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e Background and Aims Among the numerous pantropical species of the yam genus, Dioscorea, only a small
group occurs in the Mediterranean basin, including two narrow Pyrenean endemics (Borderea clade) and two
Mediterranean-wide species (D. communis and D. orientalis, Tamus clade). However, several currently unrecog-
nized species and infraspecific taxa have been described in the Tamus clade due to significant morphological vari-
ation associated with D. communis. Our overarching aim was to investigate taxon delimitation in the Tamus clade
using an integrative approach combining phylogenomic, spatial and morphological data.

* Methods We analysed 76 herbarium samples using Hyb-Seq genomic capture to sequence 260 low-copy nu-
clear genes and plastomes, together with morphometric and environmental modelling approaches.

* Key Results Phylogenomic reconstructions confirmed that the two previously accepted species of the Tamus
clade, D. communis and D. orientalis, are monophyletic and form sister clades. Three subclades showing dis-
tinctive geographic patterns were identified within D. communis. These subclades were also identifiable from
morphometric and climatic data, and introgression patterns were inferred between subclades in the eastern part of

the distribution of D. communis.

* Conclusions We propose a taxonomy that maintains D. orientalis, endemic to the eastern Mediterranean
region, and splits D. communis sensu lato into three species: D. edulis, endemic to Macaronesia (Canary
Islands and Madeira); D. cretica, endemic to the eastern Mediterranean region; and D. communis sensu stricto,
widespread across western and central Europe. Introgression inferred between D. communis s.s. and D. cretica
is likely to be explained by their relatively recent speciation at the end of the Miocene, disjunct isolation in
eastern and western Mediterranean glacial refugia and a subsequent westward recolonization of D. communis
s.s. Our study shows that the use of integrated genomic, spatial and morphological approaches allows a more
robust definition of species boundaries and the identification of species that previous systematic studies failed

to uncover.

Key words: Hyb-Seq, target capture, yams, phylogeography, polyploidy, phylogenomics, Dioscorea communis,

Tamus edulis, Dioscorea orientalis, Dioscorea cretica.

INTRODUCTION

The yam genus, Dioscorea L. (Dioscoreaceae) is a diverse group
currently containing 631 accepted species (POWO, 2022) pos-
sessing underground storage organs and, in most, a climbing
habit. Species with starchy tubers constitute a food staple for
millions of people, resulting in seven to ten species being culti-
vated on a large scale (Asiedu and Sartie, 2010), including two
(D. alata and D. cayenensis) that together are the most widely
cultivated crops (Price et al., 2016). More than 40 wild species
are harvested as food sources (Martin and Degras, 1978). In
addition, some yams have been used in traditional medicine and
as a source of steroidal precursors (De Luca et al., 2012; Price

etal.,2016; Hua et al., 2017). While most wild yam species are
found in tropical regions (Caddick et al., 2002), a few species
are distributed in temperate regions and exhibit unique morpho-
logical traits (Viruel et al., 2010). For example, only six species
occur in the Mediterranean—Macaronesian region: two species
of the Stenophora clade (D. balcanica, native to Montenegro
and Albania, and D. caucasica, found in Georgia and Caucasian
Russia), the Borderea clade, which contains two well-defined
and narrow endemic species from the Pyrenean mountains
(D. chouardii and D. pyrenaica), and the Tamus clade, which
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is more widely distributed across the Mediterranean Basin,
Macaronesia and Atlantic Europe (Viruel et al., 2016).
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The Tamus clade currently comprises two species (Wilkin
et al., 2005): D. communis, distributed throughout the
Mediterranean Basin and the Macaronesian Islands (Canary
Islands and Madeira), and with infraspecific variation in
ploidy (Viruel et al., 2019); and D. orientalis, restricted to
Lebanon and Israel. However, like in many Dioscorea clades
(Viruel et al., 2010), the Tamus clade has had multiple pre-
vious taxonomic circumscriptions. Based on their berry
fruits, the Tamus clade was considered as a separate genus,
Tamus, distinct from Dioscorea, until 2002 (Caddick et al.,
2002). The latter study unified several previously recognized
genera (Epipetrum, Nanarepenta, Rajania, Testudinaria
and Borderea) to maintain the monophyly of Dioscorea.
Moreover, fruits with different degrees of fleshiness have
been observed in other Dioscorea species (e.g. D. ovinala, D.
antaly; Caddick et al., 2002).

