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* Background and Aims Although plastid genes are widely used in phylogenetic studies, signals of positive se-
lection have been scarcely investigated in the grape family. The plastomes from 91 accessions of Vitaceae were
examined to understand the extent to which positive selection is present and to identify which genes are involved.
Moreover, the changes through time of genes under episodic positive selection were investigated and the hypothesis
of an adaptive process following the Cretaceous—Palacogene (K/Pg) transition about 66 million years ago was tested.
* Methods Different codon-substitution models were used to assess pervasive and episodic positive selection
events on 70 candidate plastid genes. Divergence times between lineages were estimated and stochastic char-
acter mapping analysis was used to simulate variation over time of the genes found to be under episodic positive
selection.

* Key Results A total of 20 plastid genes (29 %) showed positive selection. Among them, 14 genes showed
pervasive signatures of positive selection and nine genes showed episodic signatures of positive selection. In par-
ticular, four of the nine genes (psbK, rpl20, rpoB, rpsl11) exhibited a similar pattern showing an increase in the rate
of variation close to the K/Pg transition.

* Conclusion Multiple analyses have shown that the grape family has experienced ancient and recent positive se-
lection events and that the targeted genes are involved in essential functions such as photosynthesis, self-replication
and metabolism. Our results are consistent with the idea that the K/Pg transition has favoured an increased rate of
change in some genes. Intense environmental perturbations have influenced the rapid diversification of certain lin-
eages, and new mutations arising on some plastid genes may have been fixed by natural selection over the course
of many generations.
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INTRODUCTION

Knowing how natural selection has affected the evolution of
species over time is one of the most relevant and fascinating
topics in evolutionary biology. Nevertheless, to date, we still
know little about the forces that may have operated in the past
shaping present lineages (Dobzhansky, 1973; Zhong et al.,
2015). For the last 100 million years (Myr), genomes have
been widely shaped by environmental perturbations (Soltis and
Soltis, 2016; 2021). In particular, ancient whole-genome du-
plication (WGD) events seem to be related to the Cretaceous—
Palaeogene (K/Pg) mass extinction [66 million years ago (Ma)]
caused by the impact of an asteroid in Mexico or volcanic ac-
tivity (Vellekoop et al., 2014; Chiarenza et al., 2020). Although
the K/Pg mass extinction is not considered the main cause of
extinction of plants, it may have influenced the evolution and
diversification of taxa (Cui et al., 2019; Koenen et al., 2021).
Dust clouds and sulphur aerosols are thought to have pre-
vented solar radiation, producing a rapid global cooling, the
so-called ‘impact winter’. Polyploidization events appear to
have contributed to the adaptation of several plants to changing

environments (Fawcett et al., 2009; Vanneste et al., 2014; Cai
et al., 2019). Apart from chromosomal duplications that show
important indications in favour of an adaptive process (Van de
Peer et al., 2017), single genes could also have been affected by
environment perturbations and newly arising mutations might
have been selected.

While in the past attention has been paid to understanding
the negative pressure that operated on genomes, today there is
a growing interest in identifying positive selection (Nielsen,
2005; Murrell et al., 2012). For example, the identification of
positively selected genes (PSGs) has proved a powerful tool in
evolutionary studies focusing on adaptation to climate change
(Anderson and Song, 2020). Theoretical and applied papers
have proposed various methods for estimating Darwinian se-
lection (Kimura, 1968; Nei and Kumar, 2000). In contrast to
the approach to population genetics which depends on as-
sumptions concerning the demographic history of populations,
comparative approaches involve data from different taxa and
have been developed to detect selection in the past (Nei and
Kumar, 2000; Nielsen, 2005). These phylogenetic methods de-
tect positive and negative selection by estimating the ratio of
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non-synonymous to synonymous substitution rates (w) and test
for significant deviations from the neutral expectation of ® = 1
(Nielsen and Yang, 1998). Recently, specific tests have been
developed to identify pervasive and episodic positive selection
(Weaver et al., 2018). While the former methods imply that the
identified sites are under continuous change, the latter indicate
that the sites have changed, and that they will be maintained in
the lineage providing an adaptive advantage.

Largely used in phylogenetic studies due to the ease with
which the DNA can be sequenced, plastid genes have usually
been considered to evolve as a single locus, and the mechan-
isms of evolution have not been greatly studied in recent years
(Doyle, 1992; Gongalves et al., 2019). A growing body of evi-
dence suggests that positive selection in plastid genes is much
more common than previously believed (Kapralov and Filatov,
2007). Changes in photosystem genes to adapt to changing
climatic conditions have been reported in several angiosperm
families (Bock et al., 2014), although most studies focused on
a limited number of sequences. High-throughput sequencing
technologies have recently offered an extraordinary oppor-
tunity to access complete plastid genomes and to explore the
evolution of organelles (Sabater, 2018). For example, widely
diffused signs of adaptive evolution at the molecular level have
been found across the plastomes in Poaceae (Gao et al., 2019b).
Different studies have shown that about one-third of the current
plastid genes in grasses display signs of pervasive positive se-
lection and that several episodic positive selection events prob-
ably occurred in the family Poaceae in the past (Zhong et al.,
2009; Piot et al., 2018). Although, so far, few efforts have been
made to explore how and when the plastid genes adapted to cli-
mate variations, recent phylogenetic methods have opened new
ways to elucidate these pending issues.

