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concordance analyses resolve early divergences of the grape family
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Abstract

Evolutionary rate heterogeneity and rapid radiations are common phenomena in organismal evolution and represent major
challenges for reconstructing deep-level phylogenies. Here we detected substantial conflicts in and among data sets as well as
uncertainty concerning relationships among lineages of Vitaceae from individual gene trees, supernetworks and tree certainty
values. Congruent deep-level relationships of Vitaceae were retrieved by comprehensive comparisons of results from optimal par-
titioning analyses, multispecies coalescent approaches and the Bayesian concordance method. We found that partitioning
schemes selected by PartitionFinder were preferred over those by gene or by codon position, and the unpartitioned model usu-
ally performed the worst. For a data set with conflicting signals, however, the unpartitioned model outperformed models that
included more partitions, demonstrating some limitations to the effectiveness of concatenation for these data. For a transcrip-
tome data set, fast coalescent methods (STAR and MP-EST) and a Bayesian concordance approach yielded congruent topolo-
gies with trees from the concatenated analyses and previous studies. Our results highlight that well-resolved gene trees are
critical for the effectiveness of coalescent-based methods. Future efforts to improve the accuracy of phylogenomic analyses
should emphasize the development of new methods that can accommodate multiple biological processes and tolerate missing
data while remaining computationally tractable.

© The Willi Hennig Society 2017.

Introduction progress in the reconstruction of many parts of the

tree of life, accurately determining the relationships of

Reconstructing the tree of life of both extant and
extinct organisms is one of the primary goals of evolu-
tionary biology (Darwin, 1859; Rokas and Carroll,
2006). The application of molecular data and improve-
ments in algorithmic approaches have provided
unprecedented insights into organismal relationships at
all taxonomic levels (APG 111, 2009; Soltis et al., 2011;
Jetz et al., 2012; Telford, 2013). Despite substantial
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some groups remains challenging and is particularly
difficult when evaluating more ancient relationships
(Jansen et al., 2006; Soltis et al., 2009; Telford and
Copley, 2011; Sun et al., 2015; Zhang et al., 2016).
Advances in high-throughput sequencing have enabled
researchers to tackle this challenge with hundreds and
even thousands of genes (Zou et al., 2008; Moore
et al., 2010, 2011; Egan et al., 2012; Jiao et al., 2012;
Zimmer and Wen, 2012, 2015; Weitemier et al., 2014).
Indeed, many of these studies have focused on resolv-
ing seemingly intractable phylogenies among major
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lineages of life using genomic-scale data (Delsuc et al.,
2005; Jian et al.,, 2008; Zhong et al., 2010; Song
et al., 2012; Xi et al., 2012; Liu et al., 2014; Misof
et al., 2014; Zeng et al., 2014; Sun et al., 2015). Phylo-
genetic reconstructions at lower taxonomic levels (e.g.
orders, families, genera and species) have also bene-
fited greatly from phylogenomic investigation (e.g. Ma
et al., 2014), especially at the species level, where find-
ing enough variation requires sequencing many loci.
Species of economic value are important targets for
phylogenomic studies as their inter-relationships are
significant not only for understanding the biogeogra-
phy, adaptation and diversification of these groups,
but also vital for conserving and exploiting valuable
genetic resources (Rossetto et al., 2001; Wan et al.,
2013; Wen et al., 2013b).

The wuse of concatenation methods has greatly
advanced our understanding of phylogenetic relation-
ships of many organisms, especially since the 1970s
with the widespread analysis of genetic data obtained
using the Sanger sequencing technology (Parfrey et al.,
2010; Thomson and Shaffer, 2010; Soltis et al., 2013).
Data concatenation methods typically assume that all
characters track a single underlying tree topology
(Kubatko and Degnan, 2007; Pirie, 2015). Increased
application of multi-locus and large genome-scale data
to phylogenetic reconstruction, however, has called to
attention to the often ignored observation that
genealogical histories of individual genes may differ
considerably from the underlying organismal phy-
logeny (Maddison, 1997; Pollard et al., 2006; Szo6llosi
et al., 2015; Zimmer and Wen, 2015). It is often diffi-
cult in practice to determine whether systematic biases
or biological processes have led to phylogenetic incom-
patibility within a specific group (e.g. Sanderson et al.,
2000; Rokas et al., 2003; Philippe et al., 2005; Burleigh
and Mathews, 2007; Lu et al., 2016a; Springer and
Gatesy, 2016).

Erroneous phylogenetic reconstruction due to sys-
tematic biases may result from failure to adequately
model the substitution process and can be exacerbated
by insufficient phylogenetic signals and limited taxon
sampling (Foster, 2004; Philippe et al.,, 2005;
Rodriguez-Espeleta et al., 2007, Zhong et al., 2011;
Cox et al., 2014; Liu et al., 2014). Systematists have
attempted to resolve problematic phylogenies by
expanding taxon and/or character sampling (Pollock
et al., 2002; Zwickl and Hillis, 2002; Heath et al.,
2008; Nabhan and Sarkar, 2012) as well as utilizing
better-fitting models (Philippe et al., 2005; Telford and
Copley, 2011). Schemes dividing the data into parti-
tions that are modelled individually (Brandley et al.,
2005; Brown and Lemmon, 2007; Lanfear et al., 2012;
Xi et al., 2012) and computational strategies that use
mixture models (Rambaut and Grass, 1997; Lartillot
and Philippe, 2004; Jayaswal et al., 2014) have been

introduced to accommodate variations in substitution
rates across sites. These strategies, however, cannot
address erroneous phylogenetic reconstructions that
result from biological processes including gene duplica-
tion and loss, horizontal gene transfer, hybridization,
selection and incomplete lineage sorting (ILS) (Mad-
dison, 1997; Maddison and Knowles, 2006; Koonin
et al.,, 2009; Kapralov et al., 2011). ILS is a popula-
tion-level process that results from the failure of two
allelic lineages to coalesce in a population, but rather
one of the lineages coalesces with a more distantly
related population (Degnan and Rosenberg, 2009). If
these populations are separated through multiple speci-
ation events, the “gene” tree of alleles will be incon-
gruent with the species tree (Maddison, 1997; Nichols,
2001). A coalescent-based model (Rannala and Yang,
2003) has been developed to accommodate gene tree
heterogeneity resulting from ILS (Carstens and
Knowles, 2007; Song et al., 2012; Zhong et al., 2013;
Xi et al., 2014). Moreover, hierarchical Bayesian mod-
els for the simultaneous computation of gene trees,
coalescent trees and the implied species tree have been
devised but they suffer from being highly parameter-
ized and often too computationally intensive for even
moderately sized data sets (Heled and Drummond,
2010; Zimmermann et al., 2014). As a consequence,
several fast (or “short-cut”) multispecies coalescent
models have been implemented, which use pre-com-
puted gene trees and are statistically consistent given
sufficient numbers of input trees (Liu, 2008; Liu et al.,
2009a,b, 2010, 2015a,b; Roch and Warnow, 2015; Mir-
arab et al., 2016). These methods, however, have been
criticized not least because they assume the absence of
recombination within an individual locus (Gatesy and
Springer, 2013, 2014; Pyron et al., 2014; Springer and
Gatesy, 2014, 2016). Consequently, the choice of using
either coalescent-based species tree estimation methods
or the concatenation approach is currently highly con-
troversial especially when gene trees are probably
influenced by ILS (Roch and Warnow, 2015).
Approaches that make no particular assumption
regarding the reason for gene tree discordance, such as
the Bayesian concordance approach (BCA) (Ané et al.,
2007; Larget et al., 2010), have been developed and
merit further comparative studies.