Linnaeus (1753) recognized two species: 7. communis,
with cordate leaves and a Mediterranean distribution, and 7.
cretica, with trilobed leaves and typified with material from
the Greek island of Crete. In the 19th and early 20th cen-
turies, four Macaronesian endemic species were described
(T. edulis, T. parviflora, T. norsa and T. canariensis), while T.
cirrhosa, T. cordifolia and T. racemosa were treated as distinct
Mediterranean species. In the late 20th century, T. cretica was
placed as a subspecies in T. communis (T. communis subsp.
cretica, and T. communis f. subtriloba was described as a var-
iety with trilobed leaves found in the Balearic Islands and
north-eastern Spain (Catalonia). All these names were sub-
sequently united under the currently accepted D. communis
(Caddick et al., 2002); however, this decision was not sup-
ported by phylogenetic or morphological data. The second
species currently recognized in the Tamus clade, D. orientalis,
was originally described as T. orientalis, named after its eastern
Mediterranean distribution.

From the above, it is clear that species concepts have under-
gone many changes since Linnaeus described two Tamus spe-
cies using morphology, especially reproductive traits (De
Queiroz, 2007). As for many other species in other plant genera
and families, integrative taxonomic and systematic approaches
combining genetic data, morphometrics and climatic envelope
data have successfully helped to delimit species in challenging
groups of plants (e.g. Frajman et al., 2019). The emergence of
high-throughput sequencing (HTS) techniques and the pro-
duction of thousands of molecular markers have massively in-
creased our ability to resolve relationships between and within
species, and subsequently redefine species boundaries (e.g.
Fay et al., 2019; Escudero et al., 2020). Among these HTS
methods, Hyb-Seq has become widely adopted across plant
phylogenomic studies due to its ability to generate data from
degraded herbarium materials (e.g. Brewer et al., 2019; Viruel
et al., 2019) and to resolve relationships at different taxonomic
scales (e.g. Villaverde et al., 2018). Hyb-Seq techniques rely
on genome skim data and target capture probes designed ei-
ther specifically for some genera or families (e.g. Soto Gomez
et al., 2019) or more widely across larger groups, including
all angiosperms (e.g. Johnson et al., 2019). In this study, we
use a multidisciplinary approach combining genomic, mor-
phometric and environmental niche modelling data generated
from herbarium specimens to identify taxon boundaries in the

challenging Tamus clade of Dioscorea, and to explore their
phylogeographic patterns across the Mediterranean.

MATERIALS AND METHODS

Plant material

Seventy-six herbarium specimens identified as Dioscorea
communis or D. orientalis were used to obtain genomic, spatial
and morphometric data. They were selected as being represen-
tative of the macromorphological diversity and geographic dis-
tribution ranges of the two species as currently circumscribed
(Supplementary Data Table S1). The genomic sampling also
included material that was used as outgroup taxa, comprising
the two species from the Borderea clade (D. chouardii and D.
pyrenaica), which is sister to the Tamus clade (Viruel et al.,
2016), and two members of the more distantly related African
clade (D. elephantipes and D. sylvatica).

Phylogenomics

Total genomic DNA was extracted from herbarium spe-
cimens using a modified CTAB protocol (Doyle and Doyle,
1987). Nuclear target enrichment was used to capture 260
low- to single-copy nuclear (LSCN) genes using RNA baits
designed for Dioscorea (Soto Gomez et al., 2019). Genomic
libraries were prepared using the NEBNext® Ultra™ II DNA
Library Prep Kit for Illumina® (New England Biolabs, Ipswich,
MA, USA) with AMPure XP magnetic beads and NEBNext®
Multiplex Oligos for Illumina® (Dual Index Primer Sets I and
II) as tags for simultaneous sequencing. Subsequently, the en-
riched libraries were multiplexed and sequenced on a HiSeq X
platform (Illumina) lane.