The grape family (Vitaceae) is spread throughout temperate,
tropical and subtropical areas and it began to diversify during the
Late Cretaceous (Magallén and Castillo, 2009; Manchester et
al., 2013). Taxa in the family are characterized by leaf-opposed
tendrils used to climb trees (Gerrath and Posluszny, 1988;
Zhang et al., 2015a), but throughout their evolution, different
genera have adapted to occupy specific habitats by modifying
their own habits (vines, lianas, trees, herbs and stem succulents).
While Vitis, Ampelopsis and Parthenocissus adapted mostly to
the cool climate in the Neogene (Zachos et al., 2001; Chen,
2009; Ma et al., 2016; Ickert-Bond et al., 2018), the genera
Cyphostemma, Cayratia, Tetrastigma and Cissus include sev-
eral species that show Crassulacean acid metabolism (CAM)
and succulence (Chen, 2009), features which have occurred in
many plant families adapted to drought (Heyduk et al., 2019).
Phylogenetically related to the non-climbing monogeneric
Leeaceae (Lu, et al., 2018) the grape family includes the grape-
vine (Vitis vinifera L.), one of the most economically important
crops in the world (Grassi and De Lorenzis, 2021). In recent
years, several wild grapes have been well documented as im-
portant genetic resources showing resistance genes against en-
vironmental stresses and diseases as well as important sources
of molecules beneficial to human health (Szekeres et al.,
2011; Lekshmi et al., 2015; Méndez-Lopez et al., 2020). As
a consequence of the development of new molecular biology
techniques and the increasing interest in wild relatives, the
phylogeny of the grape family based on plastid DNA has im-
proved greatly over the last decade allowing the identification
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of five major clades in the family: the Ampelocissus—Vitis—
Nothocissus-Pterisanthes clade, the Parthenocissus—Yua clade,
the Cayratia—Cyphostemma—Tetrastigma clade, the Cissus
clade, and the Ampelopsis—Rhoicissus—Clematicissus clade
(Liu et al., 2013, 2016; Zhang et al., 2015b; Lu et al., 2018).
Positive selection in grape plastomes has been investigated only
in a few taxa (Yue et al., 2010; Raman and Park, 2016; Yu et
al., 2019), but the substitution rate heterogeneity observed in
non-coding sequences suggests that different lineages may have
accelerated or slowed down during their evolution (Zecca et
al., 2020a). Moreover, the phylogenetic discordances observed
between phylogenetic trees based on coding and non-coding
plastid regions suggest that selection forces may have influ-
enced the evolution of some genes (Zecca et al., 2020a).

In this work, different codon-substitution models have been
used to assess how positive selective forces have shaped the
evolutionary history of plastomes within the grape family. In
particular, analysing data from 91 accessions of Vitaceae we
aimed: (1) to understand the extent to which positive selection
is present in plastomes; (2) to identify genes that are under posi-
tive selection, distinguishing between pervasive and episodic
positive selection; (3) to investigate changes over time of genes
under episodic positive selection and, based on those changes,
to test the hypothesis of an adaptive process following the K/
Pg transition about 66 Ma (Van de Peer et al., 2017; Cai et
al., 2019) within the grape family (hereinafter we refer to it as
the ‘Cretaceous—Palacogene hypothesis’). In discussing our re-
sults, we referred to the Geologic Time Scale proposed by the
Geological Society of America (Walker et al., 2018).

MATERIALS AND METHODS

Data collection

All the plastid genome sequences of Vitis (59), Ampelopsis (3)
and Tetrastigma (1) species were downloaded from the public
database available at the National Center for Biotechnology
Information (NCBI GenBank). Furthermore, a plastid align-
ment of 28 Vitaceae accessions originally published by Zhang
etal. (2015h) was downloaded from the Dryad database (https://
doi.org/10.5061/dryad.d15v3) including Vitis (4), Pterisanthes
(1), Ampelocissus (1), Parthenocissus (2), Rhocissus (1),
Ampelopsis (2), Nekemias (1), Cissus (6), Tetrastigma (4),
Cyphostemma (4), Cayratia (1) and Leea (1). Overall, 73 genes
were identified in single-copy regions using the reference
plastome of V. vinifera (NC_007957.1).

Data preparation and diversity analysis

Multiple sequence alignment was performed for each gene
separately with the online version of MAFFT v.7 and succes-
sively all introns were eliminated. The ndhF gene was excluded
owing to uncertain alignment due to large indels whereas
petB was excluded owing to identity with mitochondrial
DNA. Parsimony-informative sites (P), nucleotide diversity
(7t) and haplotype diversity (HD) were calculated in 71 genes
using the program DnaSP v.6.0.7 (http://www.ub.edu/dnasp/)
(Supplementary Data Table S1). Alignment of 71 plastid genes
is available in File S1.
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To detect the protein-coding genes under selection, each
gene was prepared using Codon Alignment v.2.1.0 (https://
www.hiv.lanl.gov) and all stop codons were deleted using the
CleanStopCodons tool implemented in HyPhy software (Pond
and Muse, 2005). Since the EasyCodeML software requires a
phylogram as the input file, we inferred a maximum-likelihood
(ML) tree for all datasets produced using RaxML-HPC
BlackBox (Stamatakis, 2014, p. 201) performed under the
GTRGAMMA model of substitution. Analyses were performed
on the CIPRES Science Gateway (Miller et al., 2010). The
phylogenetic trees obtained are available in Supplementary
Data File S2. Successively, each gene was analysed independ-
ently to search for signs of positive selection, as explained
below.

Positive selection analyses — site model tests

The site model (SM) test was performed using the CODEML
algorithm (Yang, 1997) implemented in EasyCodeML (Gao et
al., 2019a). Site models use a statistical distribution to account
for variation of the m ratio among codons as described by Nielsen
and Yang (1998). A ratio (w) of the non-synonymous substitu-
tion rate (Ka) to the synonymous substitutions rate (Ks) greater
than 1 suggests that a gene is positively selected (Yang and
Nielsen, 2002). Codon substitution models were investigated
under the preset mode and two likelihood ratio tests (LRTs) were
performed to detect positively selected sites: M7 vs. M8 and
MS8a vs. M8. The M8—M7 comparison offers a very stringent test
of positive selection, but the M8—M8a comparison yields fewer
false positives (Gao et al., 2019a). To minimize the possibility of
stumbling in local optima, we ran the M8 model with different
starting ® values (w =2, 1 and 0.5) as suggested by Anisimova
et al. (2002). We selected the clean data option for the accD,
vefl, rpl22, psbT and rpoC2 genes due to the presence of indels.
Positive selection was reported if the estimated w parameter was
greater than 1 and the LRT was significant (P < 0.05). Since a
variety of approaches showing different power and limitations
have been proposed to identify codons under positive selection
in an alignment, we chose to perform the Bayes empirical Bayes
(BEB) analysis and the FUBAR analysis implemented respect-
ively in EasyCodeML and the DATAMONKEY web interface
(Yang et al., 2005; Murrell et al., 2013; Weaver et al., 2018). The
BEB method, calculating posterior probabilities for site classes,
was implemented for the M8 model. FUBAR uses a Bayesian
approach to infer non-synonymous and synonymous substi-
tution rates on a per-site basis for a given coding alignment.
FUBAR was run using the following default option: number of
Markov chain Monte Carlo (MCMC) chains to run =5, length
of each chain = 2000 000, burn-in = 1000 000, samples drawn
from each chain=100; advanced options: number of grid
points = 50; concentration parameter of the Dirichlet prior = 0.5.
For each codon, positive selection was reported when both BEB
and FUBAR analysis showed P > 0.9.

