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ABSTRACT. The coat protein (CP) of the family Luteoviridae is di-
rectly associated with the success of infection. It participates in various
steps of the virus life cycle, such as virion assembly, stability, systemic
infection, and transmission. Despite its importance, extensive studies on
the molecular evolution of this protein are lacking. In the present study,
we investigate the action of differential selective forces on the CP cod-
ing region using maximum likelihood methods. We found that the protein
is subjected to heterogeneous selective pressures and some sites may
be evolving near neutrality. Based on the proposed 3-D model of the CP
S-domain, we showed that nearly neutral sites are predominantly lo-
cated in the region of the protein that faces the interior of the capsid, in
close contact with the viral RNA, while highly conserved sites are mainly
part of B-strands, in the protein’s major framework.
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INTRODUCTION

Luteoviruses have been reported on potato plantations for a long time, and they have
also been seen in several other crops worldwide (Oswald and Houston, 1951; McKee, 1964;
Harrison, 1999). However, it was not until the last decade that researchers attempted to group
them into a single taxon, the family Luteoviridae (D’Arcy and Mayo, 1997). Viruses of the
family Luteoviridae are phloem-limited and aphid transmitted in a circulative, non-propagative
manner. Their genetic material is composed of a single, positive sense, non-polyadenylated
RNA (Mayo and Ziegler-Graff, 1996). These viruses have a complex biology and are consid-
ered one of the most ecologically successful and economically important groups of plant viruses
(Harrison, 1999).

The family Luteoviridae has been divided into three genera based on differences in the
RdRp and structural proteins: Luteovirus, Polerovirus and Enamovirus. On average, their ge-
nomes are 5700 nucleotides long and exhibit two major portions separated by an intergenic
region of 100-200 nucleotides (Mayo and Ziegler-Graff, 1996). The nonstructural sequences
located at the 5° portion of the genome are highly variable among luteoviruses (Habili and
Symons, 1989), where as the 3’ portion of the genome encloses a conserved structural coat
protein (CP), CP-readthrough sequences and the P17 movement protein.

The virion in the family Luteoviridae is an icosahedral structure with a diameter of 25
nm and probably consists of as much as 180 subunits of the CP organized in T = 3 symmetry
(Harrison, 1999). The CP is considered to possess two main domains, the R region, situated at
the N-terminal of the protein, and an S region, which comprises the structure’s major frame-
work (Terradot et al., 2001). 3-D models obtained by homology depicted conserved secondary
and tertiary structures, such as the jellyroll shape, present in plant and animal viruses (Dolja and
Koonin, 1991; Mayo and Ziegler-Graff, 1996; Terradot et al., 2001; Brault et al., 2003, Lee et
al., 2005).

Studies using point mutations have elucidated the involvement of the CP in several
stages of the viral life cycle. The protein is critical to the virus association with the aphid vector
and may interact with cell receptors in the accessory salivary glands of the organism (Gray and
Gildow, 2003). Therefore, CP is directly related to the specificity and the rate of viral transmis-
sion to the host plant. Also, this protein participates in several post-transmission stages, such as
particle packaging and viral accumulation within the plant (Reutenauer et al., 1993; Peiffer et
al., 1997; Brault et al., 2003).

Despite its importance, extensive studies on the molecular evolution of the Luteoviridae
CP are lacking. Recently, Guyader and Ducray (2002) analyzed 19 sequences of the Potato
leafroll virus and reported that the overlapping open reading frames 3 and 4 are subject to
differential selective pressures. This result indicates that some sites might have undergone re-
laxation of evolutionary constraints and that positive selection could have shaped the overall P3
sequence diversity found within the family. In the present study, we investigate the heterogene-
ity of selective forces acting on sites of the coat protein of luteoviruses as well as the potential
differences in nonsynonymous rate evolution between the genera Polerovirus and Luteovirus.
Our analyses show that the CP was subjected to significant differential selection and it is statis-
tically reasonable to assume neutral evolution on many codon sites. Finally, we compare our
results with the proposed 3-D models in the literature to envisage the biological meaning of such
heterogeneity.
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MATERIALAND METHODS