We filtered raw paired-end reads by removing adapter
sequences and low-quality reads using Trimmomatic v.0.36
(Bolger et al., 2014). We used HybPiper v.1.3.1 (Johnson et
al., 2016) to recover 260 nuclear genes and associated introns
(Soto Gomez et al., 2019) using sequence data from the tran-
scriptome of D. communis (SRA SAMN11290810) as a refer-
ence file following Viruel et al. (2019). We used nQuire (Weil3
et al., 2018) to calculate the number of read counts for each
allele per single-nucleotide polymorphism (SNP), and esti-
mated the median value of allelic ratios per sample to classify
each individual as diploid (<2) or polyploid (>2) as described
and optimized for Dioscorea in Viruel et al. (2019). The per-
centage of polymorphic sites was calculated as the percentage
of SNP positions compared with the total number of base pairs
retrieved for each sample. Plastome data were recovered using
HybPiper and the plastome of D. elephantipes as reference
(GenBank NC_009601).

Sequences were aligned with MAFFT v.7 (Katoh et al.,
2002) using the --auto parameter, and debugged with trimAl
v.1.4.1 (Capella-Gutiérrez et al., 2009) using the -automatedl
command. Phylogenomic trees were reconstructed using the
concatenated and partitioned nuclear DNA (nDNA) and plastid
DNA (pDNA) datasets independently, and for each nuclear
gene independently, using maximum likelihood analysis as im-
plemented in RAXML-NG (Katoh et al., 2019) and IQ-TREE
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(Nguyen et al., 2015), with a GTR+GAMMA substitution
model and 1000 bootstrap replicates. We used ASTRAL-III
(Zhang et al., 2018) to construct a species tree based on the
independent nuclear gene trees, and SVDquartets to evaluate
10 000 000 random quartets (or all possible quartets if lower)
and 10 000 bootstrap replicates, as implemented in PAUP*
4.0a146 (Swofford, 2002). Haplotype networks were recon-
structed with plastid data using the TCS method as imple-
mented in Popart v.1.7 (Clement et al., 2002; Leigh and Bryant,
2015).

We used Structure (Pritchard et al., 2000) to further inves-
tigate the genetic clusters within and between taxa based on
filtered SNP data from the concatenated nDNA dataset. We
tested one to six genetic groups (K = 1-6) allowing admixture
at individual level, and correlated allele frequencies, by run-
ning five replicates with a 100 000 burn-in and a chain length
of 1 000 000 simulations each. Structure Harvester (Earl and
vonHoldt, 2012) was used to obtain likelihood values for the
multiple values of K and to apply the AK criterion to select the
optimal K. We plotted Structure results for each K value using
StructuRly (Criscuolo and Angelini, 2020).

Divergence times were estimated using a Bayesian relaxed-
clock approach implemented in BEAST 1.10.4 (Drummond and
Rambaut, 2007) and a penalized likelihood approach as imple-
mented in treePL (Smith and O’Meara, 2012) using the concat-
enated nDNA dataset containing one representative per taxon.
In both analyses, the crown node of the African/Mediterranean
clade was used as calibration by applying a minimum age of
24 million years (MY) and a maximum age of 40 MY, based on
the age estimates from Viruel et al. (2016; 95% highest posterior
density interval of 24.3469-39.2223 MY). In BEAST analysis,
we applied the GTR+I+G substitution model, Yule tree prior,
and an uncorrelated lognormal molecular clock and ran the ana-
lysis for 1 billion generations, sampling every 100 000 gener-
ations. Convergence and mixing of the Monte Carlo Markov
chain in BEAST analysis was assessed using the effective sam-
pling size (ESS > 200) criterion in TRACER v.1.7.1, and all
parameters showed ESS values >200. The treePL analysis was
conducted in two consecutive runs: (1) applying the ‘prime’
option to select the most optimal parameter values; and (2) a
‘thorough’ analysis by setting opt = 1, optad = 2 and optcvad
=5.