The grape family Vitaceae includes 15 genera and
ca. 900 species of perennial climbing plants that are
distributed worldwide, primarily in tropical and sub-
tropical regions (Wen, 2007b; Wen et al., 2015). Spe-
cies of Vitaceae (except for a few species of
Cyphostemma) are characterized by leaf-opposed ten-
drils that enable them to climb to the top of the
canopy to optimize light interception (Zhang et al.,
2015b). The family is well known for Vitis vinifera,
which is a source of wine, fresh fruits, raisins, and
juice, as well as species that are used as ornamentals
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and in local medicines (Wen, 2007b; Ren et al., 2011;
Gerrath et al., 2015; Torregrosa et al., 2015). Species
of Vitaceae are also ecologically important lianas or
vines in tropical and temperate forests (Gentry, 1991;
Wen et al., 2013a; Wang et al., 2015), and can domi-
nate tropical savannas and landscapes where limestone
substrates are prevalent (Wen, 2007b; Lu et al., 2013,
2016b). Studies based on limited chloroplast and
nuclear markers have generally supported five major
clades in Vitaceae: the Ampelopsis sensu lato (s.l.)
clade, the Ampelocissus-Vitis clade, the Parthenocissus-
Yua clade, the core Cissus clade and the Cayratia-
Cyphostemma-Tetrastigma (CCT) clade (labelled as
clades I-V in Fig. la; Socjima and Wen, 2006; Wen
et al., 2007; Ren et al., 2011; Trias-Blasi et al., 2012).
Relationships among these major lineages, however,
remain contentious due to incongruence among phylo-
genetic trees, poor branch resolution or a lack of con-
sistent statistical support across different sampling
schemes and phylogenetic methods. We have detected
significant heterogeneity among lineages where most of
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the deep internal branches are extremely short and
some terminal branches are very long (Fig. la; Ren
et al., 2011); and this pattern might have resulted from
rapid radiation during the early diversification of Vita-
ceae and subsequent extinctions along the stem of the
major lineages of the family (Fig. 1b; Lu et al., 2013).
Wen et al. (2013c) and Zhang et al. (2015a) recently
investigated relationships among major clades of Vita-
ceac by concatenating hundreds of nuclear genes,
chloroplast genomes and mitochondrial genes, which
generally supported the topology inferred by Ren et al.
(2011). Despite this progress, the early divergences of
Vitaceae deserves further exploration with comparative
strategies of the concatenation and coalescent-based
approaches.

We herein conducted a systematic study of Vitaceae
using both the concatenated data matrix and fast mul-
tispecies coalescent approaches with different taxon
and character sampling schemes. The BCA was con-
ducted on just a single data set due to its constraint
that the data contain no missing entries. Together
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Fig. 1. (a) Phylogram based on Ren et al. (2011), showing significant rate heterogeneity among the five major clades of Vitaceae, with the
internodes extremely short (red) and some terminal branches very long (green). (b) Chronogram of Bayesian divergence time estimates from Lu
et al. (2013), suggesting rapid diversification of the major lineages in Vitaceae. Major clades are marked -V and the approximate numbers of

genera and species per clade are provided in parentheses.
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these molecular data sets were used to conduct a
detailed examination of conflicting signals among gene
trees, and a comparison of the three phylogenetic
methods. The objectives of this study were to: (i) test
for phylogenetic incompatibility among Vitaceae gene
trees, and (ii) reconstruct early divergences of Vitaceae
using optimal partitioning, multispecies coalescent and
Bayesian concordance methods.

Materials and methods
Taxon sampling and data collection

Representative taxa of the five major clades of Vita-
ceae were selected based on the framework of Ren
et al. (2011). A sixth major clade including ca. seven
species of Cissus from Australia, Papua New Guinea
and the Neotropics that is distinct from the core Cis-
sus was proposed by Liu et al. (2013). In the present
study, we designate this Australasian-Neotropical dis-
junct Cissus group as Cissus 1I. The number of species
sampled to represent a genus was determined based on
the species diversity in the genus. Where genera have
been found previously to be non-monophyletic (e.g.
Cissus, Liu et al., 2013; Cayratia, Lu et al., 2013;
Ampelocissus, Liu et al., 2016), at least one species
from each subclade of the genus was sampled. The
monotypic Acareosperma Gagnep. from Laos is known
only from the type specimen (Gagnepain, 1919) and
was not available for this study. Species of Leeaceae,
the only other family of the order Vitales to which
Vitaceae belongs, were included as outgroups (Soejima
and Wen, 2006; Wen, 2007a).

Seven data sets (42_llcp, 42_6nu, 42_17loci,
42 14loci, 42 _5cp, 362 _5cp and 16_229nu) with differ-
ent taxon and character sampling schemes were used
to infer the early divergences of Vitaceae (Table S1).
The 42_11cp data set sampled 42 individuals represent-
ing 13-15 genera (circumscriptions of some genera
have not been formally described yet) and all six major
lineages of Vitaceae, and it includes 11 chloroplast
regions (listed below). Of the 11 chloroplast regions,
six loci (atpB-rbcL, rbcL, rpsl6, trnC-petN, trnH-psbA
and ¢rnL-trnF) have been used in previous phyloge-
netic studies of Vitaceae (Ingrouille et al., 2002; Soe-
jima and Wen, 2006; Chen et al., 2011; Liu et al.,
2013, 2016; Lu et al., 2013, 2016b), while the other five
loci (atpF-atpH, matK, psbK-psbl, rpl16 and rpoCl)
were used in this study to infer the phylogeny of Vita-
ceae for the first time. The 42_6nu data set represents
the same 42 taxa included in the 42_11cp data set and
it includes six nuclear regions (aroB, at103, GAIl, ITS,
phyA and sqdl). Nuclear ribosomal internal tran-
scribed spacer regions (ITS) and GAIl have been used
in previous phylogenetic analyses of Vitaceae

(Rossetto et al., 2007; Wen et al., 2007; Nie et al.,
2010; Liu et al., 2016). Primers for the nuclear phyA
(305F and 820R) gene were newly designed for this
study. The at103 and sgdl protein-coding nuclear
genes were amplified and sequenced with universal pri-
mers designed by Li et al. (2008). The 42_17loci data
set was formed by combining the 42_11cp and 42_6nu
data sets. The 42 14loci data set was constructed by
excluding three conflicting nuclear markers (aroB,
at103 and GAIl) from data set 42_17loci. A schematic
graphical representation of locus structures and pri-
mers used for the 17 markers is provided in Fig. S1.
Voucher information and NCBI GenBank accession
numbers for the above data sets are listed in Table S2.
The 362 _5cp data set included 362 taxa for which five
commonly used chloroplast markers (atpB-rbcL, rps16,
trnC-petN, trnH-psbA and trnL-trnF) were available.
The 42_5cp data set represents a subset of the 42_11cp
data set for these same five plastid markers. The data
set with denser taxon sampling, 362_5cp, encompassed
ca. 40% of the known Vitaceae species. To avoid iden-
tification errors in the public database (Chesters and
Vogler, 2013), we selected only taxa with sequences
from the same voucher. Voucher information and
NCBI GenBank accession numbers for the 362 Scp
data set are presented in Table S3. Finally, we re-ana-
lysed the data set of Wen et al. (2013c), which
included 229 orthologous single-copy nuclear genes
identified in the transcriptomes of 15 species of Vita-
ceae and one species of its sister family Leeaceae.

