Tentative subgroup III encom-
passes CiLRV, TAMYV, SPLV, EMoV, and CVV.
Clustering IT and IIT are more closely related to each other
among themselves than to any other member of the genus
llarvirus.

Discussion

Studies of the molecular evolutionary history of viruses
help to provide an understanding of important features of
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Table 5 Determination of recombination evolution rate along the sequences of RNAs 1 and 2 of the Bromoviruses, Cucumoviruses and PZSV

Virus.isolate RNA 1

RNA 2

Size of breakpoint extent

1 2 3 >3

nt)
residue residues residues residues

Wider extent position in Size of breakpoint extent
aligned sequences (size:

Wider extent position in
aligned sequences (size:
nt)

2 3 >3
residue residues residues residues

BBMV 6 6 5 15 2500-2514 (15)

CYBV 8 4 4 15 2230-2246 (17)

SBLV 12 7 7 13 2224-2241 (18)

PZSV 5 6 8 15 1603-1630 (28)

CMV.42CM 0 2 6 2268-2324 (57)

CMV.CTL 0 0 1 9 2940-2957 (18)
3063-3080 (18)

CMV.P1-1 0 0 0 2 2250-2261 (12)

CMV.Tsh 0 0 0 1 1811-1822 (12)

CMV.pCb7 / / / / /

CMV.pRad35 / / / / /

CMV.China / / / / /

CMV.BX / / / / /

CMYV.palampur / / / / /

CMV.pepo / / / / /

CMV.AS / / / / /

PSV. Mild 3 1 5 5 3155-3180 (26)

PSV.Rp 5 1 4 9 351-374 (24)

TAV.V 8 5 4 14 2412-2427 (26)

9 5 4 14 2225-2239 (15)
15 12 5 10 2933-2943 (11)
5 4 2 10 1081-1097 (7)

1202-1208 (7)
15 10 9 15 1955-1969 (15)
0 0 1 2788-2799 (12)
0 0 0 1 2340-2371 (32)
2 3 0 11 378-470 (93)
0 0 0 1 3145-3166 (22)
0 0 1 3 2189-2269 (81)
0 0 0 1 1243-1302 (60)
0 0 0 4 1581-1665 (85)
0 0 0 1 3198-3203 (6)
0 0 0 2 3111-3116 (6)
0 0 0 1 208-225 (18)
0 1 0 2 1066-1071 (5)
2 2 2 14 989-1007 (18)
5 5 2 10 1985-1999 (15)
17 12 4 11 331-346 (16)

nt nucleotide

their biology such as changes in virulence and geographical
ranges and their emergence as new epidemics, information
that is essential for designing strategies for controlling
viruses. Nonetheless, among evolutionary driving mecha-
nisms, recombination can mislead the phylogenetic
estimation procedure [32] and distort subsequent inferences
based on inferred phylogenies [35, 36]. Consequently, an
essential step in any phylogeny-based analysis is to screen
for and quantify evidence for recombination [19]. In recent
years, there has been an increased interest in understanding
the role of recombination in the evolution of field popu-
lations of RNA plant viruses. Recombination may result in
the exchange of long nucleotide sequences, and it could
have bigger phenotypic effects than most mutations. This
could jeopardize the efficiency of current control strategies,
particularly so for the use of resistance to viruses bred in
crop varieties [12]. In this study, we demonstrated the
occurrence of putative recombination events in several
members of the family Bromoviridae and determined their
phylogenetic relationships. Several taxonomic implications
can be drawn from the results obtained. First, as previously
reported by various authors based on RNAs 1 and 2
sequences analysis [7, 33, 34, 37], AMV is basically sep-
arated from the ilarviruses primarily by its mode of

@ Springer

transmission: it is transmitted non-circulatively by at least
14 species of aphids [17] and should not be considered as
an independent genus but should be integrated in the genus
llarvirus. Alfamovirus is not supported by molecular
analyses and, thus, this genus does not correspond to a
natural phenetic classification. Members of Ilarvirus genus
should be classified into three distinct subgroups (Fig. 1)
instead of 10 as mentioned in several reports of the Inter-
national Committee on Taxonomy of Viruses where its
suggestions were based on antigenic differences. As
reported by Tzanetakis and Martin [39], serological rela-
tionships are not always reliable for assigning viruses into
groups since some epitopes result from secondary and
tertiary protein structures. For example, they mentioned
that FCLV can be recognized by antisera of other Ilarvi-
ruses such as Lilac ring mottle and Asparagus 2 viruses.
This clustering proposal agrees with the results provided by
Codoner and Elena [7, 8]. Their results were based on the
analysis of the whole genome as well as of the whole
proteome of members of the family Bromoviridae. Second,
PZSV which is the only current member of the proposed
Anulavirus genus [13] deserves its affiliation to the
Bromoviridae. Third, Oleavirus genus deserves too its
affiliation to the family Bromoviridae. Nevertheless, our
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Fig. 1 Dendrogram depicting
phylogenetic relationships
among the studied members of
the family Bromoviridae based
on their RNA 1 and 2
sequences. Five clusters
representing the five genera
supplemented by the proposed
Anulavirus genus, were clearly
delineated. Three proposed
subgroups forming the llarvirus
genus were distinguished. The
tree was produced using the N.J.
algorithm option of MEGA4.18.
Bootstrap analysis of 500
replicates was performed. The
scale bar shows the number of
substitutions per nucleotide