Complete sequences of the CP coding region were retrieved from the GenBank (ac-
cession numbers shown in Table 1). A total of 48 sequences were obtained and then divided into
two groups for later analyses. The first group consisted of the full sample of the 48 sequences
(large data set), while the second was a reduced sample of 17 sequences retrieved from all
genomes of Luteoviridae available to date (small data set). This was done to test the sensitivity
of the methods used for taxon sampling, since it has already been argued that the number of
sequences analyzed may influence the evolutionary parameters inferred in this work (Yang,
1998).

When collecting the sequences, we have favored the sampling of the most taxonomi-
cally diverse set to gather an accurate picture of Luteoviridae genetic variability. We have also
avoided the usage of several highly similar sequences, since they would not increase the robust-
ness of our estimates. All alignments were performed by Clustal W (Thompson et al., 1994).
Gaps and ambiguous characters were eliminated, resulting in 179 analyzable codon sites.

The phylogenies of the sequences studied were constructed in PAUP 4.b10 using the
maximum likelihood method and the HKY + G model (Hasegawa et al., 1985). Model choice
and parametric estimates were obtained in MODELTEST 3.5 using the likelihood ratio test with
the significance level set at 1% (Posada and Crandall, 1998). The substitution model parameters
estimated for the small data set were: freqA = 0.28, freqC = 0.27, freqG = 0.25, freqT = 0.19;
Ts/Tv = 1.0; a0 = 0.89. For the large data set, the parameters were basically the same: freqA =
0.29, freqC = 0.28, freqG = 0.24, freqT = 0.19; Ts/Tv = 1.14; o. = 0.86.

Maximum likelihood analyses were performed on both data sets to verify the occur-
rence of differential selective pressures acting on sites of the coding sequence. The method of
Yang et al. (2000), also available in PAML 3.13 (Yang, 1997), was used with five models of ®
evolution: the neutral (M1), selection (M2), discrete (M3), beta (M7), and beta&® (M8). We
also compared these results with the recently proposed modifications of the models of Yang et
al. (2000): the NearlyNeutral (M1a), PositiveSelection (M2a) and Beta&m > 1 (Wong et al.,
2004, available in PAML 3.14).

Tests for positive selection can be carried out by comparing the log-likelihoods of the
M1-M2 and M7-M8 models in PAML 3.13 and the modified M1a-M2a and M7-M8 and ® > 1
models in PAML 3.14. Finally, the comparison of the M3 model against the M2 or M2a is
expected to provide a general picture of the heterogeneity of ® values along the codons, al-
though the hypothesis of positive selection is not really tested (Wong et al., 2004).

Positive selection analysis of data sets with several sequences is time consuming. There-
fore, to calculate site-specific ®’s on the large data set, we fixed the branch lengths at the values
inferred by the PAML’s MO model. This approach eliminates the necessity of estimating 94
extra-parameters for each run and, technically, does not largely influence the overall results,
since site-specific models should estimate the same branch length values inferred by the MO. All
analyses were triple-checked by inputting different initial ®’s (0.1, 0.5 and 1.5) to avoid para-
metric estimates from local optima.

Biologically, it is meaningful to analyze our estimates in light of what is known of the 3-
D structure of the CP. Terradot et al. (2001), Brault et al. (2003) and Lee et al. (2005) have
proposed 3-D models of the S-domain of this protein based on homologous comparisons with
related proteins found in virus families close to the Luteoviridae. This domain is fundamental for
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Table 1. Species sampling and GenBank accession numbers.

