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Abstract

Passionfruit (Passiflora edulis) is widely cultivated in tropical and subtropical regions around the world. Several viruses
of the genus Potyvirus pose serious threat to passion fruit production. The origin, dispersal and evolution of these
potyviruses, however, are poorly understood. Here, we investigated the genetic structure of telosma mosaic virus
(TelMV), a potyvirus that infects passionfruit in East and Southeast Asia, after a survey of its incidence in passionfruit
plants of China. The phylogeny inferred from 140 nucleotide sequences of the coat protein (CP) gene of TelMV, includ-
ing 96 determined in this study, separated this virus into 4 clades. TelMV isolates from passionfruit were placed into
Clade 1-3, while those from other plant species into Clade 4. Interestingly, TelMV isolates of passionfruit from Thailand
were found in all the three clades of Clade 1-3, but those from China and Vietnam were found exclusively in Clade

1. Nevertheless, TelMV isolates within Clade 1 tended to cluster according to their geographical origin. Geographi-

cal populations from Thailand, Taiwan and Hainan islands of China showed significant genetic differences with one

another and with those from Guangxi, Fujian, Guangdong, Yunnan and Jiangsu provinces of China. Altogether, these
data suggest that several distinct TelMV clades had arisen from the passionfruit of Thailand, but only one of which was
dispersed. In expanding its distribution, this clade of TelMV has undergone geography-associated evolution. Further
studies on this hypothesis may shed new insights into mechanisms underlying the emergence of potyviral diseases in

passionfruit plants.
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Background

Native to South America, passionfruit (Passiflora edu-
lis) has been widely dispersed in tropical and subtropical
regions around the world (Manicom et al. 2003). In some
underdeveloped countries, passionfruit has been adopted
as an important economic plant to increase the income
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of poor peasants (Ochwo-Ssemakula et al. 2011). There
are two main types of passionfruit: f edulis with purple
fruits and f. flavicarpa Degener with larger yellow fruits.
Many countries grow both varieties (Lim 2012).

A viral disease called passionfruit woodiness disease
(PWD) is prevalent in all major passionfruit growing
areas of the world (Cerqueira-Silva et al. 2014). Passion-
fruit plants affected by PWD exhibit a wide range of
symptoms from leaf mosaic to woodiness and deforma-
tion of the fruits. Collectively, these abnormities shorten
the lifespan of passionfruit and cause significant yield
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losses (Ochwo-Ssemakula et al. 2011). The causal agent
of PWD was identified to be passionfruit woodiness virus
(PWV) in 1973 in Australia (Taylor and Greber 1973).
For decades, PWV had been considered to be respon-
sible for the PWD in other regions of the world as well.
Later studies, however, found that the causal agent of
PWD in Brazil and South Africa is cowpea aphid-borne
mosaic virus (CABMV), while that in Japan is East Asian
Passiflora virus (EAPV) (Iwai et al. 2006). More recently,
many other viruses were reported to cause PWD, some
of which, like Ugandan passiflora virus, have been shown
to be a limiting factor for passionfruit production locally
(Ochwo-Ssemakula et al. 2011; Mbeyagala et al. 2019).
Despite their diversity in species and differences in geo-
graphical distribution, all PWD-causing viruses are
positive-sense RNA viruses belonging to the genus Poty-
virus under the family Potyviridae (Lefkowitz et al. 2018).
Clearly, an understanding of the process by which these
potyviruses emerge on passionfruit is helpful in manag-
ing PWD. However, studies that can meet this demand
are scarce in the literature. The only information of rel-
evance is that many potyviruses had been identified from
other plant species before they were known to infect pas-
sionfruit. This suggests that at least some potyviruses are
jumped to passionfruit from other plants.

Passionfruit acreage soared in the past decade in Asia.
In China’s mainland alone, the planting areas of passion-
fruit have reached approximately 30,000 ha. Not unex-
pectedly, potyviruses other than EAPV have also been
found to cause PWD in Asia (Chang 1992). One of these
potyviruses is telosma mosaic virus (TelMV). The occur-
rence of TelMV in passionfruit was first reported from
Thailand in 2014 (Chiemsombat et al. 2014). Shortly
thereafter, TelMV was detected in passionfruit in sev-
eral different provinces of China’s mainland, as well as in
Taiwan region (Xie et al. 2017; Chen et al. 2018). More
recently, TelMV was detected from passionfruit in Viet-
nam (Ha et al. 2008; Do et al. 2021). The first known plant
host of TelMV is not passionfruit. Instead, it was first
detected from telosma in Vietnam (Ha 2007). Besides
telosma, TelMV was found to infect patchouli in Indone-
sia and Emperor’s Candlesticks (Senna alata) in Yunnan
Province of China (Yao et al. 2019). These observations
suggest that TelMV has a wide host range and is widely
distributed in East and Southeast Asia. Considering the
short history of passionfruit cultivation in Asia, it is not
unconservative to assume that the TelMV infecting pas-
sionfruit comes from a recent host jump event involving
one or several non-passionfruit plant species.