Spatial analysis

Occurrence records were obtained from 287 observations
from the Global Biodiversity Information Facility (211 occur-
rences validated by morphology; http://www.gbif.org/) and data
from herbarium specimens (76 occurrences). For modelling
purposes, the dataset was reduced to keep only georeferenced
data.

We used environmental niche modelling (ENM) approaches
to reconstruct the potential distribution of the four main clades
uncovered in the phylogenomic analyses (see the Results
section) under current and past climatic conditions using the
maximum entropy algorithm implemented in the R package
‘Maxent’ (Phillips, 2021). Nineteen bioclimatic variables were
extracted from the Bioclim dataset, provided by WorldClim 1.4
in a GIS-based raster format (2.5-min resolution). The correl-
ations between environmental variables were determined with

a Pearson’s correlation matrix and subsequent realization of a
dendrogram cluster for its visualization (Supplementary Data
Fig. S1). We selected a different set of uncorrelated variables
for each geographic region with a high percentage contribution
(PC): bio4 (temperature seasonality), bio8 (mean temperature
of wettest quarter), bio9 (mean temperature of driest quarter),
biol5 (precipitation seasonality) and biol6 (precipitation of
wettest quarter) for the circum-Mediterranean region; bio3
(isothermality), bio6 (min temperature of coldest month), bio8
(mean temperature of wettest quarter), biol4 (precipitation of
driest month), biol5 (precipitation seasonality) and bio16 (pre-
cipitation of wettest quarter) for the Eastern Mediterranean re-
gion; and bio3 (isothermality), bio4 (temperature seasonality),
biol6 (precipitation of wettest quarter) and biol8 (precipitation
of warmest quarter) for the Macaronesian region. The ENM
analyses were carried out under current climatic conditions,
and projected to climatic conditions of the Mid Holocene (MH,
~6000 years ago), the Last Glacial Maximum (LGM, ~22 000
years ago; Braconnot et al., 2007) and the Last Interglacial (LIG,
~120 000 140 000 years BP; Otto-Bliesner et al., 2006) using
the palaeoclimatic Community Climate System Model (CCSM,;
Gent et al., 2011). Layers were cropped to represent the distri-
bution range of each phylogenetic group (i.e. DC1, DC2 and
DC3 for D. communis, and D. orientalis; see Results section)
to maximize the reliability of the results and discard false oc-
currences using the package ‘raster’ (v.3.5-15; R v.4.0.5). We
used the Schoener’s D and Hellinger’s / indices as implemented
in ENMtools v.1.0.4 to evaluate niche overlap (Warren et al.,
2008, 2010). Equivalence and similarity tests with 1000 repli-
cates were carried out to assess if the overlap between ENMs is
higher than expected under randomized ENMs.

A multivariate ordination analysis (principal component
analysis, PCA) was carried out using uncorrelated biocli-
matic variables obtained from WorldClim using the packages
‘ade4’, ‘factoextra’, ‘magrittr’, ‘dismo’ and ‘HH’ in R v.4.0.5.
The correlation analysis was performed with a Pearson cor-
relation matrix and subsequent visualization and selection of
variables using a dendrogram cluster. The following ten uncor-
related variables with the highest contribution to the PCA were
selected: biol (annual mean temperature), bio2 (mean diurnal
range), bio3 (isothermality), bio7 (temperature annual range),
bio8 (mean temperature of wettest quarter), bio9 (mean tem-
perature of driest quarter), biol0 (mean temperature of warmest
quarter), biol2 (annual precipitation), biol5 (precipitation sea-
sonality) and bio19 (precipitation of coldest quarter).