005

work showed a few inconsistencies with previous results
provided by various workers. For instance, Shiel and
Berger [34] stated that ApMV is more closely related to
AMYV than to other ilarviruses. This statement disagrees
with our results which indicated that ApMV is more clo-
sely related to PNRSV than to AMV (Fig. 1). In fact, we
determined here that PNRSV is the potential major parent
of ApMV (Table 2). In addition and by contrast to Codoner
and Elena [8], PNRSV was not a potential parental donor
of AMV.

NC 002034
AM183117
AJB79490
D12637
AB124834
L As278479
| AB368496
AY429434 Cucumovirus
AY429435
AM183114 genus
DQ402477 CMv
EF216866
L EF213023
DO399548
EU723568
EUBG5000
EF202595
X02733
AF198101
AB176849
AY429431 3
AMI05353
NC 002038 > PSV
{011125
AB3B09ES J
NC 003837 —> TAV
Ncoosoos  —» BBMV A
NCOoB9SS — CYBV
DQ530423 } Bromovirus
NC 002026 BMV } genus
NCOD4120  — SBLV
AF325736
AF325733 } CCMV )
Nr\::ounnnaaaif — PZSV ——— proposed Anulavirus
Nconssrs — OLV-2 — Oleavirus
NC 008566 — FCLV genus
U7B48 — Tentative
NCOOT495  — AMV
NCO0BOB4  —% HJLV subgroup |
NCDO345T — ApLPV | (including
NC 004362 —> PNRSV | Alfamovirus
NC 003464 —> APMV ) genus) )
DQO91193 —> BCRSV llarvirus
nowErR - > s Tentative > genus
NC 003844 —> TSV
NCODSBS8 — 3 pmov J Subgroup
NCO03548  —p CilRV
_:NC 003833 __—p TAMV
ﬂiﬁﬁiﬁ : SPLV & Tentative
EMoV
NC 009537 -~ subgroup D

Cvv

In biology, since the last few years until now, many
applications have been based on the estimation of phyloge-
netic trees. One main assumption of numerous phylogenetic
methods is that there is only one phylogeny underlying the
evolution of the sequences under study. Recombination
violates this assumption by generating mosaic genes, where
different regions have different phylogenetic histories. By
ignoring the presence of recombination, phylogenetic anal-
ysis may be severely compromised. Hence, the accurate
detection of recombination from DNA sequences becomes
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very relevant, and indeed a number of methods have been
developed for that purpose. Regarding RECCO, we showed
in this article that it is capable to detect recombinants in all
the studied genera. Likewise, it determined the rate of evo-
lution of recombination events along the aligned sequences.
In fact, using RECCO, we demonstrated in a previous study
[6] that PNRSV can exchange during recombination evolu-
tion segments of the CP gene having a size as long as 100
residues contrary to, for instance, its RNAs 1 and 2 which
exchanged only segments not exceeding 18 and four resi-
dues, respectively (Table 4). Similarly, PDV exchanged
segments in the CP gene having a size of 196 nt, while its
RNAs 1 and 2 did notexceed 21 and 17 residues, respectively
(Table 4). Consequently, this is a clear indication that CP
genes evolved more rapidly than genes coding for non-
structural proteins. This is consistent with the statement of
Zimmern [42] and Koonin and Gorbalenya [18]. By contrast,
RDP package did not allow to reach such conclusions. In
addition, the results obtained by RDP package were in some
cases in line with those of RECCO, and in others not so. In
our opinion, the main advantage of RDP 3.31f algorithm was
to indicate the potential donators of the genetic information
to recombinants. In a previous study [5], we dealt with
PHYLPRO method [40] which demonstrated to be limited in
that it was able to indicate only the position of the breakpoint
represented by the value of the broken residue. Based on
these observations, although RECCO is likely to give the
most satisfactory results, both RECCO and RDP package
should be considered as complementary methods, however.

Finally, to our knowledge, this article reports the largest
study on recombination potentially occurring in the RNAs
1 and 2 of all the currently known members of the family
Bromoviridae as well as their phylogenetic reconstruction.
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