Positive selection analyses — branch site model tests

We used the aBSREL method (adaptive branch-site random
effects likelihood) implemented in the DATAMONKEY web
server to identify those branches that have high values of w
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(Smith et al., 2015). Specifically, aBSREL uses AIC_ (small
sample Akaike’s information criterion) to infer the optimal
number of m rate classes for each branch. aBSREL tests, for
each branch in the phylogeny, whether a proportion of sites have
evolved under positive selection but it does not test for selection
at specific sites. aBSREL requires no prior knowledge of the
lineages of interest and an LRT was performed at each branch
comparing the full model to a null model where branches do
not have rate classes of w > 1. First, we performed an explora-
tory analysis in which all branches of the phylogeny were tested.
Then, we verified specific hypotheses, based on the results of
the exploratory analysis. Branches of interest were selected and
tested for positive selection. If more branches were tested sim-
ultaneously, the Holm—Bonferroni procedure implemented in
the software was applied. Positive selection was reported if the
LRT was significant (P < 0.05). A branch site model (BSM) test
implemented in EasyCodeML was performed to verify signs of
episodic selection previously observed by aBSREL analysis.
The MLs obtained by the BSM, which allows positive selec-
tion along specified branches (Model A), were compared with
those obtained by the null model (Model Anull), which allows
neutral evolution and negative selection (Zhang et al., 2005).
BSM allows us to identify signs of positive selection in each
gene but no information is given for the single codons, and thus
if the LRT yielded significant results, Bayesian and likelihood
methods are then used to identify amino acid residues that have
potentially evolved under selection. We performed the BEB and
the fixed effects likelihood (FEL) analyses (Kosakovsky Pond
and Frost, 2005; Yang et al., 2005) implemented respectively
in the EasyCodeML and the DATAMONKEY web servers in
order to identify the codons under positive selection. The BEB
method calculating posterior probabilities for site classes is im-
plemented for the branch-site model A. FEL fits an MG94xREV
model to each codon site to infer site-specific non-synonymous
and synonymous substitution rates. Positive selection of each
codon estimated by BEB analysis was reported for P> 0.9
whereas for FEL analysis we used a P-value of 0.05 as a cut-off.

RELAX analysis

All branches that showed positive selection in aBSREL
and BSM analysis were successively tested using the RELAX
method (Wertheim et al., 2015) available at the DATAMONKEY
web server. RELAX, which includes a selection intensity par-
ameter (k), is a tool that shows whether a branch is under re-
laxed or intensified selective strength. RELAX requires the
branch (tested branch) that will be compared against reference
branches to be specified a priori. All branches not specified a
priori as a tested branch were used as reference branches. A
significant k > 1 shows that the selection strength has been in-
tensified, whereas a significant k < 1 indicates that the strength
of the selection has been relaxed.

Divergence time estimation

Correct estimation of the time of divergence during evolu-
tion is a prerequisite to know when the positive selection oc-
curred along lineages. Since positive selection can affect the
estimate of divergence between lineages, we chose to produce
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a chronogram based only on the plastid non-coding DNA re-
gions. Divergence times between lineages were estimated
using BEAST v.1.10.2 (Suchard et al., 2018) implemented on
the CIPRES Science Gateway. The dataset used in molecular
dating analysis consisted of 76 spacers and 19 introns, and a
detailed description of DNA regions used is available in Zecca
et al. (2020a). Due to the considerable computation time, we
analysed the DNA regions selected without partitioning and
a fixed ML topology was used (Supplementary Data Fig.
S1). Five hundred independent ML searches were performed
under the GTRGAMMA model of substitution, starting from
500 randomized maximum-parsimony trees in RaxML-HPC2
v.8.2.12 (Stamatakis, 2014) and executing 1000 rapid bootstrap
replicates. Three independent MCMC runs were conducted in
BEAST v.1.10.2 using the GTR+G+I model (nucleotide base
frequencies are estimated empirically from the data) as esti-
mated by the jModelTest2 (Darriba et al., 2012), the Fixed
Local Clock (Yoder and Yang, 2000) and the Yule pure birth
tree model (Udny Yule, 1925). Although the Palaeobiological
Database (https://paleobiodb.org) contains several fossils at-
tributed to the grape family, several records appear not to be
suitable for our study because they belong to taxa with am-
biguous phylogenetic positions or are uncertain in the classifi-
cation (Manchester et al., 2013). In recent years some studies
have focused on the estimation of divergence times using
both fossils and local clock models (Koenen et al., 2021).
Moreover, Zecca et al. (2020a) showed that evolutionary rates
of non-coding DNA in grape plastomes vary across lineages,
supporting the use of clock partitions on different clades.
Thus, after a preliminary survey to compare the main calibra-
tion strategies applied in different papers, we chose to adopt
fossil calibrations combined with five fixed local clock models
as described in the calibration strategy in Supplementary Data
Table S2. Bayesian analyses were run for 80—100 x 10° gener-
ations, with all parameters sampled every 50 000 generations.
LogCombiner v.1.10 was used to combine the independent
runs in a single trace after a 5 % burn-in. Stationarity of each
chain was assessed using Tracer v.1.6 (http://beast.commu-
nity/tracer) on the basis of the effective sample size (only ESS
values >200 were accepted).