DNA extraction, PCR, sequencing and alignment

Total genomic DNA was extracted from silica gel-
dried material or herbarium material using the
DNeasy Plant Mini Kit protocol (Qiagen, Crawley,
UK). All amplifications were performed in 25-pL reac-
tions containing 1.5 mm MgCl,, 0.2 mm of each
dNTP, 0.4 mm of each primer, 1 U of Tag DNA poly-
merase (Qiagen) and approximately 10-50 ng of the
DNA template. The amplification profiles of the plas-
tid regions consisted of a 3 min initial denaturation at
95 °C, 37 cycles of 20 s denaturation at 94 °C, 30 s
annealing at 48-50 °C and 40 s extension at 72 °C,
followed by a final extension of 5 min at 72 °C. The
PCR protocols for the nuclear regions were similar to
those for the plastid regions except for the inclusion of
a longer annealing time. The primers used to amplify
each locus are provided in Table S4. The PCR prod-
ucts were purified using the polyethylene glycol (PEG)
precipitation procedure following the protocol of Sam-
brook et al. (1989). The purified PCR products were
sequenced in both directions by standard methods
using BigDye 3.1 reagents with an ABI 3730 auto-
mated sequencer (Applied Biosystems, Foster City,
CA, USA) with the primers from the original
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amplification. The forward and reverse sequences were
assembled and base calls were checked using Geneious
6.1.2 (Biomatters, 2013). During sequence assembly,
special attention was paid to those sites with overlap-
ping peaks in the chromatograms, possibly indicating
intra-individual variation (polymorphisms). If an obvi-
ously overlapping signal was detected in both the for-
ward and the reverse chromatograms, the site was
deemed to be putatively polymorphic between alleles
or copies. Samples with polymorphic sites were cloned
using the TOPO TA cloning kit (Invitrogen, Carlsbad,
CA, USA) following the supplied protocol. Bacterial
cells picked from insert-containing colonies were
directly used as a template for standard PCR with the
M13 forward and reverse primers. Eight clones per
individual were selected and sequenced.

Individual loci were aligned with MUSCLE v.3.8.31
(Edgar, 2004), followed by manual adjustment and
annotation in Geneious v.6.1.2 (Biomatters, 2013). To
maintain the correct reading frame, protein-coding
genes were translated to amino acid sequences in Gen-
eious and used to guide the alignment of the nucleo-
tide sequences. Alignments of the Ist, 2nd and 3rd
codon positions of the protein-coding genes were
exported from SeaView v.4.4.2 (Gouy et al., 2010).
Ambiguous alignment segments with many variable
positions and/or gaps were excluded from data sets
using Gblocks v.0.91b (Castresana, 2000) allowing gap
positions = “with half” and leaving other settings as
default.

Substitution saturation test

Sites that undergo high substitution rates and exhi-
bit saturation can lead to violations of the assumption
of homogeneity in substitution models if mutational
biases vary among taxa (e.g. among-lineage composi-
tional heterogeneity). The average of the uncorrected
pairwise (p) distances between all taxa for each locus
and the proportion of parsimony-informative (PI)
characters were calculated in MEGA v.5 (Tamura
et al., 2011) to assess the rate heterogeneity of the
chloroplast and nuclear genes. Xia’s information
entropy-based index of substitution saturation for each
locus and its subsets (intron, spacer, and the Ist, 2nd,
Ist + 2nd and 3rd codon positions for each protein-
coding region) was analysed in DAMBE v.5.3.78 (Xia
and Xie, 2001; Xia, 2013). Only fully resolved sites
were analysed and the proportion of invariant sites
(P;v) was estimated prior to the substitution satura-
tion test. We conclude that the sequences have
experienced little substitution saturation when the
observed saturation index (/g) value is significantly
smaller than the critical Iy value (/. assuming a
symmetrical topology and I ., assuming an asymmet-
rical topology).

Incongruence analyses

The simplest way to identify incongruence is to com-
pare trees visually (Wiens, 1998), so we performed
optimal maximume-likelihood (ML) tree searches and
bootstrap (BS) analyses of each locus of each of the
combined data sets (42 _Illcp, 42 _6nu, 42 17loci and
16_229nu) using RAXML v.8.0.24 (Stamatakis, 2006,
2014) with 1000 “rapid bootstrapping” (-x parameter)
replicates (Stamatakis et al., 2008). To check for con-
sistency in tree topologies, these analyses were
repeated using GARLI v.2.1 (Genetic Algorithm for
Rapid Likelihood Inference; Zwickl, 2006) available at
molecularevolution.org (Bazinet et al., 2014). An adap-
tive best tree search analysis and 1000 bootstrap repli-
cates with the substitution model selected in
MrModeltest v.2.3 (Nylander, 2004) were applied to
the analysis of each locus. The optimal ML tree for
each locus was visually compared and examined for
strongly supported conflicts (BS > 70%; Mason-
Gamer and Kellogg, 1996). The relative length of
branches and extent of evolutionary rate variation
among lineages in these trees were visualized using
SplitsTree v.4.13.1 (Huson and Bryant, 2006). To fur-
ther visualize conflicts among genes, we constructed a
supernetwork for the same optimal ML gene trees of
each multi-gene data set in SplitsTree. To reduce the
risk of overestimating conflicts among single gene
trees, only nodes with BS > 70% were preserved. The
70% majority-rule consensus of the 1000 bootstrap
trees from each gene analysis was generated in PAUP*
v.4.0 b10 (Swofford, 2003). To calculate the supernet-
work, we used the Z-closure option and mean edge
weights, set the splits transformation as equal angle,
and left all other parameters as the default settings.

To quantify the incongruence among phylogenetic
trees, we calculated the Internode Certainty (IC),
Internode Certainty All (ICA), Tree Certainty (TC)
and Tree Certainty All (TCA) (Salichos et al., 2014) in
RAXML. The IC and ICA values quantify the specific
degree of incongruence for a given branch, while the
other two measures, TC (the sums of IC values) and
TCA (the sums of ICA values), describe the global
degree of incongruence among trees in the data set.
The relative TC and TCA scores are normalized by
the maximum possible TC and TCA values for a given
phylogeny. As these metrics assume no missing gene
sequence data entries for any taxon, these analyses
could only be performed on the 16 _229nu data set.

We measured the statistical significance of character
disagreement between the chloroplast and nuclear data
sets and among individual nuclear data sets by con-
ducting the hierarchical likelihood ratio tests (hLRTs)
as implemented in Concaterpillar v.1.4 (Leigh et al.,
2008). Concaterpillar uses hierarchical clustering and
LRTs of phylogenies calculated with RAXxML v.7.2.8
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(due to compatibility issues with newer versions) to
detect incongruence among data partitions. All phylo-
genies were reconstructed in Concatepillar using a
GTR + G substitution model. With the initial P-value
defined as 0.05, Concaterpillar indicates which loci are
most appropriately concatenated and those that should
be analysed separately by assessing both topological
and branch-length congruence among phylogenies
reconstructed from combinations of the defined data
partitions.