Given the background described above, this study
aimed to: (i) get an overview on the incidence of TelMV in
passionfruit plants in China; (ii) characterize the genetic
structure of TelMV to facilitate our understanding of its
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origin and dispersal; (iii) gain a primary knowledge on
the relationship between TelMV infecting passionfruit
and other plant species. For these purposes, we randomly
collected 508 passionfruit plant samples from 7 prov-
inces of China and detected the presence of TelMV in
these samples. Furthermore, we determined the nucleo-
tide sequences of the coat protein (CP) cistrons of TelMV
from 96 representative samples and analyzed them
together with relevant sequences from public databases.
The results provide some new insights into the epidemi-
ology of TelMV.

Results

The pervasiveness of TelMV in China

In Thailand, TelMV seems to be the dominating potyvi-
rus affecting passionfruit production, with a detection
rate of about 55% in field samples (Chiemsombat et al.
2014). In Vietnam, however, TelMV has a very low inci-
dence (Ha et al. 2008). This uneven distribution of TelMV
in Southeast Asia promoted us to investigate its incidence
in China. RT-PCR analysis was used to detect TelMV
infection in passionfruit plants. TelMV was detected
from 373 out of the 508 samples collected from 7 prov-
inces of China’s mainland (Fig. 1a). For the purple and
yellow passionfruit, TelMV was detected from 178 out
of 248 and 195 out of 260 samples, respectively (Fig. 1b).
The detection rate of TelMV in different provinces varies
substantially. However, all the 4 major passionfruit grow-
ing provinces, Guangxi, Fujian, Hainan and Guangdong,
showed a high detection rate. Prominently, Fujian and
Guangxi, the two largest passionfruit producers, both
have a detection rate of above 80% (Fig. 1c). Altogether,
the data showed that TelMV is pervasive in passionfruit
plants in China, especially in these major passionfruit-
producing regions. It is interesting to note that 145 of the
508 samples collected in this study were symptomless.
However, TelMV was detected from 29 of them.

The phylogeographic structure of TelMV

The phylogeny reconstructed based on the CP gene
sequences separated TelMV into 4 well-resolved clades
named Clade 1-4 in this study (Fig. 2). TelMV isolates
from passionfruit were placed into Clade 1-3, while those
from telosma or Emperor’s Candlesticks were placed into
Clade 4. However, Clade 3 shares a more recent common
ancestor with Clade 4 than with Clade 1 or 2. An inter-
esting observation was made when the geographical ori-
gins of the TeIMYV isolates in Clade 1-3 were examined:
TelMYV isolates from Thailand were found in all the three
clades, but those from China and Vietnam were found
exclusively in Clade 1 (Fig. 2).
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Fig. 2 Maximum-likelihood phylogenetic tree based on the nucleotide sequences of the coat protein gene of TelMV. Ultrafast bootstrap
support >95% values are given at each node. The bar represents the number of substitutions per site

Geographical differentiation of Clade 1 TelMV

In the phylogenetic tree, TelMV isolates in Clade 1
formed a comb-like structure. Nevertheless, many iso-
lates sharing the same geographical origin tend to
form sub-clades with well-supported bootstrap val-
ues (Additional file 1: Figure S1). This suggests that
TelMV isolates from Clade 1 are clustered according to

their geographical origin. Indeed, phylogeny-trait asso-
ciation analysis supports this idea (Al and PS, P<0.001)
(Table 1). With TeIMV isolates from Anhui and Yunnan
provinces as exceptions (MC=1.07 and 1.04, respec-
tively, P> 0.05), significant signal of geographic clustering
was observed when TelMYV isolates were grouped by their
geographical origins (MC: P<0.05) (Table 1).
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Table 1 Pairwise F¢; between TelMV subpopulations within Clade 1
AH F) GD GX HN Js YN TL ™
AH -
FJ 0217 -
GD —0.04" 017" -
GX 013" 0.02" 0.08" -
HN 064" 032" 0597 038" -
JS —0.04™ 017" —0.04™ 0.09" 0.58™" -
YN 0.04" 0.13" 0.05™ 0.06™ 042" 0.07" -
TL 039™ 026" 038" 027" 028" 041" 025" -
W 0827 046" 074" 052" 0617 072" 0577 038" -