793

Abbreviation Species Accession number
Enamovirus
PEMV-WSG Pea enation mosaic virus-WSG* NC003629
PEMV-SP Pea enation mosaic virus-SP AF082833
Luteovirus
BYDV-GAV Barley yellow dwarf virus-GAV* NC004666
BYDV-MAV Barley yellow dwarf virus-MAV * NC003680
BYDV-PAV Barley yellow dwarf virus-PAV* NC004760
BYDV-PAS Barley yellow dwarf virus-PAS* NC002160
BYDV-PAV/Vd29 Barley yellow dwarf virus-PAV/Vd29 AY167109
BYDV-PAV/b Barley yellow dwarf virus-PAV/b AY040344
BYDV-GPV Barley yellow dwarf virus-GPV L10356
BYDV-SGV/TX Barley yellow dwarf virus-SGV-TX U06866
BYDV-SGV/NY Barley yellow dwarf virus-SGV-NY U06865
BYDV-MAV/CHN Barley yellow dwarf virus-MAV/CN AF338909
BYDV-PAV/129 Barley yellow dwarf virus-PAV/129 U29604
BLRV-1 Bean leafroll virus* NC003369
BLRV-2 Bean leafroll virus U15978
GRAV/USA Groundnut rosette assistor virus AF195827
GRAV/UK Groundnut rosette assistor virus 768894
SbDV-YS Soybean dwarf virus-YS* NC003056
SbDV-DC Soybean dwarf virus-DC AB076038
SbDV-DP Soybean dwarf virus-DP ABO038150
SbDV-DS Soybean dwarf virus-DS AB038149
SbDV-Y Soybean dwarf virus-Y AB038148
SbDV-Tas-1 Soybean dwarf virus-Tas-1 124049
SbDV-dwarfing Soybean dwarf virus-dwarfing U51448
Polerovirus
BChV-2a Beet chlorosis virus-2a* NC002766
BChV-CR Beet chlorosis virus-CR AF352025
BMYV Beet mild yellowing virus* NC003491
BWYV Beet western yellows virus* NC004756
BWYV-1/5 Beet western yellows virus-1/5 L39986
BWYV-2/2 Beet western yellows virus-2/2 L39967
CRLV Carrot red leaf virus/UK* NC006265
CYDV-RPS Cereal yellow dwarf virus-RPS* NC002198
CYDV-RPV Cereal yellow dwarf virus-RPV* NC004751
CABYV Cucurbit aphid-borne yellows virus* NC003688
PLRV/PAK Potato leafroll virus/PAK AY307123
PLRV/CAN Potato leafroll virus/CAN D13753
PLRV/UK Potato leafroll virus/UK* NC001747
PLRV/IND Potato leafroll virus/IND AF539791
PLRV/CUB Potato leafroll virus/CU87 AF271215
PLRV/KOR Potato leafroll virus AF296280
PLRV/KOR Potato leafroll virus u73777
PLRV-RB/KOR Potato leafroll virus-RB u74377
PLRV/ZAF Potato leafroll virus AF022782
TVDV Tobacco vein distorting polerovirus AF402621
TYV Turnip yellows virus* NC003743
ScYLV/USA Sugarcane yellow leaf virus* NC000874
ScYLV/BRA Sugarcane yellow leaf virus-BRA AF141385
ScYLV-CP65-357 Sugarcane yellow leaf virus-CP65-357 AJ249447

Species with asterisks comprised the small sample.
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the virus biology since it forms the major structure of the capsid. Therefore, we projected the
site-specific m values inferred to the Potato leafroll virus PDB file of Terradot et al. (2001) to
envisage the association of selective pressure and protein structure.