Data partitioning

Choosing an appropriate partitioning scheme and
determining an appropriate substitution model for
each partition are vital for inference of the correct
phylogenetic tree because they can affect both the
accuracy of the tree reconstruction and levels of node
support (Brown and Lemmon, 2007; Xi et al., 2012).
The following partitioning schemes based on gene
identity or biochemical and evolutionary constraints
were implemented: (i) by genome (two partitions: plas-
tid sequences and nuclear sequences), (ii) by gene (each
gene in a separate partition), (iii) by functional group
(exon, intron and spacer in each region as a separate
partition), (iv) by codon positions (the 1st, 2nd and
3rd codon positions in separate partitions; intron and
spacer in each region also treated as individual parti-
tions), and (v) an optimal partitioning scheme selected
by PartitionFinder v.1.0.1 (Lanfear et al., 2012, 2014)
based on the corrected Akaike information criterion
(AICc). The AICc is recommended because it is theo-
retically more appropriate when the sample size n is
small compared to K, the number of estimated param-
eters (n/K < 40; Burnham and Anderson, 2002). Best-
fitting models of sequence evolution were chosen for
each partition based on AIC as implemented in
MrModeltest. For the PartitionFinder analyses, sepa-
rate partitioning by codon position was defined as the
default, and the most fine-grained partition scheme
and the greedy heuristic search algorithm with linked
branch lengths were used to search for the best-fit par-
titioning scheme. To avoid low precision from model
bias and/or using partitions that were too short,
sequences < 20 bp or regions containing no variable
sites (no model could be fit to these partitions) were
excluded from the partitioning analyses. Thus, the
rbcL-accD spacer region (< 20 bp) was excluded from
the data sets for the partitioning analyses and coding
regions were not partitioned by codon when the num-
ber of sites in each codon position was < 20, or when
the region did not contain variable sites (e.g. the pro-
tein-coding region pshbK was not partitioned by codon
because each of the psbK Ist, pshK 2nd and psbK 3rd
partitions had only 11 bp; Table S5). In analyses using
the ML criterion, the optimal partitioning scheme was

determined based on the AIC score, with the partition
scheme with the smallest AIC considered the best
(Brown and Lemmon, 2007). In the Bayesian frame-
work, the Bayes factor (BF) was evaluated for select-
ing among competing partitioning strategies based on
the ratio of two marginal likelihoods. The marginal
likelihood was estimated using MrBayes v.3.2.1 (Ron-
quist and Huelsenbeck, 2003; Ronquist et al., 2012)
with both the harmonic mean (HM) and the stepping-
stone sampling (SS) methods. The SS approach uses
importance sampling to estimate each marginal likeli-
hood ratio in a series bridging the posterior and prior
distributions (Xie et al., 2011). Based on both simu-
lated and empirical data it has been demonstrated that
the SS approach is more precise than the commonly
used HM method (Fan et al., 2011; Xie et al., 2011;
Bacle et al., 2012). BFs were compared for all parti-
tioning schemes. If 2ln BF > 10, then the difference
between the two models was considered to be signifi-
cant (Kass and Raftery, 1995).

Concatenated phylogenetic reconstruction

Phylogenetic trees were reconstructed using the max-
imum-parsimony (MP) and ML optimality criteria,
and Bayesian Markov chain Monte Carlo (MCMC)
inference (BI). The MP analysis was performed with a
heuristic search strategy followed by 100 random-step-
wise-addition replicates with tree-bisection-reconnec-
tion (TBR) branch swapping and Mul-Trees in effect.
Indels were treated as missing data. Bootstrap values
(BS) were calculated from 1000 bootstrap replicates
using heuristic searches as described above (Felsen-
stein, 1985). ML analysis using GARLI applied an
adaptive best tree search analysis and 1000 bootstrap
replicates, with the expert mode that allows users to
specify their own character sets and model blocks for
the partitioned analysis. The best-fitting model for
each partition of data sets 42 Scp, 362_Scp, 42_1lcp,
42 17loci and 42 14loci (Table 1) was determined
either in MrModeltest or selected in PartitionFinder
simultaneously with the optimal partitioning schemes.
Bayesian inference was conducted with MrBayes with
the best-fitting models applied to each data partition.
Two independent MCMC chains were run in parallel
for each data set for 10 000 000 generations, and sam-
pling every 1000 generations. An average standard
deviation of the split frequencies of < 0.01 was
assumed to indicate that the two runs had converged
to a stationary distribution. Tracer v.1.5 (Rambaut
and Drummond, 2009) was used to confirm that the
effective sample size (ESS) for all relevant parameters
was > 200. After discarding the first 25% trees as
burn-in, a 50% majority-rule consensus tree and poste-
rior probabilities (PP) for node support were calcu-
lated using the remaining trees from both chains. The
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Bayesian analyses and RAxXxML analyses were imple-
mented on the CIPRES Science Gateway Portal
(Miller et al., 2010) and the GARLI analyses were
conducted through the gateway available at molecu-
larevolution.org.

Long-branch attraction detection

Long-branch attraction (LBA) in phylogenetic trees
is an artefact caused by the failure to model ade-
quately large amounts of homoplasy. LBA artefacts
may be common in phylogenetic reconstructions, but
often remain unrecognized. Several methods have been
proposed to detect LBA (e.g. Huelsenbeck, 1997; Berg-
sten, 2005). Because outgroup taxa often connect to
ingroups by long branches, LBA caused by the attrac-
tion of relatively long-branched ingroup taxa to the
outgroups has been recognized as a major source of
tree artefacts (Bergsten, 2005). To test whether the
outgroup affects the ingroup topology, we performed
phylogenetic analyses that included or excluded the
outgroups. LBA can also be detected by querying
whether long ingroup branches are sufficiently long to
be attracted in an MP analysis (Huelsenbeck, 1997,
1998). This test uses a Monte Carlo simulation method
whereby 100 data sets are simulated on trees which
differ in their placement of the long ingroup branch,
using the program Seq-Gen v.1.3.2 (Rambaut and
Grass, 1997). All simulations used the GTR + G + I
model with fixed parameter values obtained from
MrModeltest. The data were simulated on topologies
from the conflicting optimal trees of the ML and the
strict consensus tree of the MP analyses of the
16_229nu data, and two heuristic tree searches were
performed under ML and MP on each replicate data
set. Parsimony trees for these data sets were con-
structed with ten random taxon addition replicates
and with one tree being held at each step. ML trees
used the same GTR + G parameters as in the original
analysis. If the parsimony analyses are significantly
misled by LBA, then more than 5% of the MP trees
should place the long branches together while the ML
analyses should recover the topologies with the long
branches separated, based on the data simulated on
the ML topology.

Multispecies coalescent species tree reconstruction

Species trees of Vitaceae were inferred based on the
data sets 42_17loci (assuming the 11 chloroplast
regions to be one linkage group), 42_14loci (excluding
aroB, at103 and GAIl from data set 42 17loci) and
16_229nu. The maximum pseudo-likelihood (MP-EST;
Liu et al., 2010) and the average ranks of coalescences
(STAR; Liu et al., 2009b) methods were used for both
data sets as implemented in the Species Tree Analysis

Web (STRAW) server (Shaw et al., 2013). MP-EST
and STAR are rapid methods for analysing data sets
that involve a large number of genes and a moderate
number of species compared with the Bayesian sam-
pling methods such as BEST (Liu, 2008) or *BEAST
(Heled and Drummond, 2010). MP-EST estimates spe-
cies trees from a collection of gene trees by maximizing
a pseudo-likelihood function of taxon triplets in the
species tree and the results may be more robust to
missing data (Liu et al., 2010). STAR uses average
ranks of gene coalescence times to build a species tree
from a set of gene trees, and thus is resistant to the
effects of variable substitution rates across lineages
(Liu et al., 2009b). Both methods require rooted input
trees, which were obtained from the best-scoring ML
trees in RAXML. Bootstrap support for both the MP-
EST and the STAR methods was calculated based on
1000 ML bootstrap trees for each locus of each data
set. To evaluate the effects of gene tree resolution on
species tree inference, two subsets of 16 _229nu were
used to infer the species tree with MP-EST and STAR
independently. One subset (16_75nu) included the 75
nuclear gene matrices that resolved at least one intern-
ode with > 70% BS support. The second subset
(154nu_16) included the 154 nuclear gene matrices that
provided no or poor support for the early-branching
topology of the Vitaceae tree.