Negative Fg; value indicates an excess of heterozygotes; ns, not significant

Significance thresholds: "0.01 < P<0.05; 0.001 <P<0.01; ""P<0.001; Viral isolates from Vietnam were excluded from the analysis because of insufficient size (n < 3)

Given this observation, the statistic Fg; was used to
assess the differentiation between geographical popula-
tions of Clade 1 TelMV. As presented in Table 2, TelMV
populations from Thailand, Taiwan and Hainan of China
are significantly differentiated from all the other popu-
lations. In most pairwise comparisons involving these 3
populations, Fgp values are greater than 0.33, indicating
infrequent gene flow between each of these 3 populations
and any other populations. However, the differentiation
among TelMV populations of Anhui, Fujian, Guangdong,
Guangxi, Jiangsu and Yunnan provinces is significant
only for a few pairwise comparisons. In all pairwise com-
parisons, Fgp values are much lower than 0.33, indicating
frequent gene flow among the 6 populations.

Altogether, these results indicate genetic differentiation
between geographical groups of Clade 1 TelMV isolates.
However, the differentiation level between geographical
groups within China’s mainland is low, possibly because
of frequent gene flow.

Natural selection acting on Clade 1 TelMV

Primarily, geographical differentiation is a result of
adaptation. In principle, adaptative evolution leads to
genetic diversification. However, the nucleotide diver-
sity (m) of TelMV isolates in Clade 1 is modest, at a
value of 0.031. This suggests that selection may have a
role in shaping the genetic structure of Clade 1 TeIMV.
The selection pressures acting on Clade 1 TelMV were
investigated subsequently. Using CodeML, we found
that most CP codons of Clade 1 TelMV were under
negative selection, with a dN/dS value much lower
than 1 (Fig. 3). However, significant evidence for posi-
tive selection was detected for codons specifying amino
acid positions 20, 23, 28, 34 and 46 of CP (Table 3).
As a comparison, no evidence for positive selection
was detected from Clade 3 TelMV (Additional file 2:
Table S1).

Table 2 Putative codons in the coding sequence of the TelMV CP gene identified under positive selection within Clade 1

Model np LnL Estimates of parameters Model compared LRT Positive sites

MO 256 —4380.480 wy=0.187 MO vs. M3 <0.001 Not allowed

M3 260 —4212.443 po=0.871,p,=0.106, p,=0.022 n/a
Wy =0.040, w,; =0.930, w,=4.067

M1a 257 —4234.674 po=0.877,p,=0.123 M1a vs. M2a <0.001 n/a
w,=0.038, w,; =1.000

M2a 259 —4211.067 po=0.875,p;=0.104, p,=0.021 Not allowed
wy=0.041, w,;=1.000, w,=4.328

M7 257 — 4258473 p=0.054,q=0.074 M7 vs. M8 <0.001 Not allowed

M8 259 — 4214917 po=0954, p=0.088, =0.565 207,237,287 34" 46"
p;=0.046, w=2.842

M8a 258 —4233.006 po=0.887, p=0.609, g=12.944 M8a vs. M8 <0.001 Not allowed

p;=0.113, w=1.000

*Posterior probability > 0.95; **Posterior probability > 0.99%; ns, not significant; np, the numbers of parameters; Ln L, log-likelihood value; LRT: likelihood-ratio test;

n/a, no data available
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Table 3 Phylogeny-trait association test for phylogeographic structure of TelMV