To calculate site specific ®’s, we used the average posterior ® values for each codon
position under the M3 model (with K = 4 classes). For a given codon position i, the average
posterior ®, under the M3 equals the sum of the terms ® p, over all K = 4 classes of the model,
©p +op,+0p +op, where p, is the Bayesian posterior probability of ®,. These values
can be obtained from the rst file, which is written by PAML after each run. We have also
calculated average posterior ®’s for a given region of the gene/protein by averaging the poste-
rior averages of the codons in that region. In this case, if the region has 7 sites, its average ® is
obtained from

130

n‘g i’
where o, is calculated exactly as @, above.
RESULTS AND DISCUSSION

Phylogenetic trees

The maximum likelihood phylogenies obtained by our analyses did not recover the tra-
ditional taxonomic groups considered in the literature (Figure 1). The Luteovirus species BLRV
and SbDV were included in the genus Polerovirus, while ScYLV, an unclassified virus with
polerovirus affinities, was found within the genus Luteovirus. This result is expected to hold
since it has already been demonstrated that the CP coding region has undergone recombination
events during Luteoviridae evolution (Habili and Symons, 1989). Classification at the species
level in the family is carried out by means of replication strategies and BLRV and SbDV poly-
merases are similar to those found in members of the genus Luteovirus, although their structural
proteins are close to the genus Polerovirus (Rathjen et al., 1994; Domier et al., 2002). The
inverse is true for SCYLV (Maia et al., 2000; Moonan et al., 2000; Smith et al., 2000).

The phylogenetic position of the GRAV has never been thoroughly investigated, but the
alignment provided by Scott et al. (1996) clearly indicates its kinship with the CABYV (75%
similarity) and, therefore, justifies its inclusion within the genus Polerovirus. In our trees, the
position of the CABY'V is not fully resolved, since in the small data set it is a sister group of the
[Polerovirus 2 (Luteovirus 1, Polerovirus 1)] group and in the large data set it becomes the
outgroup of one of the Polerovirus clades (Polerovirus 1).

Although each of the groups defined in Figure 1 are supported by bootstrap values
higher than 80%, the basal nodes that disrupt the Luteovirus and Polerovirus genera are not
statistically significant and, hence, much of the incongruences found between our trees and
traditional taxonomic schemes may be also due to phylogenetic error. Such a problem, however,
did not influence the estimation of site-specific parameters, since positive selection inference
relies mainly on the overall sequence diversity (Yang et al., 2000). For instance, Yang and co-
workers (2001) reported that even a star tree rendered similar parametric estimates when
compared to the maximum likelihood topology of the vertebrate B-globin gene.
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Figure 1. Maximum likehood topologies. A. Phylogenetic tree for the small data set. B. Phylogenetic tree for the large
data set.

Polerovirus 1

Selective pressures acting on codon sites

Codon-based analyses demonstrated that there were no drastic differences between
the large and the small data sets (Tables 2 and 3), suggesting that parametric estimates, in this
case, are robust to taxon sampling. Therefore, we will discuss on the large data set estimates,
except when stated otherwise. Both data sets are best explained when models that incorporate
neutral or positive selection categories are considered. Moreover, the discrete model, which
depicts the heterogeneity of selective forces on the coding region, needs four categories to fit
the data.

Model comparisons that test for positive selection showed that it is not reasonable to
assume it (Table 2). When comparing the M1-M2 models, the third category inferred by the M2
presented < 0, and therefore, although this model is significantly better than M1, no positively
selected sites were inferred. However, it is clear that a large number of sites are evolving at ®
values close to neutrality and that the assumption of negative selection at =0 is not realistic for
the data. The neutral model M1 estimates 96% of the sites to be evolving at ® = 1, this number
falls to 30% when the 0 = 0.205 category is created in M2, which indicates that sites under 0 <
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o < 1 are indeed associated with the neutral category. Since the percentages of sites calculated
to be under ® = 0 are statistically identical, there is little doubt that the excess of neutral sites in
M1 is due to inappropriate categorical association.