Morphometrics

We studied vegetative and reproductive traits of 76 herb-
arium specimens (60 males and 16 females), previously used to
delimit taxa boundaries in other Dioscorea species (e.g. Viruel
et al., 2010), using a 150-mm calliper, a stereomicroscope and
ImageJ 1.52a (Schneider et al., 2012). Traits were measured
and treated independently for male and female individuals
(Supplementary Data Table S2). Pollen grains were sputter-
coated with platinum and examined using a Hitachi S4700 cold
field emission scanning electron microscope at 2 kV (Hitachi
High-Tech Corporation, Tokyo, Japan).

A Pearson correlation of >0.7 was used as a threshold to
exclude correlated variables from the analysis. The normality
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Kolmogorov—Smirnov test with Lilliefors correction and
Levene’s test for homoscedasticity were applied to the vari-
ables following a normal distribution. Subsequently, com-
parisons among taxonomic units identified in phylogenomic
analyses (see the Results section) were conducted using
Kruskal-Wallis and Bonferroni post hoc tests. Statistical ana-
lyses were performed using the ‘nortest’, ‘Hmisc’, ‘corrplot’,
‘PerformanceAnalytics’ and ‘car’ packages in in R v.4.0.5 (R
Core Team, 2022).

RESULTS

Data recovery and phylogenomic results

Target capture data recovery for 76 samples of the Tamus clade
of Dioscorea and the four outgroup samples included in this
study are summarized in Table 1. Sequence data are available
in the SRA repository: PRINA525269 and PRINA895370. An
average of 2 240 287 quality filtered paired-end reads were re-
trieved per sample, ranging between 43 612 and 16 196 619
reads. While the samples from herbarium specimens dated from
1788 to recently collected material, the differences in number
of retrieved reads were not related to the age of the specimens.
On average, the proportion of reads on target (enrichment effi-
ciency) was 0.33 (0.09-0.60), and although sequences were as-
signed on average to 258 genes per sample, assemblies at 50 %
of the expected size of each gene were retrieved on average for
215 genes per sample.

Our target capture approach allowed us to recover an average
of 326 149 bp (45 171-394 977) of nuclear data per sample,
which corresponds to a recovery rate of 76.9 % (10.6-93.1 %),
while the off-target reads contained plastid data that permitted
the assembly of 131 543 bp on average (30 666—151 239) of
the plastome per sample. No differences were observed in re-
covery rates between the clades reconstructed in our analysis
(see below); the overall sequencing and target capture data
obtained for the four outgroup samples were in the range of the
remaining samples.

Both nuclear- and plastid-based phylogenomic reconstruc-
tions support the monophyly of the Tamus clade in Dioscorea
(Fig. 1), with two highly supported clades that corresponded
to the two currently recognized species (D. communis and D.
orientalis). Three highly supported subclades were reconstructed
in the D. communis s.1. clade in the nuclear tree (Fig. 1). A first
split separated the samples of D. communis from Macaronesia
(clade DC1). The remaining samples of D. communis fell into
two sister subclades corresponding to samples of D. communis
from the eastern Mediterranean (clade DC2) and Mediterranean
and Europe (clade DC3), respectively. Clade DC3 was subse-
quently further subdivided into (eastern Mediterranean, (central
Mediterranean, western Europe)) subclades. Overall bootstrap
support was >90 % for most of the nodes (Fig. 1). This phylo-
genetic tropology was congruent with the reconstructions
obtained with ASTRAL-III (Supplementary Data Fig. S2A) and
SVDquartets (Supplementary Data Fig. S2B).

The plastid tree was generally congruent with the nuclear
tree. However, the plastid topology differed in the resolution of
the most recent Mediterranean subclades. In addition, one DC2
sample (R32) was placed in a different subclade (Fig. 1). The
remaining Mediterranean D. communis samples (DC3) were
intermingled in three plastid subclades (I, IT and IIT in Fig. 1). In

the nuclear tree, subclade DC3 from the eastern Mediterranean
contained samples with plastid haplotypes from all plastid
subclades (I, II and III), and the subclades of DC3 from cen-
tral Mediterranean and western Europe contained samples with
those from plastid subclades I and II, and II and III, respectively
(Fig. 1). These subclades were also represented in the haplo-
type network (Supplementary Data Fig. S2C).