Bayesian concordance analysis

A BCA was conducted for data set 16 _229nu in
BUCKy v.1.4.4 (Ané et al., 2007; Larget et al., 2010).
For each of the 229 loci, we sampled trees from an
MCMC analysis (MrBayes) using a single four-chain
2000 000 generations run, sampled every 1000 genera-
tions. After discarding 501 trees from each locus tree
set as burn-in, the remaining trees from each locus
were summarized by the program mbsum (distributed
with BUCKYy), and all trees were input into the pro-
gram BUCKYy and analysed using the default settings.

Results
Data characteristics

The five data sets constructed for this study (42_5cp,
362 5cp, 42 llcp, 42 _6nu and 42 17loci) contained
515 newly generated sequences (Tables S2 and S3).
The total aligned lengths, number of parsimony-infor-
mative characters and other characteristics of the data
sets 42 17loci and 16_229nu are provided in Tables S5
and S6, respectively. No significant saturation of sub-
stitutions was detected for any locus, based on Xia’s
tests (Tables S5 and S6). The average pairwise dis-
tances ranged from 0.017 to 0.052 for data set
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42 1lcp, from 0.037 to 0.178 for 42_6nu, and from
0.044 to 0.186 for 16_229nu (Fig. S2).

Single gene and unpartitioned data incongruence

A summary tree of the ML analysis of the 11
chloroplast markers (42_11cp) is presented in Fig. 2a
and shows strong support for the early-branching of
Ampelopsis s.l. (89%/88%/1.0; RAXML BS, Garli BS
and PP, respectively) and the monophyly of a group
formed by Ampelocissus-Vitis and Parthenocissus-Yua
(77%]76%/1.0). In contrast, the well-supported topol-
ogy based on the nuclear aroB (Fig. 2b) was incongru-
ent with those of data set 42 _Ilcp (Fig. 2a), nuclear
GAIl (Fig. 2c¢) and nuclear ribosomal ITS (Fig. 2d)
trees with respect to the positions of Parthenocissus-
Yua, core Cissus and Cissus 1I. The ML trees based on
GAIl (Fig. 2c) and ITS (Fig. 2d), however, revealed
only minor, poorly supported topological conflicts
with each other and the chloroplast tree. Network
visualization based on the 70% majority-rule consen-
sus trees for each gene of data set 42_17loci also indi-
cates only minor conflict among individual genes
concerning the early divergences of Vitaceae (Fig. 2e).
Phylogenetic relationships of the major lineages based
on ML analysis of the individual nuclear genes ar103,
phyA and sqdl were poorly supported (< 70% BS;
data not shown). Concaterpillar analyses revealed two
statistically distinct groups of nuclear loci in the
42 17loci data set based on topological congruence:
(aroB, at103 and GAIl) and (ITS, phyA and sqdl).
Moreover, the branch-length congruence assessment
indicated that the loci from each of the two subgroups
should not be concatenated. To explore this further,
we analysed the data set with and without aroB, ar103
and GAIl (42 _17loci and 42 14loci data sets, respec-
tively) and assessed the impact of including these genes
on tree topology and node support.

Of the 229 nuclear genes from the transcriptome
data, 75 genes supported 28 different topologies with
at least one major ingroup node having > 70% BS
(Figs S3 and S4). The network visualization of these
ML trees highlights well-supported topological con-
flicts among the major clades of Vitaceae (Fig. 3a). Of
the 229 nuclear gene trees, the monophyly of each
major clade of Vitaceae is well supported (> 70% BS)
by a considerable number of genes (Fig. 3b). The opti-
mal ML tree based on the unpartitioned 229 nul6
data set (Fig. 3c) is congruent with the analysis of
chloroplast genes (Fig. 2a), but IC and ICA scores
indicate considerable disagreement among genes
(Fig. 3c). The TC and TCA values are 8.19 and 8.13,
respectively. Moreover, a relative tree certainty (TCA)
score of 0.625 suggests a moderate level of overall gene
conflict in the tree. In the 75 well-resolved gene trees
in Figs S3 and S4, support for the three major internal

nodes of Vitaceae is more equivocal, using 70% ML
BS as a cut-off value (Fig. 3d).

Phylogenetic analyses of concatenated data

Concatenated analyses.  For the 42 _5cp data set, all
three phylogenetic methods yielded a poorly resolved
backbone of Vitaceae, possibly due to insufficient
phylogenetic signals (Fig. S5). The MP analysis
revealed the CCT clade as the first diverged lineage of
Vitaceae with low BS support (Fig. S5a). The ML and
BI analyses weakly supported the following
relationship: Ampelopsis s.I. was the first diverged
lincage of  Vitaceae;  Parthenocissus-Yua  and
Ampelocissus-Vitis formed a clade as the second
lineage; and core Cissus, Cissus 11 and CCT grouped
together (Fig. S5b).

For the 362 5cp data set, all three methods sup-
ported Ampelopsis s.l. as the first diverged lineage and
the close relationship between Parthenocissus-Yua and
Ampelocissus-Vitis (Table 1; Fig. S6). The position of
the clade of core Cissus and Cissus II, however, dif-
fered in the analyses. The MP analysis resolved core
Cissus and Cissus 11 as a clade sister to CCT with BS
values < 50% (Fig. S6a). The ML and BI analyses rec-
ognized the clade of core Cissus and Cissus II as the
second diverged lineage but the support values were
low (Table 1; Fig. S6).

The MP analysis of data set 42_llcp resulted in
poor resolution of the major lineages of Vitaceae, only
moderately supporting Parthenocissus-Yua as sister to
the Ampelocissus-Vitis clade (BS = 76%; Fig. S7a).
The ML and BI analyses yielded a fairly resolved
backbone of Vitaceae, although support for (Cissus +
CCT) and (core Cissus + Cissus I1I) was relatively low
(Fig. S7b.c).

Long-branch attraction.  The phylogenetic position of
the core Cissus clade has varied in previous analyses
and is characterized by having a long branch (cf. Wen
et al., 2007, 2013c; Ren et al., 2011). For data set
16_229nu, the MP analysis resulted in a topology that
strongly conflicted with the trees from the ML and the
BI analyses (Fig. 4). Specifically, the model-based
methods resolved Ampelopsis s.I. as sister to the rest of
Vitaceae (Fig. 4a), while the MP analysis supported
core Cissus diverging first and CCT diverging
subsequently (Fig. 4b). This conflict appears to be due
to LBA as the unrooted ingroup relationships in both
Fig. 4a.,b are identical with the incongruence being due
to the attachment of the long-branched outgroup to
the long core Cissus internal branch in the MP tree
topology. We tested this using the method of
Huelsenbeck (1997). We analysed data sets simulated
on the ML topology, which unite core Cissus with the
CCT clade (Fig. 4a) using both ML and MP. The ML
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Fig. 2. Relationships among early-diverging lineages of Vitaceae based on the ML and BI analyses of data sets: (a) 42_11cp, (b) aroB, (c) GAIl
and (d) ITS. Nodal numbers are ML bootstrap values from RAXxXML and GARLI, and BI posterior probabilities, respectively. “*” represents
BS = 100% or PP = 1.00. (¢) A supernetwork based on data set 42_17loci (including 11 chloroplast and six nuclear regions of 42 taxa). The net-
work was constructed with SplitsTree and the 70% majority-rule consensus of 1000 bootstrap trees was used as the input tree for each gene. Par-

allelograms indicate incongruence among gene trees.