Theoretically, the comparison between M1a and M2a is more adequate, since there is
no constraint on the negative selection category of M1a, and the M2a model is forced to infer
sites with m > 1, resulting on a proper test of positive selection (Wong et al., 2004). Therefore, if
there is a small number of sites with ® > 1, they are expected to be assigned to this positive
selection category with naive empirical Bayes (NEB) posterior probabilities >95%. Our esti-
mates corroborate this theoretical prediction and restate that a significant number of codons in
the coat protein are evolving near neutrality. The negative selection category of Mla is esti-
mated at ® = 0.185 and accounts for 68% of the sites, while the percentage of neutral sites is
32%. Note that these values are very close to the M2a estimates. The forced positive selection
category of the M2a model was estimated at ® = 1, accounting for 17% of the sites. This value
is indistinguishable from neutrality and, in fact, the LRT statistic between M 1a and M2a is null.
Therefore, positive selection is rejected. As in M1a, M2a also infers that 68% of the sites are
evolving at ® near 0.2 and that about 32% of the sites are neutral (the sum of p, and p,).

Tests with models that use the beta distribution followed the same pattern recovered by
the neutral-selection models. The M8 was not significantly best fit to the data when compared
against the M7 (x* = 5.95, d.f. = 2). Moreover, the inferred ® is <I, which eliminates the
possibility of positive selection. The M7-M8a comparison is similar to the M7-M8 except for the
constraint imposed on the inferred ® to be >1 in M8a. Once this model forces the existence of
positive selected sites, it is predictable to find such sites. However, although M8a fits the data
better than does M7 (¥* = 10.59, d.f. = 2), none of the ® > 1 sites shows NEB posterior
probability >95%, and moreover, the positive selection class was estimated near neutrality at ®
= 1.041. Diversifying selection then cannot be securely assumed.

While testing the heterogeneity of selective forces along the open reading frame, the
log-likelihood of the discrete model M3 with three classes (K = 3) was significantly better than
the M2 and M2a. Moreover, the discrete model with four classes (K = 4) fits the data better
when compared with K = 3; the addition of a fifth class did not significantly augmented the log-
likelihood of the model. Thus, M3 (K = 4) best describes the variation of ® values on CP. One of
the classes of this model shows ® > 1; this value, however, is also quite close to neutrality (0 =
1.169) and, again, positive selection is weakly upheld (Table 3).

It is worth noting that the diversity found in site-specific ® values was not randomly
distributed along the coding region (Figure 2). The first 48 codons of the alignment, in the R
region of the protein, account for the majority of the sites with ® values higher than or close to
one, while the middle region includes most of the sites under strong negative selection. When
the estimates obtained from the M3 (K = 4) model are averaged, this separation is clearly
illustrated. The R region sites possess an average ® = 0.62, while the conserved middle region
shows @ = 0.25.

A considerable number of sites were estimated to be neutrally evolving by the neutral-
selection models. This is particularly evident when the M2 is considered, since the estimated ®
= (0.205 class accounted for 65% of the sites, while 30% were assigned to the neutral class.
Since the M1, M1a, M2, and M2a models force the ® = 1 (neutral) category, it remains unclear
whether the neutrality hypothesis is correct for these sites. A test for neutrality in this case
would be the comparison of the M2-M3 (K = 3) or the M2a-M3 (K = 3) models. The M3 model
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Figure 2. Heterogeneity of selective forces on the CP as inferred by the M3 model with four classes. At each site, the size
of the bars of each  is proportional to its Bayesian posterior probability. The blue line indicates the extension of the S-
domain, while red and yellow lines designate the regions in which the rates of nonsynonymous substitutions are high and
low, respectively.

with three classes estimates a third  that is not forced to be =1 as in M2 and M2a. Therefore,
if this model fits the data better than does M2 or M2a and none of the estimated ®’s in M3 is
equal or close to one, the occurrence of neutral sites is not statistically supported.