Analyses Statistic Observed mean (95% HPD Cls) Null mean (95% HPD Cls) p value
Al 5.95 (5.02, 6.86) 14.10 (13.17, 14.90) <0001
PS 51.60 (48.00, 54.00) 93.71 (90.06, 97.28) <0001
AH MC 1.07 (1.00, 2.00) 1(1.00, 1.60) 1.000"
F MC 7.71 (4.00,12.00) 213(1 55, 306) 0010
GD MC 1.88 (1.00, 2.00) 1.26 (1.00, 1.99) 0.050"
GX MC 3.28 (3.00, 4.00) 173(1.19,2. 59) 0020
HN MC 11.85 (11.00, 13.00) 1.52(1.03,2.03) 0010"
JS MC 1.89 (1.00, 3.00) 145 (1.02,1.99) 0.040
YN MC 1.04 (1.00, 1.00) 1.09 (1.00, 1 60) 1.000™
™w MC 6.67 (5.00, 11.00) 1.22(1.00,1.82) 0010"
TL MC 3.98 (3.00, 400) 1.17 (1.00, 1.86) 0010"

Al, Association index; PS, Parsimony score; MC, Maximum monophyletic clade; HPD Cls: Highest posterior density confidence intervals

Significance thresholds: "0.01 <p<0.05; "0.001<p<0.01; ™

Discussion

A survey on the occurrence of TelMV in passionfruit
plants in China was conducted in this study. Further-
more, we investigated the genetic structure of TelMV
to understand its origin, dispersal and evolution dur-
ing the spread of infection in passionfruit plants in East
and Southeast Asia.

"p<0.001; ns, not significant

Taiwan has a much longer history of passionfruit cul-
tivation than most other regions of East and Southeast
Asia (Chong et al. 2018). In the past decade, Taiwan has
served as a center for the dispersal of passionfruit propa-
gation materials. Therefore, it is anticipated that EAPV, or
some other virus species that had been prevalent in Tai-
wan, will be the dominating potyvirus in the passionfruit
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of China’s mainland, as it has been demonstrated in Viet-
nam (Do et al. 2021). The results of this study do not
provide direct evidence to deny this assumption. How-
ever, the data of our survey showed that the incidence of
TelMV is>80% in major passionfruit growing regions of
China’s mainland. It seems unlikely for any other potyvi-
ruses to have a value greater than this. Therefore, besides
providing an overview for the distribution of TelMV in
China, the results of this study suggest that TelMV has
become an important, if not the most important, poty-
virus affecting passionfruit in East Asia. Noteworthily,
about 20% of the symptomless passionfruit samples col-
lected in this study were positive for TelMV. Although
the mechanisms underlying this observation are unclear
at present, symptomless infection may have facilitated
the dispersal of TelMV through propagation materials.
Conventional measures for managing potyviruses in
passionfruit are expensive. Many researchers therefore
are making efforts to develop strategies involving engi-
neered resistance, cross protection and resistant germ-
plasms (Peasley 1981; Alfenas et al. 2005; Trevisan 2005).
Successful deployment of these strategies requires knowl-
edge about the genetic structure of the potyvirus being
targeted. For controlling potyviruses distributed across
countries, an understanding of their origin, dispersal and
evolution is helpful and necessary (Rubio et al. 2020).
On this account, we investigated the genetic structure
of TeIMV. Two observations are surprising, if not totally
unexpected. Firstly, all TeIMV isolates infecting passion-
fruit are phylogenetically separable from those infecting
telosma or Emperor’s Candlesticks. Since the full-length
CP gene sequences of the TelMV isolates infecting patch-
ouli in Indonesia are unavailable, a phylogenetic tree
was constructed with truncated TelMV CP sequences. A
similar topology was obtained: all TelMV isolates from
non-passionfruit plants were placed into a clade, which
is distinct from those formed by the TelMV isolates
from passionfruit (data not shown). Secondly, all TelMV
isolates of passionfruit from China and Vietnam were
placed into one of the three clades formed by TelMV iso-
lates of passionfruit from Thailand. These observations
suggest the following scenario: TelMV was jumped from
one or several unknown host plant species to passionfruit
in Thailand. After that, it was dispersed to East Asia, pos-
sibly via the infected propagation materials of passion-
fruit. The host jump may have occurred multiple times,
resulting in the establishment of several distinct clades of
TelMV in passionfruit plants of Thailand. The dispersal,
however, may have occurred only once, so that a single
clade of TelMV is found in passionfruit plants of China
and Vietnam. The TeIMV clade infecting telosma in Viet-
nam and Emperor’s Candlesticks in China is not found
in passionfruit of these two countries. This suggests that
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the host jump of TelMV is not as easy as it is envisioned.
Thus, the host plant of TelMV in Thailand may have a
closer relationship with passionfruit than with telosma
and Emperor’s Candlesticks. Although many more stud-
ies are required to confirm these ideas, our study for the
first time offers a framework to dissect the mechanisms
underlying the emergence of a potyvirus in passionfruit.