Investigating trait changes through time

Genes found to be under positive selection along specific
branches (i.e. those identified by both aBSREL and BSM
methods) were further analysed as discrete traits. For each gene,
its character states were defined by the sequence of amino acids
found corresponding to the codons that resulted under episodic
positive selection in either BEB or FEL analysis. Character
states were named using the appropriate combinations of the
amino acid one-letter code and were assigned to the studied
species. An example of character states encoding is given in
Fig. 1 and the character data matrix used in the following ana-
lyses is available in Supplementary Data File S3. We applied
the fitDiscrete function from the R package ‘geiger’ (Pennell
et al., 2014; R Core Team, 2021) to fit the equal-rates (ER), the
symmetrical (SYM) and the all-rates-different (ARD) likeli-
hood models for discrete character evolution to the chronogram
obtained from BEAST using the non-coding regions (hereafter
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called ‘reference tree’). Estimated models were ranked based
on their Akaike weights computed using the function aicw. For
each gene, the model that received the highest support was used
to perform stochastic character mapping on the reference phylo-
genetic tree. When different models received identical sup-
port, the simplest was chosen. Simulated stochastic character
maps were obtained using the make.simmap function from the
R package ‘phytools’ (Revell, 2012), with the following add-
itional settings: nsim = 1000, Q = ‘empirical’, pi = ‘estimated’.
Sampled stochastic map character histories were used to gen-
erate ‘changes through time’ plots (‘phytools’ function ctt;
segments = 45) showing the mean number of changes and the
mean rate of changes per unit time. Four genes showed similar
patterns in the mean rate of changes per unit time. Information
from these genes was pulled together to derive a new combined
(multistate) character, whose states were obtained by concaten-
ating the character states found at the four genes. The combined
character was further employed to perform stochastic character
mapping analysis and to generate a new ‘changes through
time’ plot, following the same procedure explained above. The
transition matrix computed during stochastic mapping of the
combined character and the reference tree was used to simu-
late trait changes through time under a null model of a constant
rate of character evolution through time, using the function sim.
multiCtt (nsim = 1000).

In addition, we applied the ‘phytools’ functions make.era.
map and fitmultiMk to the combined character matrix to gen-
erate and fit models in which the rate of change of the com-
posite trait varied between different times on the reference
tree. Temporal boundaries were chosen based on: (1) the
‘Cretaceous—Palaeogene hypothesis’), and (2) the observed
trend in rate variation over time as shown in the ‘changes
through time’ plots, combined with an ML search procedure
(see Results). The LRT was used to compare different hetero-
geneous rate models (i.e. multi-rate models) against the null
model (i.e. constant rate along the tree).

Amino acid substitution rates across different lineages of Vitaceae

BEAST v.2.6.3 was used to explore the variation in substitu-
tion rates across the lineages of Vitaceae using the amino acidic
alignment based on the nine proteins selected by aBSREL and
BSM analyses. To reduce the calculation time, the nine pro-
teins selected were analysed without partitioning. Three in-
dependent MCMC runs were conducted using the JTT+G+I
model as estimated by Prottest 3.4 (Abascal et al., 2005), the
Random Local Clock (Drummond and Suchard, 2010) and the
Yule pure birth tree model (Udny Yule, 1925). The clock rate
was set to 1 (substitutions/site/years) to estimate relative branch
lengths. Bayesian analyses were run for 170-280 x 10° gener-
ations, with parameters sampled every 5000 generations and
trees sampled every 20 000 generations.

RESULTS

Diversity analysis

A complete list of all 71 plastid genes analysed in this study,
including total nucleotide sites (TS), variable sites (VS),
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FiG. 1. Divergence times of the main lineages of Vitaceae based on non-coding plastid DNA and estimated using BEAST 1.10.2. Black, blue and red asterisks
represent bootstrap values >90, >75 and >50 respectively. The scale at the bottom of the figure is reported in millions of years before the present while blue bars
represent the associated credibility interval (95 % HPD). The character data matrix drawn next to the tips of the tree shows the distribution of character states
across the nine genes identified by both aBSREL and BSM methods (columns) and the species analysed (rows). For any given gene, the character states were de-
fined by the sequence of amino acids found corresponding to the codons that were under episodic positive selection. Cells in the matrix were coloured based on
the character states identified in each gene and character states were named using the appropriate combinations of the amino acid one-letter code. For example,
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parsimony-informative sites (P), nucleotide diversity (s;t) and
haplotype diversity (HD), is given in Supplementary Data Table
S1. Notably, the ycfI gene showed the largest number of vari-
able and parsimony-informative sites and the highest values
of nucleotide and haplotype diversity among the plastid genes
analysed (Table S1). Moreover, premature stop codons were
found in V. mustagensis and V. acerifolia, suggesting a loss
of gene functions in these species. Our findings are consistent
with the idea that the ycfI gene underwent a pseudogenization
process in the family Vitaceae (albeit to varying degrees in dif-
ferent lineages). Consequently, we decided to exclude the ycf/
gene from the positive selection analyses.

Pervasive positive selection

Fourteen out of 70 plastid genes showed pervasive signs of
positive selection according to the results of the SM test. PSGs
and their relative  values, together with amino acid residues
under selection as identified by FUBAR and BEB analysis, are
summarized in Table 1. Regardless of the codon-specific test
used to perform the analysis, the rbcL gene showed the largest
number of codons targeted by positive selection of all the PSGs
previously identified by the SM test.

Episodic positive selection

The aBSREL model was used for the recognition of episodic
diversifying selection in the phylogenetic trees and then con-
firmed using the BSM test. aBSREL found evidence of episodic
positive selection in 21 genes (Supplementary Data Table S3).
The psaJ, psbC, psbK, rbcL, rpl20, rpoB, rpoC2, rpsll and
ycf4 genes were also confirmed by the BSM test and may be
considered suitable candidates as being responsible for func-
tional adaptations. Sites under selection identified by FEL and
BEB analysis are summarized in Table 2. We used the RELAX
method to test whether the positive selection is intensified or
relaxed in all nine genes previously identified by the BSM test.
The value of the K selection intensity parameter for each branch
affected by episodic diversifying selection is reported in Table
S4. The psbC, rpoB, rpoC2, rpsl 1, ycf4 and rbcL genes showed
intensification signals.

