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A Recombinational Event in the History of Luteoviruses Probably Induced by Base-Pairing
between the Genomes of Two Distinct Viruses
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Alignments of luteovirus readthrough protein amine acid sequences show they consist of two distinct regiens, here named
the N domain and the C domain. N domain sequences were classified, and comparison of this gene phylogeny to phylogenies
of other luteovirus genes revealed an anomaly in the relationships between beet western yellows luteovirus, cucurbit aphid-
borne yellows Juteovirus {CABYV), and pea enation mosaic RNA1 (PEMV1). Together with alignments of virion protein and
readthrough protein amino acid sequences, these gene phylogenies indicate the anomaly to be the result of two recombina-
tional events, probably between ancestors of CABYV and PEMV1 and leading to the transfer of RNA coding for the N
domain to an ancestor of CABYV. Two likely recombination sites were identified from the alignments, one at the 5’ end of
the readthrough protein gene and the other at the 5' end of the sequence coding for the C domain. Alignments of the
nuclectide sequences encompassing the probable recombination sites suggest that base-pairing between the genomes of
the two ancestral luteoviruses, resulting from local sequence similarity at the 5° end of the readthrough protein gene,

probably induced one of the interspecies recombinational events.

The isometric virions of luteoviruses are assembled
from the viricn protein (VP) and a fusion protein con-
sisting of the VP and a second polypeptide known as
the readthrough protein (RT protein) (1-3). Alignments
show luteovirus VPs to have homology with the virion
protein shell domain (S domains) of carmoviruses, sobe-
moviruses, and tombusviruses {4) and hence to have
the eight-stranded anti-parallel 8-barre! structure (5). The
fusion protein is produced by suppression of the VP gene
stop codon and subsequent translation of the in frame
RT orotein gene (6, 7). RT proteins are expesed on the
surface of virions {8). Allgnments of RT protein amino
acid sequences show they consist of two distinct regions
nrobably corrasponding to separate domains (2, 9). The
N-terminal sequences (N domains) are relatively con-
served whereas the C-terminal sequences (C domains)
are more variable.

Classification of luteovirus S domain and C domain
amino acid sequences, shown in Fig. 1, place beet west-
ern yellows Juteovirus (BWYV) (2) and cucurbit aphid-
borne yellows tuteovirus (CABYV) (9) as sister taxa. This
relaticnship was also found in classifications of amino
acld seguences inferred from the second open reading
frame and polymerase gene (M.).G., unpublished data).
Hence the apparent relationship between the N domains
of CABYV and pea enation mosaic virus RNA1 (PEMV1)
{13), also shown in Fig. 1, is anomalous,

The anomaly in tree topology may have been due to
sequence convergence (homoplasy), if for example the
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sequences were poorly conserved. However, the conser-
vation of N domain sequences suggests a different ex-
planation. Alignments, Fig. 2, and diagon plots (22) (not
shown), confirm that the VP and C domain of CABYY are
more closely related to those of BWYV than PEMV1, but
alsc show that the converse is true of the N domaing of
these viruses. Percentage identity scores, calculated
from the alignment shown in Fig. 2, summarize the rela-
tionships. The VP, N domain, and C domain seguences
of CABYV and BWYV are 67, 27, and 47% identical, re-
spectively, whereas the VP, N domain, and C domain
sequences of CABYV and PEMV1 zre 30, 49, and 9%
identical, respectively.

Together the alignments and classifications indicate
the anomaly to be the result of recombination probably
between ancestors of CABYV and PEMV1 and leading
to the transfer of RNA ceding for the N domain to an
ancestor of CABYV. Two alternative explanations, that
aither BWYV or PEMV1 avolved from a recombinant, are
difficult to reconcile with the phylogeny of the other char-
acterized luteoviruses. The reestablishment of the close
relationship between CABYV and BWYV in the C domain
sequence suggests that two crossover events took place
and that apart from the seguence encoding the N do-
main, the ancestor of CABYV remained intact.