simulated on the MP tree (Fig. 4b) and found that
both the ML and the MP analyses always recovered

analyses always recovered this topology, whereas MP
core Cissus as sister to the rest of the ingroups

always placed core Cissus as sister to the rest of the
ingroups as in Fig. 4b. We also analysed data sets
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Fig. 3. (a) A supernetwork based on data set 16_229nu. The network was constructed with SplitsTree and the 70% majority-rule consensus of
1000 bootstrap trees was used as the input tree for each gene. Parallelograms indicate incongruence among gene trees. (b) Number of the 229
nuclear gene trees that support the monophyly of the major clades of Vitaceae with > 70% bootstrap support. (c) The optimal ML tree based
on data set 16_229nu with the IC/ICA scores indicated for each internode to quantify incongruence among gene trees. TC and TCA values and
their relative values are provided on the right-hand side. (d) Of the 229 gene trees of the 16_229nu data set, the number of trees that support
and contradict all three major internodes of Vitaceae [as indicated in (c)] with 70% ML bootstrap as cut-off.

(Fig. 4b). Therefore, the discrepancy between the MP
and ML trees can be attributed to LBA in the MP
analyses. To examine the effect on tree topology and
support values, we also excluded core Cissus from the
42 1lcp data set and re-analysed the data with the
MP, ML and BI methods. With core Cissus absent

from the analysis, the MP analyses retrieved a
topology identical to the Bayesian and ML trees, and
the bootstrap values for the deep lineages improved
considerably (Fig. S7d), again suggesting the MP
topology was influenced by LBA Dbetween the
outgroup and core Cissus.
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Partitioning analyses.  Site and model partitioning
analyses were conducted for the three concatenated
data sets consisting only of chloroplast data (42_5cp,
362_5cp and 42_1lcp), the combined 11 chloroplast
gene and six nuclear gene data set (42_17loci), and the
combined 11 chloroplast gene and three nuclear gene
data set (42_14loci). The optimal substitution models
for each gene, codon position and spacer (where
present) partition of the data sets 42_11cp and 42_6nu
are listed in Table S5. The optimal partitioning
schemes for each matrix and the best-fitting
substitution model for each partition selected by
PartitionFinder under AICc are provided in Table S7.
Model likelihoods  (using GARLI), marginal
likelihoods, BF comparisons between optimal and
suboptimal partitioning schemes of the 42 Scp,
362 _5Scp, 42 _1lcp, 42_17loci and 42 14loci data sets,
and support values for major divergences in Vitaceae
are summarized in Table 1. For the ML analyses,
partitioning schemes selected by PartitionFinder under
AICc were optimal for all the data sets examined
(Table 1). Similarly, BFs based on both the HM and
the SS methods demonstrated that partitioning
schemes selected by PartitionFinder were optimal for

(@ MP-EST/STAR/BUCKy/ML/BI

**/0.99/*/*

3)90/%/0.54/*/*
PIPE
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—— Nekemias arborea

a Rhoicissus digitata

*1710.97/*I"L__ Ampelopsis cordata

Leea guineensis

all the five data sets (Table 1). In general, the
partitioning analyses did not impact the phylogenetic
results substantially (i.e. different partitioning schemes
may retrieve distinct but not statistically supported
topologies) except the Bayesian analyses of data set
42 17loci. The optimal partitioning schemes of three
chloroplast data sets all supported Ampelopsis s.l. as
sister to other Vitaceae and the close relationship
between Parthenocissus-Yua and Ampelocissus-Vitis
(Table 1). The phylogenetic positions of core Cissus
and Cissus II were not well resolved by the chloroplast
data (Figs 2a, S5b and S6b). Trees from ML analyses
of the combined chloroplast and nuclear data
(42_17loci) were mostly congruent with the
chloroplast-only tree, but the trees from the combined
data strongly supported core Cissus and Cissus 11 as
sisters and weakly supported Parthenocissus-Yua as
sister to CCT. Bayesian analyses of 42_17loci based on
different partitioning schemes, however, resulted in
conflicting topologies concerning the position of
Parthenocissus-Yua (Fig. 5c; Table 1). When excluding
the three conflicting nuclear genes from data set
42 17loci (i.e. 42_l4loci), a topology congruent with
that of the 42_11cp data set was obtained (Fig. S8b).

() MP
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Fig. 4. (a) Topologies inferred from MP-EST, STAR, BUCKy, ML and BI analyses based on data set 16_229nu. Support values are bootstrap
values (BP) of MP-EST and STAR, concordance factors of BUCKy, BP for RAXML and posterior probability (PP) of the BI analysis. (b)
Topology inferred from the MP analysis with BP values indicated above branches. “*” indicates BS = 100% or PP = 1.00.
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Fig. 5. Topologies inferred from the coalescent analyses using STAR (a) and MP-EST (b) and the optimal partitioning analyses using the ML
and BI methods (c) of data set 42_17loci. ML bootstrap values and posterior probability for the major nodes are indicated. “*” represents

BS = 100% or PP = 1.00.

Multispecies coalescent and Bayesian concordance
analyses

Species trees with bootstrap values estimated by the
fast coalescent methods MP-EST and STAR for data
sets 16_229nu, 42 _17loci and 42_14loci are presented
in Figs4, 5 and S8a, respectively. For data set
16 _229nu, the Bayesian concordance tree estimated
with BUCKYy is congruent with topologies of the fast
coalescence methods and the concatenated ML and BI
analyses (Fig. 4a). For data set 42_17loci, the fast

coalescent analyses by STAR and MP-EST are topo-
logically inconsistent, but the major nodes were not
well supported (Fig. 5a,b). Species trees based on
STAR and MP-EST for data set 42_14loci were gener-
ally consistent except that relationships among the
four-petalled taxa (taxa with four petals, including the
core Cissus clade and the CCT clade) were not well
resolved (Fig. S8a). Species trees estimated using MP-
EST and STAR for two subdata sets of 16_229nu
(16_75nu and 16_154nu) had identical topologies com-
pared with that of the 16_229nu (Fig. 4a). The species
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tree based on analyses of 75 nuclear gene trees with at
least one supported node yielded similar support val-
ues (Fig. S9a) to that of the 16 _229nu data set,
whereas analyses based on 154 nuclear gene trees that
were unresolved resulted in a species tree that was not
well supported (see internodes 1 and 3 in Fig. S9b).