Estimation of divergence times

Divergence time analysis was performed using non-coding
DNA and the dataset shows a total of 43 894 nucleotides, 10 920
variable nucleotides and 5878 parsimony-informative sites. The
4560 trees obtained by three independent MCMC runs using
BEAST v.1.10.2 were combined to produce the maximum clade
credibility tree. Bayesian estimates of divergence times are pre-
sented in Fig. 1 and the phylogenetic trees obtained are avail-
able in Supplementary Data File S2. The clade that includes

Zecca et al. — Detecting signals of adaptive evolution in grape plastomes

Ampelocissus—Pterisanthes—Vitis is estimated to have diverged
from Parthenocissus in the late Cretaceous 69.85 Ma [95 %
highest posterior density (HPD): 73.91-65.36 Ma) whereas the
clade that includes Tetrastigma—Cayratia—Cyphostemma was
estimated to have diverged from the Cissus clade at 75.80 Ma
(95 % HPD: 80.77-70.82 Ma). Overall, our divergence time
estimates of the major clades are close to those inferred by Wen
et al. (2018) and Zecca et al. (2020a).

Changes through time plots and epoch model tests

The ER model for discrete character evolution was selected
for all genes except psaJ (SYM) and psbC (ARD). Changes
through time plots generated from sampled stochastic character
maps for each gene are shown in Supplementary Data Fig. S2
and Fig. 2. Four out of nine genes showed similar patterns in
mean rate of change per unit time (psbK, rpl20, rpoB, rpsl1),
whereas the remaining genes showed different trends. The ER
model provided a better fit to the data even with the combined
character. Figure 3 shows the simulated evolution of the com-
bined character obtained by concatenating the character states
found at the four genes, mapped along the branches of the ref-
erence chronogram. The ‘changes through time’ plots showing
the sampled mean number of changes (left panel) and the
sampled mean rate of change per unit time (right panel) for
the combined character are shown in Fig. 4 together with the
expected means and their expected 95 % distributions under
the null model. Moving from the past to the present, the graph
representing the rate variation over time shows a very low rate
for more than 20 Myr, followed by a rapid increase in the rate
of change, succeeded in turn by a prolonged decrease until re-
cent times. We then formally tested whether epoch models that
permit a heterogeneous rate of trait evolution between different
time periods fit our data better than the single rate model. The
Cretaceous—Palaeogene hypothesis suggests that events that
mark the end of the Cretaceous Period and the beginning of the
Palaeogene Period boosted adaptive evolution in different or-
ganisms during the first part of the Cenozoic Era. Accordingly,
we fitted a two-epoch (i.e. two-rates) model setting the temporal
boundary between epochs at 66 Ma. The LRT favoured the two-
epoch model over the single rate model (d.f. = 1, %> = 3.8681,
P =0.0492). Our previous results based on stochastic mapping
analysis seemed to point to a more complex pattern and there-
fore we fitted a three-epoch (i.e. three-rate) model assuming
two epoch boundaries (i.e. two rate transition boundaries). As
shown in Fig. 4, our results identified an abrupt increase in the
rate of variation at 65-64 Ma, suggesting these dates as good
candidates for the oldest transition time. The placement of the
second boundary was less obvious. Therefore, to determine
both epoch boundaries we applied the following procedure; the
first-rate shift was fixed at either 65 or 64 Ma while the second
shift was allowed to vary between 50 and 20 Ma with a step
size of 1 Myr, resulting in a total of 62 different combinations

in the case of the psaJ gene, three codons were under positive selection, resulting in three different character states: AFL (i.e. first codon: alanine; second codon:

phenylalanine; third codon: leucine), GLL (i.e. first codon: glycine; second codon: leucine; third codon: leucine) and TFL (i.e. first codon: threonine; second

codon: phenylalanine; third codon: leucine). In the case of a synonymous mutation, the same amino acid was used to encode character states, as in the case of the

third codon of the psaJ gene. Physical positions of amino acids under selection relative to their alignment are given in Table 2. Gene names and colours used to
represent different character states in each gene are given in the figure.


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
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FiG. 2. Changes through time plots generated from sampled stochastic character maps for the nine genes found to be under episodic positive selection by both
aBSREL and BSM methods. For each gene the mean rate of changes per unit time is shown. Gene names are given above plots and time is expressed in millions
of years since the present.

of temporal boundaries. All generated models were fitted using
the same procedure explained above and the ML model was
taken as the final best model to test against the null model
(Supplementary Data Fig. S3). At the end of the ML search
procedure, the final ML model (log likelihood = —15.223) had
transition times fixed at 64 and 40 Ma, respectively. Again,
the LRT favoured the multi-regime model over the single rate
model (d.f. =2, ¥*>=6.4782, P = 0.0392).

Substitution rate heterogeneity in Vitaceae

The amino acid matrix obtained from the nine PSGs identi-
fied in both the aBSREL and BSM tests shows 3983 residues,
of which 584 were variable and 283 parsimony-informative.
The inferred maximum clade credibility tree is shown in
Supplementary Data Fig. S4 and in Fig. S5 with the median
substitution rates and their 95 % HPD intervals displayed on

branches. Our findings revealed a substantial variation in the
relative substitution rates across different lineages, ranging
from 0.11 in V. vinifera to 3.27 in Cissus trifloliata. Notably,
Leea, Cyphostemma and Cissus lineages evolve faster than
other lineages of Vitaceae.

DISCUSSION

To the best of our knowledge, in this paper we present the
first broad analysis of positive selection across many lin-
eages of the family Vitaceae using genome-wide plastome
data. We integrated different methods to explore genomic
data and this has proven to be a robust and effective approach
to identify genes targeted by positive selection. Multiple ana-
lyses have shown that Vitaceae have experienced several
positive selection events over 90 Myr of evolution and that
the targeted genes are involved in essential functions such


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac128#supplementary-data
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binations of the amino acid one-letter code as explained in the main text and in Fig. 1. The combined character states were obtained by concatenating the character
states found at the four genes. Concatenation was carried out in the following order: psbK—rpl20-rpoB-rps1 1. Overall, five combined states were found. Acronyms
of the five combined states and colours used to represent them are given in the figure. The dashed vertical grey line represents the Cretaceous—Palacogene transition
at 66 Ma. Time is measured in millions of years since the present.

as photosynthesis, self-replication and metabolism. In par-
ticular, we found evidence of both pervasive and episodic
positive selection. In the following, we discuss our outcome
from this dual perspective and suggest their implications for
future work.