Identical and closely similar amino acid residues
found on aligning sequeances from the three viruses are
shown in Fig. 2. The regions in the sequences where
relationships change (transitional regions), one at the N
terminus of the RT protein and the other atthe N terminus
of the C domain within the RT protein, as marked in Fig.
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Fi. 1. Majority rule consensus trees inferred from classifications of
the aligned amino acid sequences of luteovirus S domains (a), N do-
mains {b), and C domains (c). Genomic sequences for the following
viruses were obtained from the EMBL Nucleatide Sequence Data Li-
brary: BWYV (2), barley yellow dwarf luteovirus type MAV (BYDV-MAV)
(10), BYDV type PAV {BYDV-PAV} (11), BYDV type RPV (BYDV-RPV) {12},
CABYV (9), pea enation mosaic RNA1 (PEMV1) {73}, potato {eaf roll
luteovirus (PLRV} (14, 15), and soybean dwarf luteovirus (SbDV) (76). 8
domain sequences were delineated from the VP sequences as in Dolja
and Koonin {4). N domain and C domain sequences were delineated
from the RT protein sequences as shown in Fig. 2. Sets of amino acid
sequences were progressively aligned using the pregram package
Clusialv {17). Classifications were inferred by the neighbor-joining
methed (78), implemented in ClustalV, and by the maximum parsimony
method using the heuristic searching technique tree bisection-recon-
nection (TBR), implemented in the program package PAUP version 3.0
(79). Three equally parsimonious trees were found using the S domain
and C domain data and one most-parsimonious tree was found using
the N domain data. A tree found using maximum parsimony and boot-
strapping (20) was included. Majority rule censensus trees were in-
ferred from all tree topologies found for a set of sequences using
COMPONENT version 2.0 (21). To the left of each node and below the
branch is the percentage of trees in agreement with the nodes shown.
To the left of each node and above the branch are boot-strap values
obtained for each node. Tdraw (J. H. W. Fergeson, unpublished pro-
gram) was used to infer the midpoint between the most distant taxa
in the neighbor-joining trees. The root of the S domain tree was inferred
from a classification including sequences from viruses from the aph-
thovirus, carmovirus, dianthovirus, necrovirus, tombusvirus, and tymovi-
rug genera. The PEMV1 C domain sequence is considerably shorter
than those of the other viruses (see Fig. 2) and therefore its inclusion
in the C domain set may be Invalid; however, exclusion of the sequence
did not affect the tree topology, and a maximum parsimony tree inferred
using only the positions that aligned with the PEMV1 sequence had
the same topology.

2, were found by comparing the frequency of identities
and similarities at the junctions of the three polypeptides
and from diagon plots {not shown). Equivalent transi-
tional regions were found by alignment of the nucleotide
sequences (nct shown}, confirming that the 5’ end of the
RT protein gene and the 5’ end of the sequence encoding
the C domain within the RT protein gene are the likely
sites of recombinational events. However, the location
of each recombination site could not be defined more
accurately using these alignments.

Template switching, the likely cause of the two events,

is thought to be induced in scme instances by base-
pairing between the template RNAs (£23). Consequently,
alignments were also used to search for any nucleotide
sequence similarities within, or nearby, the two probable
recombination sites. Little likelihood of complementation
was found between nucleotide sequences encoding the
N termini of the C domains. However, at the &' ends of
the RT protein genes, similarities were found between
the nuclectide sequences of all three viruses. These sim-
ilar sequences, mostly consisting of matching cytosing
residues coding for proline, span the seguence coding
for the transitional region.