Geography-associated evolution seems to be common
to plant viruses including potyviruses (Gao et al. 2016,
2017). Therefore, the geographical differentiation of
Clade 1 TelMV detected in this study is not unexpected.
The pattern of the differentiation, however, is interesting
and relevant to TelMV management. For example, the
TelMV population in Hainan Province is significantly dif-
ferent from those in other provinces of China. This cor-
relates with the fact that the extension of passionfruit
cultivation in Hainan is much later than that in other
provinces of China. To protect passionfruit from viral
diseases that had already been rampant in other prov-
inces, Hainan provincial government implemented strict
quarantine measures, which might have significantly
lowered the frequency of TelMV immigration. Similarly,
the TelMV population in Taiwan is different from that in
China’s mainland. This corelates with the fact that Taiwan
has made much more efforts than China’s mainland in
the development and use of virus-free propagation mate-
rials of passionfruit.

At last, we found that purifying selection is acting on
the CP of Clade 1 TelMV. This is also not unexpected
because most amino acid changes in CP may be det-
rimental to TelMV. What is interesting is that we also
detected several positively selected amino acid substitu-
tions. The effect of these amino acid substitutions on the
infectivity, transmission and fitness of TelMV deserves
further studies.

Conclusions

Several distinct TelMV clades had arisen from pas-
sionfruit plants of Thailand, but only one of which was
dispersed in East and Southeast Asia. In expanding its
distribution, this clade of TelMV is undergoing geogra-
phy-associated evolution. In China, TelMV has become
one important, if not the most important, potyvirus
infecting passionfruit plants.

Methods

Sample collection

Samples were collected between May 2019 and July 2020
from 25 counties located in 7 provinces of China (Fig. 1a).
As passionfruit hectarage varies greatly in each province
and county, the sampled counties for each province vary
from 1 to 9 and the sampled orchards for each county
vary from 6 to 40. The distance between the sampled
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orchards within each county ranges from 5 to more than
10 km, depending on passionfruit availability. Five points
were randomly chosen in each orchard and 2 passion-
fruit plants were sampled from each point regardless of
whether they showed virus-like symptoms. The samples
were taken to the laboratory and stored at — 80 °C until
use. The number of samples obtained are 204, 61, 113, 65,
35, 12 and 18 for Fujian (FJ), Guangdong (GD), Guangxi
(GX), Hainan (HN), Jiangsu (JS), Sichuan (SC) and Yun-
nan (YN) provinces, respectively (Fig. 1a).

TelMV detection and CP sequencing

Total RNA was extracted from each sample using an
RNAprep pure Plant Kit (TTANGEN Biotech Co., Bei-
jing) and reverse transcribed using SuperScript III
reverse transcriptase (Invitrogen, Carlsbad, CA, USA)
with an oligo-dT primer. The cDNA was amplified with a
primer pair (forward primer: 5'-AGCTCTACACTGACA
AGGATGCC-3/, reverse primer: 5'-GCAATACTCATG
AACAAGGTGGT-3') flanking the CP of TelMV. The
product of each RT-PCR was resolved by electrophoresis
in a 1% agarose gel and visualized after ethidium bromide
staining. In each reaction, healthy passionfruit seedlings
grown in a greenhouse of our lab was used as a negative
control. A passionfruit sample in which the presence of
TelMV had been confirmed independently was used as a
positive control. To determine the CP gene sequence of
TelMV, the RT-PCR product was recovered from the gel
and sequenced bidirectionally.

Sequence data set and recombination analysis

The CP gene sequences of 96 TelMV isolates were
obtained in this study. These sequences were combined
with relevant data available from GenBank to form a data
set consisting of 140 sequences, which were grouped into
10 geographical populations: Anhui (AH, »=38), Fujian
(FJ, n=30), Guangdong (GD, n=12), Guangxi (GX,
n=21), Hainan (HN, n=16), Jiangsu (JS, n=15), Yunnan
(YN, n=6), Taiwan (TW, n=11), Thailand (TL, n=19)
and Viet Nam (VN, n=2) (Additional file 3: Table S2).
Codon-based sequence alignment was performed using
MUSCLE program (Edgar 2004) implemented in MEGA
X (Kumar et al. 2018) and used for population genetics
analysis. The sequence alignment had a length of 816
nucleotides after excluding the stop codons. The poten-
tial recombination events were examined using the Phi
test (Pairwise homoplasy index) implemented in Split-
sTree (Huson 1998) and also identified using the Recom-
bination Detection Program (RDP) 4.101 (Martin et al.
2015). We found no evidence of recombination signal in
the data set using either of the two methods, so we used
the complete data set for all of our subsequent analyses.
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Phylogeny reconstruction