Discussion
Insights into early divergences of Vitaceae

Divergence time estimations inferred that Vitaceae
have a crown age of ca. 85-95 Ma and the major lin-
eages may have diversified rapidly within a short per-
iod of time during the Late Cretaceous (Liu et al.,
2013; Lu et al., 2013; Fig. 1b). The difficulty for
reconstructing the early divergences of the family
might have been caused by an ancient rapid radiation,
perhaps coupled with extinction of lineages that
existed early in the history of Vitaceae. By comprehen-
sively comparing the results from optimal partitioning,
multispecies coalescent and Bayesian concordance
analyses, we retrieved early-branching relationships of
Vitaceae that are congruent with recent investigations
(Wen et al., 2013c; Zhang et al., 2015a) as summarized
in Fig. 6: the Ampelopsis s.l. clade as sister to the rest
of Vitaceae; Parthenocissus-Yua and Ampelocissus-Vitis
as the second diverged lineage; and the four-petalled
taxa forming a clade with Cissus 11 and core Cissus as
a clade sister to CCT. The Ampelopsis s.l. clade con-
tains ca. 43 species with an intercontinental disjunction
in six continents, including Ampelopsis, Nekemias,
Rhoicissus, Clematicissus and the Cissus striata com-
plex (Nie et al., 2012; Wen et al., 2014). Some previ-
ous studies have recognized Ampelopsis s.l. as sister to
other extant Vitaceae, albeit with only weak support
(Ingrouille et al., 2002; Ren et al., 2011). As the sec-
ond diverged lineage of Vitaceae, Parthenocissus-Yua
and Ampelocissus-Vitis share characteristics of five-
petalled flowers, circular to oval seed chalaza and
anomocytic stomatal apparatuses (Lu et al.,, 2012;
Manchester et al., 2013), although the synapomorphies
of this major clade still need to be rigorously explored
morphologically. The four-petalled clade was first rec-
ognized by Ren et al. (2011) with moderate support.
In addition to sharing four-petalled flowers, members
of this clade possess a thick floral disc. Cissus is the
largest genus of Vitaceae and has been confirmed to
be non-monophyletic. Most species of Cissus belong to
core Cissus; the South American Cissus striata com-
plex including C. striata, C. simsiana and C. tweediana
is nested within Ampelopsis s.l. The position of Cissus
II was uncertain in previous studies (Ingrouille et al.,
2002; Rossetto et al., 2002, 2007; Liu et al., 2013;
Rodrigues et al., 2014). The present study resolved

Core Cissus

(1/350)

Cissus Il

)

Amg

Parthenocissus-Yua

Ampelopsis s.I. (2/18)
(5/43) < ~
Leea -
(1/34) - %CQD
Fig. 6. Phylogenetic backbone of Vitaceae with names of major lin-
eages displayed above branches and the approximate numbers of
genera and species per clade indicated below branches. The four-

and five-petalled groups are indicated with flower symbols on the
right-hand side.

core Cissus and Cissus I forming a clade sister to
CCT, even though the branch lengths indicate that the
two clades of Cissus are quite divergent (Fig. 6). The
gynoecial structure also supports the current phy-
logeny; highly reduced septa characterize the more
derived clades including CCT and core Cissus, whereas
the septa nearly approach the gynoecial centre in the
more basal groups such as Ampelopsis s.1. (Ickert-Bond
et al., 2014). The only unsampled monotypic genus
Acareosperma is endemic to Laos and has only been
collected once without flowering materials. This genus
was established largely based on its distinct seeds with
whorled spiny rugae (Gagnepain, 1919; Chen, 2009).
Acareosperma may be most closely related to Cayratia
based on their shared pedate leaf architecture, axillary
inflorescence and unique seed characteristics (narrow
chalaza, polygonal endotestal sclereids, multiple layers
of endotestal sclereids and sarcotestal stomata; Wen,
2007b; Chen, 2009).

Previous phylogenomic studies have emphasized the
importance of exploring the data for conflicting and
potentially misleading phylogenetic signals and apply-
ing appropriate models to accommodate the underlying
processes attributed to the discordance (e.g. Burleigh
and Mathews, 2004; Nabhan and Sarkar, 2012; Town-
send et al., 2012; Salichos and Rokas, 2013; Smith
et al., 2015; Simmons et al., 2016). Although congruent
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topologies for the early-diverged lineages of Vitaceae
have been found by concatenating many loci from tran-
scriptome and plastome data, well-supported conflicts
were observed between trees from nuclear genes aroB
and GAIl (Fig. 2b,c), and among the 229 gene trees in
the 16_229nu data set (Figs S3 and S4). The supernet-
work of nuclear gene trees (Fig. 3a), the IC and ICA
scores (Fig. 3c), and the low concordance factors of the
BCA (nodes 1-3 in Fig. 4a) provide further evidence
that there are topological conflicts concerning the place-
ments of the early-branching lineages of Vitaceae. For
instance, nuclear marker aroB strongly supports
Parthenocissus-Yua as sister to the CCT clade, despite
no known morphological characters that could be
synapomorphies supporting such a relationship. Substi-
tution saturation does not appear to be an explanation
for the conflicts because no significant saturation was
detected based on Xia’s saturation tests (Tables S5).
From the distribution of topologies among the 229
nuclear gene trees, the relationships shown in Fig. 6
were widely supported (Fig. S3a) although 27 alterna-
tive topologies were also recognized (Figs S3 and S4).
We speculate that incongruence among nuclear genes
might be caused by ILS or gene duplication and/or loss.
These incongruences prompted us to explore strategies
to resolve the phylogeny of Vitaceae using models with
different assumptions.

Strategies to resolve early divergences of Vitaceae

Various studies have argued that simple data concate-
nation cannot accommodate the biologically meaning-
ful processes causing phylogenetic incongruence among
gene trees (e.g. Edwards et al., 2007; Pirie, 2015). Parti-
tioned analyses are one of the most common
approaches to account for substitution heterogeneity
among sites without discarding data (DeBry, 2003;
Blair and Murphy, 2011; Petkovits et al., 2011; Liu
et al., 2012; Xi et al., 2012; Powell et al., 2013). Tools
such as the Bayesian mixture model (Pagel and Meade,
2004) and PartitionFinder (Lanfear et al., 2012) have
been developed and found to be effective in identifying
the optimal partitioning schemes (Xi et al., 2012), but
they are often computationally intractable for large
phylogenomic data. Another common approach is to
use multispecies coalescent models that have been
developed for the estimation of accurate species trees in
the presence of ILS from phylogenomic and smaller
multi-locus data sets (Liu et al., 2009a). A third
approach relies on BCAs, which make no particular
assumption regarding the underlying causes of gene tree
discordance. Considering the potential limitations of
each of these approaches, we reconstructed the early
divergences of Vitaceae using partitioning analyses of
the concatenated data, multispecies coalescent
approaches and BCAs.

Our comparative partitioning analyses, using both
ML and BI, of five data sets (42 5cp, 362 Scp,
42 1lcp, 42_17loci and 42_l4loci) indicated that the
partitioning schemes selected by PartitionFinder were
preferred and that unpartitioned models performed
worse for most data sets (Table 1). Phylogenomic
studies conducted by Xi et al. (2012) and Liu et al.
(2014) using either chloroplast or mitochondrial genes
also revealed that the unpartitioned model performed
poorly compared with the partitioned ones. For data
set 42 17loci, however, which includes three nuclear
genes that harbour conflicting signals concerning the
placement of the Parthenocissus-Yua clade, the unpar-
titioned model was preferred for the Bayesian infer-
ence over the commonly used partitioning schemes
based on gene identity and general biochemical or
evolutionary constraints (Table 1). Similar results were
retrieved by Liu et al. (2012), who found the most
partitioned model as the best-fit scheme under the
likelihood criterion whereas the unpartitioned model
was preferred over more partitioned ones under the
Bayesian criterion when there were conflicts among
partitions. It remains to be seen if these observations
have greater generality. Additionally, it is unclear to
what extent the degree of incongruence among gene
trees might impact the selection of the best partition-
ing scheme. When the three conflicting nuclear genes
were excluded from the 42 17loci data set, partition-
ing analyses of the 42 l4loci data set retrieved a
topology congruent with that of the 42 11cp data set
(Fig. S8b). Therefore, the 42_17loci data set may pos-
sess incongruence that could not be accommodated by
partitioning models.