Pervasive positive selection in the family Vitaceae

We identified 14 genes targeted by pervasive positive selec-
tion mainly located in the large single-copy region (Table
1). Eight genes are related to light-dependent proteins of the

photosynthetic light reactions: psaA, psaB and psal encoding
photosystem I proteins; psbA, psbD and psbK encoding photo-
system II proteins; and afpA encoding the ATP synthase and
ndhH encoding the NADH-dehydrogenase genes. Three genes
are related to proteins for transcription and post-transcriptional
modifications: matK encoding the maturase K; and rpoA and
rpoC2 encoding plastid polymerases. The remaining genes
were rps19, which encodes a small ribosomal protein, accD in-
volved in lipid acid synthesis and rbcL that encodes the large
subunit of Rubisco related to photosynthetic dark reactions
(Wicke et al., 2011).
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Fi1G. 4. Changes through time plots generated from sampled stochastic character maps for the combined character (i.e.information from the psaKk, rpi20, rpoB and

rpsl1 genes). Time is measured in millions of years since the present. (A) The sampled mean number of changes per unit time (black line), the expected mean (red

dashed line) and the expected 95 % distributions under the null model (grey shading) are superimposed on the reference chronogram obtained from BEAST. (B)

The sampled mean rate of changes per unit time (black line), the expected mean (red dashed line) and the expected 95 % distributions under the null model (grey

shading) are superimposed on the reference chronogram obtained from BEAST. The two epoch boundaries applied in the tested ML three-epochs model (see main
text for details) are indicated by dot dash vertical green lines drawn at 64 and 40 Ma, respectively.

Contrary to our results, the Ka/Ks ratio obtained by Raman
and Park (2016) was <1 for all genes, except for rpl22 and rps19.
The observed discrepancy between results can be explained as
being due to the different number of accessions analysed in the
two studies. In contrast to Raman and Park (2016), we exam-
ined a large dataset including different genera and species of
Vitaceae. Sampling from many different lineages has been
shown to improve the power and the accuracy of PSG predic-
tion (Anisimova et al., 2002), producing more reliable results.
In particular, we found widespread signs of positive selection
in the rbcL gene (coding for the large subunit of Rubisco) in
which 19 and 20 positively selected residues were detected by
BEB and FUBAR analyses, respectively. Other authors have
suggested that Rubisco could have evolved to improve its ef-
ficiency according to the availability of CO, and that changes
on some residues have effectively influenced the photosyn-
thetic performance in some plants, facilitating adaptation and
colonization of various habitats (Kapralov and Filatov, 2007;
Hao et al., 2010; Galmes et al., 2014). In recent studies, using
phylogenetic analysis at diverse taxonomic levels, different
authors have shown that positive selection signs on particular
amino acid residues were due to adaptation to dry or wet en-
vironments in Hawaiian endemic plants belonging to the genus

Schiedea (Caryophyllaceae) and to aquatic or terrestrial habi-
tats in the genus Potamogeton (Potamogetonaceae) (Kapralov
and Filatov, 2006; lida et al., 2009). Moreover, it has been
shown that the adaptive evolution of Rubisco kinetics is linked
to changes in intracellular concentrations of CO, in both C, and
C, plants (Kapralov and Filatov, 2007; Kapralov et al., 2011;
Hermida-Carrera et al., 2020). Some of the amino acid residues
of the rbcL gene found as the targets of positive selection in
this study have been previously identified to have functional
roles in different land plants. For example, site 225 (Leu/Ile)
contributes to the linkage between large and small subunits of
Rubisco (Makowski et al., 2008; Sen et al., 2011). It is known
that the ancestral methionine at site 309 can be replaced in
some plants by the smaller, more hydrophobic isoleucine which
acts as a catalytic switch, making the Rubisco faster but less
COz-speciﬁc (Kapralov et al., 2011, 2012; Whitney et al., 2011;
Galmes et al., 2014). Furthermore, four positively selected
sites we identified (91, 142, 225 and 255) coincide with those
reported in a large study that included several CAM species
from the families Orchidaceae and Bromeliaceae (Hermida-
Carrera et al., 2020). CAM is an adaptive mechanism found
in drought-adapted plants in arid and semi-arid ecosystems
that allows the efficiency of water and nutrient assimilation to
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be improved (Drennan and Nobel, 2000). Although most spe-
cies are climbing, some genera of Vitaceae have adapted well
to xerophytic habitats by modifying their habit, such as sev-
eral African grapes that show erect growth, succulent stems
and CAM metabolism (Chen, 2009). For example, the prin-
cipal centres of diversification of Cyphostemma are in eastern
Africa and Madagascar where arid conditions have dominated
over the past 65 Myr (Hearn et al., 2018). Since several species,
especially those included in Cissus and Cyphostemma, show
phenotypes adapted to specific environments (De Santo et al.,
1983; Olivares et al., 1984; Chen, 2009; Hearn et al., 2018), we
suggest that continuous changes observed in the rbcL gene may
have improved the catalytic performance of Rubisco activity
in response to varying environmental conditions. However, a
larger sampling of plants characterized by well-defined pheno-
types (including CAM traits) is necessary to test specific hy-
potheses of adaptivity.

Recent episodic positive selection

Adaptive evolution has been reported to be generally more fre-
quent in recent and rapid evolutionary radiations than in ancient
lineages (Pease et al., 2016; Nevado et al., 2019). Nonetheless,
in our survey we found several examples of both ancient and
recent branches targeted by positive selection (Supplementary
Data Table S3). We limit our discussion to those branches that
were identified by both aBSREL and BSM methods (Table 2).

We found examples of recent branches targeted by positive
selection in both American and Asian Vitis species (Table 2).
Viitis cinerea var. helleri is endemic to central Texas and it is well
adapted to the calcareous mountains of the Edwards Plateau.
This agronomically important species has been widely used to
produce rootstock given its tolerance to dryness, salinity and
high limestone content in soils and due to its resistance to phyl-
loxera (Pittcock, 1997). Our results showed six codons targeted
by positive selection in the psbC gene, a fundamental compo-
nent of the core complex of photosystem II. Vitis cinerea is a
highly variable, probably not monophyletic taxon, consisting
of at least four varieties distinguishable by several morpho-
logical traits (Moore et al., 2016; Wen et al., 2018; Zecca et al.,
2020b). A recent anatomical study has shown a well-developed
compact palisade layer on the leaves of V. cinerea var. helleri,
typical of species adapted to high light environments (Ickert-
Bond et al., 2018). The Edwards Plateau is an ecological region
characterized by a transition zone from mesic to arid climates
subject to periodic drought and erratic precipitations (Griffith et
al., 2007). During the glacial phases of the Pleistocene, mean
annual temperature in central Texas was below 5-10 °C and the
Edwards Plateau was a mesic grassland with few trees. With
increasing temperatures, the grassland transformed into open
woodland dominated by several species of trees (Seersholm
et al., 2020). Thus, adaptation to specific habitats may have
driven the evolution of the psbC gene and positive diversifying
selection may have affected the entire species or only local
populations.