All the sequenced luteovirus genomes encode a series
of proling residues, usually alternating with other amino
acid residues, at the N terminus of the RT protein. Co-
dens for proline have the sequence "CCN,” hence the %’
ends of the RT protein genes are rich in cytosine residues
and these genomes are very similar in this region. For
example, although the entire genomic sequences of
BWYV and PEMV1 are 37% identical at the nucleotide
level when aligned using the program GAP (24), the nu-
clectide sequences from these two genomes spanning
the 5’ recombination site, 54 and 51 bases long, respec-
tively, are 63% identical when aligned in this way. In
comparison, the polymerase genes, the most conserved
open reading frames, of these two viruses are only 48%
identical when aligned using GAP. Alignment of the nu-
clectide sequences that encode the transitional region,
based cn the aming acid alignment, Fig. 3, show CABYV
and PEMV1 to have 34 identities, 24 of which are cyto-
sine, and BWYV and PEMV1 to have 33 identities, 20 of
which are cytosine. In the genomes of CABYV and
PEMV1 repetition of cytosine residues continues for a
further 24 nucleotides on the 3’ side of the transitional
region.

The location of a recombination site within this region
of significant hemology is unlikely to be coincidental.
Cytosine residues on the positive strand of the genome
of one ancestral lutecvirus may have base-paired with
the complementary guanine residues on the negative
strand copy of the genome of the other ancestral luteov-
irus and sc induced a replicase to switch templates.
This suggestion, tegether with findings concerning the
evclution of tobacco rattie tobravirus {25), supports the
notion that the formation of intermolecular duplexes con-
tributes to gene transfer among RNA viruses. The diver-
gence of BWYV, CABYV, and PEMV since the recombina-
tional events, as judged from alignments {Figs. 2 and 3},
obscures the precise location of each recombination site
and prevents prediction of the likely base-pairing be-
tween the ancesters of CABYV and PEMV1. However,
the evolutionary distance between BWYV and PEMV1
may be similar to that between the parents of the recom-
binant and so comparison of these sequences gives
some measure of the possibilities (Fig. 3).

The phenotypic consequences of the recombinational
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Fic. 2. An alignment of the VP and RT protein N and C domain amino acid sequences of BWYV, CABYV, and PEMV1. Each of the three sets of
sequences was aligned independently using ClustalV (77). The two regions in the sequences where transitions in phylogenetic relationship ocour
are marked in bold type and the CABYV sequence is undertined at each of these locations. Identical and closely similar amino acid residues found
between the sequences are marked by asterisks and dots. Those found between the sequences of BWYV and CABYV are marked above the
alignment, and those found between the sequences of CABYV and PEMV1 are markad below the alignment.
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BWYV CCCAAA---UAGGUAGACGAGGAACCCGECCCUAGCCCAGGGCCUUCUCCCUCUCCACAACCCACACCCCAAAAGAAA -~ - — -~ — === —— - =
PEMV1 GCCUCCCUCUGAGGGGACGAC---GCUCCCCCGUCACCAGGECCUGATCCCEEECCCCAACCACCACCACCUCCACCCCCAAGUCCCACUCCC
CABYV CCGAAA——-UAGGUAGACGGCAGUUCCCCCCCCCCCCCAAGUCCUAGUCCAACCCCACCACCUCCBCCRCCCCCUCAGCCUCAACCCCAGCCU
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Fis. 3. An alignment of nucleotide sequences from the 5" end of the BT protein gene of BWYV, PEMV1, and CABYV. The sequences shown are
positions 4083 to 4157, 4557 to 4646, and 4096 to 4185, respectively. Sequences were gapped on the basis of gaps in the amino acid alignment.
The region in the sequences where the transition in phylogenetic relationship occurs is marked in bold. 1dentities between the sequences of BWYV

and PEMV1 are marked by asterisks above the alignment. Identities between the sequences of CABYV and PEMV1 are marked by asterisks below
the alignment.
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event are unclear. It has been suggested RT prolgins
determine the specificity of luteoviruses for their aphid
vaectors, possibly permitting transport of virions from the
haemocoel to the salivary duct within the aphid {7, 8).
Hence the recombinational event may have altered the
vector specificity of the ancestral virus and so offered an
advantage. If this were true CABYV and PEMV1 might
be expected to have similar vector specificities, but the
specificities of CABYV {26) appear (o be closer to those
of BWYV than PEMV1 (reviewed in 27 and 28). There
may be other possible explanations for the success of a
recembinant as RT proteins may have additional as yet
unidentified functions (73, 29).
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