Indeed, as already stated, the M3 (K = 3) best fits the data when tested against M2 (>
=63.29,d.f. = 1) and M2a (%> =90.97, d.f. = 1) and the three ® estimates were <1 for the large
data set (Table 3). In the small data set, however, a ® = 1 class was inferred (p = 22%) and one
of the estimates for the large data set was close to one (0= 0.814, p =26%). Therefore, it is still
uncertain whether the existence of neutral sites is statistically supported, although there are
clear indications that a number of sites have undergone relaxation of selective pressures during
P3 evolution. Figure 2 illustrates that the N-terminal region of the protein is subjected to ®
values higher than the central region, which encloses many conserved sites.

When we project the average posterior ® values for each site inferred by the M3 (K =
4) model, which depicts the heterogeneity of selective pressures, on the primary structure of the
CP S-domain, the N-terminal region of the sequence is also found to be composed of sites with
higher ® values, while the bulk of the sequence is under strong purifying selection (Figure 2). If
average ®’s in each of these regions are calculated using the average posterior ®’s at each site
(see Methods), the N-terminal region shows @ = 0.67, while this value is estimated to be @ =
0.25 in the conserved region.

When the 3-D structure of Terradot et al. (2001) is considered, highly conserved sites
(0 = 0.052, M3 with K = 4 classes) are basically located within -strands in the core of the
structure and in regions facing the surface of the capsid (Figure 3A). The @ = 0.25 region also
matches the B-strands and parts in contact with the external environment. It is known that the
CP surface of some animal viruses is subjected to strong positive selection (Frost et al., 2001;
Choisy et al., 2004; Mittal et al., 2005; Shackelton et al., 2005). Positively selected sites in
animal viruses are generally correlated with epitopes recognized by the immune system or sites
under potent antiviral therapy. Therefore, our results suggest that selective pressures imposed
by the aphid immune system may not be shaping the diversity of CP in the family Luteoviridae.

This highly conserved structure of the surface of the capsid portrays potential interac-
tions with cell receptors of the aphid vector. Mutational studies showed that sites under purify-
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Figure 3. Predicted 3-D model and corresponding amino acid sequence of the CP S-domain of the PLRV proposed by
Terradot et al. (2001). A. Red sites are assigned to the o = 1.169 class with Bayesian posterior probabilities >95%, while
yellow sites are assigned to the highly conserved ® = 0.052 class also with P > 95%. B. Red and yellow regions shown in
Figure 2 are projected onto the 3-D model to highlight the spatial division between sites facing the interior of the capsid
(@ = 0.67) and sites that comprise the core of the protein (@ = 0.25).

ing selection on the CP surface are essential for the biology of the luteoviruses. For example,
mutations in the acidic patch domain located in the surface loop of PLRYV established the role of
CP in virion assembly, systemic movement and aphid transmission (Lee et al., 2005). Mutation
analyses of exposed sites of BWYV CP also recognized its function in RNA packaging, virus
accumulation and aphid transmission. All amino acid sites deemed by Brault et al. (2003) and
Lee et al. (2005) to be essential for well-functioning CP were found to be under negative
selection in our analyses. Therefore, the purifying selection acting on the CP surface of
Luteoviridae could be resultant of the constraints imposed by receptors of the aphid and the host
plant, which limits structural changes.

On the other hand, sites with NEB posterior probabilities >95% for ® near neutrality (®
=1.169, M3 with K =4 classes) are located at the region of the protein which faces the interior
of the capsid (Figure 3A). Sites that make up the @ =0.67 region of the protein are all situated
at the hanging strand that faces the interior of the capsid (Figure 3B). Amino acid substitutions
in this region of the S-domain may not drastically affect the virus biology as those located on the
surface of the virus.

We have showed here that the heterogeneous selective forces acting on the CP of the
Luteoviridae are in agreement with the studies that investigated the function of the protein.
These indications lead us to find that evolutionary approaches, such as the analysis of differen-
tial selective pressures, can establish bridges between sequence data and biological function
and can also be useful in identifying candidate sites for point mutation studies.
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