The stem of the clade consisting of V. betulifolia, V.
pseudoreticulata and V. flexuosa also showed some codons of
the rpoC2 gene under intensive positive selection (see Table
2). Molecular dating analysis suggests that this clade could
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have split in relatively recent times (Fig. 1). Vitis betulifolia is
a wild species distributed in central China that can grow any-
where from forest to mountains up to 3600 m and it overlaps
with the other two species in the regions of Henan, Hubei and
Hunan (http://www.efloras.org/index.aspx; Weckerle et al.,
2006; Trondle et al., 2010). Vitis flexuosa has a large native
range in tropical and temperate Asia and it is more tolerant to
abiotic stress than cultivated grapes (Moon et al., 2017; Lee
et al., 2021). Vitis pseudoreticulata is a wild grape growing in
southern China characterized by high resistance to moisture, an-
thracnose and white rot (Ma et al., 2019). Previous studies have
reported a positive selection for the rpoC2 gene in Oryza spe-
cies (Poaceae) adapted to either shady or sunny environments
(Gao et al., 2019b) and in the genus Cardamine (Brassicaceae),
possibly because of adaptation to high-altitude environments
(Hu et al., 2015). Similar adaptations to different light regimes
and altitudes could also explain our findings in V. betulifolia, V.
pseudoreticulata and V. flexuosa.

Interestingly, RELAX analysis identified both psbC and
rpoC2 genes as subject to intensified selection along the
branches leading to V. cinerea var. helleri and V. betulifolia, V.
flexuosa and V. pseudoreticulata, respectively (Supplementary
Data Table S4). These findings suggest that the environmental
constraints that promoted adaptive evolution in these species
may still be ongoing. Once phylogenetic approaches have iden-
tified positive selection, specific methods should be applied to
further explore adaptive traits within populations (Rees et al.,
2020). Events of rapid adaptive evolution may ease the colon-
ization of a wide variety of environments and some authors
have proposed that the introduction of novel and beneficial al-
leles also has repercussions for speciation events and endurance
of taxa (Blanquart et al., 2013; Nevado et al., 2019). Therefore,
investigating the local adaptation events at a population level
can reveal important information about the function and origin
of alleles. However, it has been shown that beneficial alleles
can only partially arise from de novo mutations and that in cer-
tain circumstances they can be introduced by admixture with
other species (Pease er al., 2016). As recent studies have shown
that extensive admixture is more common than thought in an-
cient and modern Vitis species (Ma et al., 2018; Zecca et al.,
2020b), further studies of V. cinerea var. helleri, V. betulifolia,
V. flexuosa and V. pseudoreticulata populations are highly re-
commended. These investigations are of crucial importance
especially for Chinese wild grapes, because although these spe-
cies have enormous economic potential for breeding, there is
still little information available about their distribution, evolu-
tion and agronomic traits (Wan et al., 2008; Zecca et al., 2012;
Wang et al., 2014; Ma et al., 2018). Overall, these findings
highlight how positive selection can affect biodiversity and the
survival capacity of species, as well as having important reper-
cussions for the selection of agronomic traits.

Ancient episodic positive selection and the Cretaceous—
Palaeogene transition hypothesis

Adaptive evolution has certainly contributed to shaping
the past and the current diversity at the level of species, gen-
omes and genes. However, signs of this are not always ob-
vious. Probably the best-known example is related to the mass
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extinction that occurred about 66 Ma. In the wake of the K/
Pg mass extinction, many surviving organisms began to diver-
sify into the niches formerly occupied by other species. The
intense environmental perturbations following the Cretaceous—
Palaeogene transition further favoured periods of rapid diversi-
fication. Over time, the combination of new niches available for
colonization, changing environments, new emerging traits and
natural selection has promoted adaptive radiations in different
taxa. Plants partially diverge from this general context because
the K/Pg mass extinction is not believed to have been the main
cause of plant extinction (Koenen et al., 2021). Nonetheless,
the Cretaceous—Palaeogene transition may still have influenced
the evolution and the diversification of several plant lineages,
increasing origination rates in angiosperms and contributing to
their current ecological and evolutionary dominance (Silvestro
et al.,2015; Cui et al., 2019).

Here we focused our attention on the gene level by analysing
variations over time of the nine plastid genes that we found to
be under positive selection in both aBSREL and BSM analyses
(Table 2). Our general expectation was to observe different pat-
terns of variation for different genes. This was partially met be-
cause five of the nine genes analysed showed distinct trends
(Supplementary Data Fig. S2 and Fig. 2). Contrary to our ex-
pectation, however, the psbK, rpl20, rpoB and rpsl 1 genes pre-
sented similar patterns of variation over time, showing a rapid
acceleration in the mean rate of change during the first part of
the Palaeogene, followed by a prolonged slowdown until recent
times (Fig. 2). The same signal was also seen when these genes
were combined in a new multistate character (Fig. 4, right
panel) showing a sudden increase in the mean rate of change at
about 65-64 Ma.