Biological processes that violate the model assump-
tions of concatenated methods can also lead to inaccu-
rate reconstructions, even in the face of seemingly
sufficient taxon and character sampling. Simulations
revealed that concatenated data analysis can produce
misleading trees with strong support, especially when
there is an “anomaly zone” of nodes and internodes
resulting from consecutive rapid speciation events in
the species tree (Kubatko and Degnan, 2007; Edwards,
2009; Edwards et al., 2016). Previous studies have indi-
cated that in regions of parameter space where analy-
ses of concatenated data perform poorly, multispecies
coalescent models may perform well (Liu et al., 2015a;
Xi et al., 2015; Edwards et al., 2016). In the present
study, the fast coalescent methods (STAR and MP-
EST) for the 229 nuclear gene trees resulted in the
same topology as the ML and BI analyses of the con-
catenated data, and the major nodes of Vitaceae were
well supported (Fig. 4a). Furthermore, the species tree
based on two subsets of the 16_229nu (16_75nu and
16 _154nu) data set retrieved identical topologies
(Fig. S9). The 75 resolved nuclear gene trees yielded a
species tree with higher support values (node 1: 100/
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100, node 3: 90/100; Fig. S9a) than that based on the
154 unresolved nuclear gene trees (node 1: 92/83, node
3: 77/97; Fig. S9b), although the latter was inferred
from more than twice the number of loci than the for-
mer. This is consistent with the observation of Xi et al.
(2015), who emphasized the significance of phyloge-
netic information in individual genes for coalescent
analyses. For data set 42 17loci, the fast coalescent-
based analyses using STAR (Fig. 5a) generated a spe-
cies tree congruent with the 16_229nu data set,
whereas the species tree based on MP-EST weakly
support Parthenocissus-Yua as sister to CCT (node 5
in Fig. 5b). By excluding three conflicting nuclear
genes from data set 42 17loci, STAR and MP-EST
analyses based on data set 42_14loci retrieved a species
tree congruent with that of the 16 _229nu data set.
These findings highlight concerns surrounding the use
of coalescent approaches when gene trees conflict
(Simmons et al., 2016).

ILS is considered to be one of the major causes of
gene tree conflict (Edwards, 2009), but other biological
processes, such as hybridization, gene duplication and/
or loss, and selection, may also lead to phylogenetic dis-
cordance (Szollosi et al., 2015). When selection acts
independently in non-sister lineages for the same pheno-
typic traits, it has the potential to cause phylogenetic
incongruence at the gene level, although few cases have
been documented (e.g. Kapralov and Filatov, 2007,
Kapralov et al., 2011). Indeed, because the chloroplast
genome acts as a single linkage group, selection acting
on the chloroplast could lead to significant incongru-
ence between the species tree and the chloroplast gene
trees. Nevertheless, we believe that invoking selection as
a general cause for incongruence among genes in the
case of Vitaceae is ad hoc when contrasting with other
(in our view, more likely) mechanisms (such as ILS and
hybridization) and requires further specific hypothesis
testing. BCA integrates over gene tree uncertainty and
makes no assumptions about the underlying biological
processes causing gene tree incongruence (Ané et al.,
2007; Larget et al., 2010). There is, however, limited
application of BCA in phylogenomic studies compared
with the multispecies coalescent approaches, possibly
due to its strictness on missing data. Our BCA for data
set 16_229nu yielded an identical topology to that from
the fast coalescent-based approaches (Fig. 4a). The
same analyses, however, failed to find much support for
the major divergences of Vitaceae, namely Ampelopsis
s.l. as sister to other Vitaceae (0.49; node 1, Fig. 4a),
Parthenocissus-Yua plus Ampelocissus-Vitis (0.61; node
2 in Fig. 4a) and core Cissus plus CCT (0.54; node 3 in
Fig. 4a), suggesting that there were strong conflicts
among genes which may be masked under high support
values of the concatenated analyses (Fig. 4 with 100%
support values for all nodes by the concatenated
analyses).

Conflicts among and within genomes are ever more
easily detected with next-generation sequencing tech-
nology efficiently generating large transcriptome and
complete plastid or nuclear genomic data for phyloge-
netic analyses (SzollGsi et al., 2015; Zimmer and Wen,
2015). Additional work is needed to improve models
of nucleotide and genome evolution for analyses of
genome-scale data sets. Nevertheless, recent advances
in complementary strategies for phylogenetic analyses
of these data sets have improved our capacity to
obtain the most likely species tree of a particular
group (Wielstra et al., 2014; Simmons et al., 2016).
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Fig. S1. Scaled map of 11 chloroplast regions (based
on Vitis vinifera chloroplast genome) and six nuclear
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regions (based on Vitis vinifera genome) surveyed in
this study.

Fig. S2. Average pairwise distances of six nuclear,
11 chloroplast and 229 nuclear loci (in the order of
highest to lowest average distance).

Fig. S3. Topologies representing relationships
among major clades of Vitaceae supported by two or
more of the 229 nuclear gene trees (with at least one
major clade > 70% BS supported).

Fig. S4. Topologies representing relationships
among major clades of Vitaceae supported by only
one of the 229 nuclear gene trees (with at least one
major clade > 70% BS supported).

Fig. S5. (a) Phylogenetic relationships among Vita-
ceae based on the MP analysis of data set 42 5cp. (b)
Topology inferred from the optimal partitioning analy-
ses of the ML and BI methods of data set 42 5cp,
indicating bootstrap values and posterior probability
for the major nodes.

Fig. S6. (a) Phylogenetic relationships among Vita-
ceae based on the MP analysis of data set 362_5cp. (b)
Topology inferred from the optimal partitioning analy-
ses of the ML and BI methods of data set 362 S5cp,
indicating bootstrap values and posterior probability
for the major nodes.

Fig. S7. Phylogenetic backbone of Vitaceae based
on (a) maximum parsimony (MP), (b) maximum likeli-
hood (ML) and (c) Bayesian inference (BI) analyses of
data set 42_1lcp. (d) A congruent backbone topology
of the MP, ML and BI analyses based on the 42_11cp
data set excluding the core Cissus clade.

Fig. S8. Topologies inferred from the coalescent
analyses using MP-EST and STAR (a) and the opti-
mal partitioning analyses using the ML and BI

methods (b) of data set 42_14loci (excluding aroB and
GAIl, which conflict strongly with other markers from
data set 42_17loci).

Fig. S9. Species trees inferred from MP-EST and
STAR based on data sets 16_75nu (a) and 16_154nu
(b).

Table S1. Data sets used and analyses conducted for
this study. “cp” and “nu” are used to represent chloro-
plast and nuclear genome, respectively.

Table S2. Taxon sampling and GenBank accession
numbers of DNA sequences for the 17-marker data set
(including 11 chloroplast and six nuclear regions of 42
taxa).

Table S3. Taxon sampling and GenBank accession
numbers of DNA sequences for five chloroplast
regions of 362 taxa.

Table S4. Primers used for PCR and sequencing in
this study.

Table S5. Sequence characteristics, best substitution
model, average pairwise distance and Xia’s index of
substitution saturation for each data partition based
on data sets of 11 chloroplast and six nuclear regions
for 42 taxa.

Table S6. Gene length, number of parsimony char-
acters, best-fit substitution model, average pairwise dis-
tance and the substitution saturation level as
implemented in DAMBE for the 229 nuclear genes
from the transcriptome data.

Table S7. Optimal partitioning schemes of data sets
42 Scp, 362 _5cp, 42_llcp, 42_17loci and 42_l14loci
and best-fitting substitution model for each partition
selected by PartitionFinder based on the corrected
Akaike Information Criterion (AICc).