A maximum-likelihood-based phylogenetic analysis was
performed using IQ-tree 2.12 (Minh et al. 2020) under
the TN+ F+ I, + I substitution model, which was chosen
using ModelFinder (Kalyaanamoorthy et al. 2017) with
Bayesian information criterion as implemented in 1Q-
tree. Topological support for the inferred tree was esti-
mated by bootstrapping with 10,000 ultrafast bootstrap
replicates (Hoang et al. 2018).

Genetic diversity and population differentiation

To estimate genetic diversity parameters, haplotype and
nucleotide diversities were calculated using DnaSP 5.10
(Librado and Rozas 2009). To measure the amount of
genetic divergence among the sampled populations, pair-
wise Fgr was examined using Arlequin 3.5 (Excoffier and
Lischer 2010). The statistical significance of the Fgr val-
ues was tested based on 10,100 permutations (default).
The criterion for genetic differentiation was defined as
follows: low for F¢p<0.05, moderate for 0.05< Fgp<0.15,
high for 0.15 < Fg1 <0.25, and very high for Fgp>0.25 (Bal-
loux and Lugon-Moulin 2002). In addition, the F¢ value
was also used to measure levels of gene flow with the fol-
lowing criterion: frequent gene flow for F¢p <0.33, infre-
quent gene flow for F¢p>0.33.

Phylogeny-trait association analysis

To estimate the effect of the geographic origin on TelMV
populations, a phylogenetic-trait association analysis was
performed to calculate association index (Al), parsimony
score (PS) and maximum monophyletic clade size (MC)
using BaTS 2.0 (Parker et al. 2008). This analysis com-
pared the posterior sample of trees, from the Bayesian
analysis implemented in BEAST 1.10.4 (Suchard et al.
2018) to a null distribution of 1000 location-randomized
trees. Our interpretation of the results followed the
guidelines of Parker et al. (2008). Briefly, low Al index
and PS and high MC scores suggest a strong phylog-
eny—geography association and low spatial admixture.
For the Bayesian analysis, MCMC runs were performed
under the GTR+F+1I,+1 substitution model, which
was determined by ModelFinder. To choose the fit of
the strict clock and the uncorrelated lognormal relaxed
clock, marginal likelihoods were computed using step-
ping-stone sampling (Baele et al. 2012). The uncorrelated
lognormal relaxed clock had a higher log marginal likeli-
hood (—5861.32) than the strict clock (—5869.45), indi-
cating that a relaxed clock model provided the best fit to
our sequence data and was used to the BSP analysis. Two
independent MCMC runs were conducted, with samples
drawn every 5,000 steps over 500 million steps. Posterior
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distributions of all parameters were checked by the effec-
tive sample sizes (ESS>200) using Tracer 1.7 (Rambaut
et al. 2018).

Test for natural selection

To evaluate the role of natural selection in shaping the
adaptive genetic diversity, the inference of positive selec-
tion was performed using the site models of CODEML
algorithm (Yang 2007) implemented in EasyCodeML
(Gao et al. 2019). For this analysis, the site models
assume variation in the ratio of nonsynonymous (dN) to
synonymous (dS) substitution rates (w=dN/dS) among
sites in the alignment but not across clades of the phy-
logeny (Yang and Nielsen 2002). The codon-based substi-
tution models MO (one-ratio), M1a (nearly neutral), M2a
(positive selection), M3 (discrete), M7 (beta), M8 (beta
and w>1) and M8a (beta and w=1) were investigated.
To select the best-fit models to the sequence data, like-
lihood-ratio tests (LRTs) were conducted by comparing
twice the difference in log-likelihood values (24LnL) to a
x*-distribution with degrees of freedom equal to the dif-
ference in the number of parameters between models to
be compared (M1a vs. M2a, M7 vs. M8, and M8a vs. M8).
The Bayes empirical Bayes (BEB) method (Yang et al
2005) was used to identify the positively selected sites
when a LRT yields a significant result for these nested
models.
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