Our findings show a certain compatibility with the
‘Cretaceous—Palaeogene hypothesis’ and allow us to confirm
the occurrence of heterogeneous rates over time. Changing en-
vironments may have promoted variation, and new favourable
mutations arising on the psbK, rpl20, rpoB and rpsil genes
may have been fixed by natural selection over the course of
many generations. Although the two-epoch model identified
66 Ma (i.e. the estimated age of the Cretaceous—Palacogene
transition) as a significant time boundary between different rate
regimes, it seems reasonable that the process actually started
later than 66 Ma and that it took a certain lapse of time to leave
a detectable imprint on genes (Fig. 3). Thus, it is not surprising
that the three-epoch model identified 64 Ma as the most likely
date for the first sign of a steep increase in the mean rate of
change. The second shift was instead placed at 40 Ma, far in
time from the first-rate transition. It is worthwhile noting here
that the acceleration in the rates of change persisted for mil-
lions of years before slowing down definitively. Therefore,
even though the Cretaceous—Palacogene upheavals offered the
trigger for this steep increase in variation, it is plausible that
other subsequent historical events and evolutionary constraints
helped keep this process active on these genes for millions of
years. Remarkable, between the Palaecocene—Eocene Thermal
Maximum (56 Ma) and the end of the Early Eocene Climate
Optimum (EECO, 47 Ma) a pronounced warming trend took
place, reaching temperatures that were more than 10 °C higher
than they are today (Westerhold et al., 2020). The EECO
was followed by a 13-Myr-long trend toward cooler condi-
tions interspersed with transient warming events including the
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Middle Eocene Climatic Optimum (~40 Ma), after which the
decrease in temperature became more marked culminating in
the Eocene—Oligocene Transition (EOT, 34 Ma) (Westerhold
et al., 2020). These climatic trends fit well with the observed
pattern in rate variations, but testing the impact of these climate
variations is beyond the scope of this paper. Further studies will
help to clarify this issue.

Overall, our results are consistent with the idea that the
events linked to the dramatic K/Pg mass extinction favoured
an increased rate of change in some plastid genes that were
subsequently targeted by adaptive selection in several genera
of the family Vitaceae, such as Cayratia, Cyphostemma and
Nekemias (Table 2). Interestingly, albeit with different gen-
eral patterns, the psaJ and rpoC2 genes and partially the rbcL
gene also showed an acceleration in the rate of change across
the Cretaceous—Palaeogene transition (Fig. 2), suggesting that
other genes could have shared a similar fate in additional lin-
eages of Vitaceae. Finally, it is important to note that other more
recent events have also certainly contributed to shaping the evo-
lutionary history of Vitaceae. The sudden increase in the rate of
change followed by a rapid decline shown by the psaJ, rpoC2,
rbcL and ycf4 genes in the last few million years could suggest
further episodes of adaptive evolution.

From the latter part of the Oligocene (~26-27 Ma) a global
warming trend began (Zachos et al., 2001; Westerhold et al.,
2020) which peaked in the Miocene Climatic Optimum (MCO,
~17-14 Ma) (Flower and Kennett 1995; Westerhold ez al. 2020).
This general trend was interrupted by some brief periods of gla-
ciation, characterized by abrupt changes in temperature, which
contrast with the background trend and that were usually ac-
companied by a major perturbation in the global carbon cycle
(Zachos et al., 2001). In particular, a brief but deep (~200 kyr)
glacial maximum occurred at ~20 Ma (Paul et al., 2000). This
event, referred to as Mi-1, was followed by a series of intermit-
tent but smaller glaciations and was accompanied by acceler-
ated rates of turnover and speciation in certain groups of biotas
(Zachos et al., 2001). The MCO was followed by a cooling phase
interspersed with short warmer phases, such as the Tortonian
Thermal Maximum and the mid-Pliocene Warm Period, until the
establishment of a major glacial event at 3.3 Ma (mid-Pliocene
M2 glacial; Westerhold et al., 2020). All these global climatic
fluctuations might be related to the observed spike in the rate
of change at 20-5 Ma in the psaJ, rpoC2, rbcL and ycf4 genes.
Nonetheless, we cannot exclude that local conditions may have
played a crucial role as well. Thus, further studies will be needed
to clarify the underlying causes involved.

Substitution rates, positive selection and phylogeny in Vitaceae

We observed accelerated relative substation rates in Cissus,
Cyphostemma and Leea lineages when the nine proteins posi-
tively selected by both aBSREL and BSM tests were analysed
(Supplementary Data Figs S4 and S5). Increases in substitu-
tion rates might have triggered the ability of ancestral lineages
to adapt, also influencing their descendants. For example, high
substitution rates are often associated with high temperatures
and some authors have proposed that the environmental en-
ergy has driven evolutionary rates and the diversification in
flowering plants (Davies et al., 2004; Wright et al., 2006).
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We suggest that accelerated evolutionary diversification in
some photosynthetic genes may have facilitated the adap-
tation of certain lineages of Vitaceae to specific habitats, as
previously proposed for other plants (Kapralov and Filatov,
2006; Iida et al., 2009). High rates in Cissus, Cyphostemma
and Leea lineages were also found by Zecca et al. (2020a),
exploring the non-coding regions of plastomes. The authors
observed that there exists heterogeneity among lineages and
that different habits are probably linked to different substitu-
tion rates. Together, all these findings provide the basis for fu-
ture studies aimed at understanding what factors have driven
the evolution of plastomes in Vitaceae. We cannot state here
whether the forces that acted on genes were the same as acted
on spacers and introns. However, recent studies have shown
that non-coding DNA regions can also be subject to significant
levels of positive selection (Williamson et al., 2014).

The fact that external forces can influence the evolution of
genes and non-coding DNA can have implications in the field
of species delimitation/identification. High levels of positive
selection may affect the reconstructive ability of phylogen-
etic methods and their ability to estimate divergence times be-
tween lineages correctly. Normally, positive selection should
be tested beforehand, and positively selected markers should
be avoided in phylogenetic studies. We recommend that at least
codons evolving under positive selection should be excluded
to improve the analysis when coding DNA is used. Our work
offers a first step in this direction, providing useful information
on positively selected plastid genes and codons. Methods also
exist to detect selection on non-coding DNA, albeit they are
not widely used because of their many limitations and difficul-
ties in formulating appropriate and powerful models (Zhen and
Andolfatto, 2012). Pending the development of new methods,
we recommend using a large number of non-coding markers
to reduce the impact of the fraction of functional non-coding
DNA.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1. List of
plastid genes analysed. Table S2. Calibration strategy. Table S3.
Summary of results obtained by aBSREL analysis. Table S4.
Genes under relaxed or intensified selective strength. Figure
S1. Best maximum likelihood tree. Figure S2. Changes through
time plots. Figure S3. Log-likelihood values. Figures S4 and
S5. Maximum clade credibility trees. File S1. All genes ana-
lysed in this work. File S2. All trees obtained in this work, re-
ported in Newick or Nexus format. File S3. Character states
encoding.
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