To better understand the source of topological incongru-
ence between the nuclear and plastid phylogenetic trees of the
Mediterranean samples of D. communis, we used Structure to in-
vestigate whether introgression between samples from different
subclades may have occurred. The highest AK value (15821.9)
was obtained for K = 3 genetic groups (Supplementary Data
Fig. S3). All samples in clade DC2 of D. communis showed
genetic profiles corresponding to one genetic group (Cluster 1),
and five samples also showed a percentage of membership <20
in Cluster 2 (i.e. samples R16, R17, S69 and S70) or Cluster
3 (sample R32, 26 %). The samples of D. communis in clade
DC3 showed genetic profiles corresponding predominantly to
Cluster 3 and multiple patterns of admixture with Clusters 1
and 2 (Fig. 2). The genetic profile of one DC3 sample from
the eastern Mediterranean subclade showed a percentage of
membership >20 in Cluster 1, and nine DC3 samples had mem-
bership percentages of >20 in Cluster 2 (five from the eastern
Mediterranean, one from the central Mediterranean and three
from the western Europe subclades). Other alternative K groups
did not increase the number of clusters in DC2 and showed
higher admixture in the DC3 subclades (Supplementary Data
Fig. S4). In all cases, sample R32 was always resolved with
~20 % admixture with the main genetic cluster of DC3.

Based on our phylogenomic and genetic structure ana-
lyses, we performed divergence time analysis using treePL
and BEAST (Supplementary Data Fig. S5) using one rep-
resentative sample of each defined clade and genetic group:
D. orientalis, DC1, DC2 and DC3. Both approaches recon-
structed an early Oligocene origin for the crown node of the
Tamus and Borderea clades (BEAST 28.5 MY and treePL
28.2 MY), and a late Miocene split for the two species of the
Borderea clade (BEAST 8.1 MY and treePL 10.6 MY). The
split of D. orientalis from D. communis was inferred to have
occurred during the early Miocene (BEAST 18.2 MY and
treePL 20.6 MY), and the Macaronesian clade (DC1) likely di-
verged from the Mediterranean lineage of D. communis during
the mid-Miocene (BEAST 13.5 MY and treePL 16.0 MY). The
most recent split between clades DC2 and DC3 was estimated
to have taken place during the late Miocene (BEAST 5.6 MY
and treePL 6.6 MY).

The mean and median values of allelic ratios were >2 in all
cases for D. orientalis and clade DC1, and only ten samples
showed allelic ratio values <2: eight samples from clade DC2
and two samples from the eastern Mediterranean subclade of
DC3 (Table 1). The lowest incidence of estimated polyploidy
based on allelic ratio estimates was found in DC2, with 50 % of
the samples classified as diploids (Table 1).

Current and past overlaps in species distribution ranges between
the Tamus lineages

An ENM analysis was performed for each of the four lin-
eages in the Tamus clade (Fig. 3) to explore whether differ-
ences exist in (former) distribution between the four clades
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Nuclear

Dioscorea elephantipes
Dioscorea sylvatica

renaica
Borderea ic rea chouardii

o
DCH g

Tamus

—
D. communis|

E Mediterranean 81

)
N

Dc3l®

C Mediterranean

W Mediterranean
62

Plastid

FiG. 1. Phylogenomic trees reconstructed using the concatenated and partitioned nuclear (left) and plastid (right) data obtained using Hyb-Seq for 76 samples of

the Tamus clade of Dioscorea. Samples included are representative of its distribution range across the Mediterranean region. Filled circles represent branches with

support values >90 %, while lower values are shown on branches. Colours represent the main clades found in the nuclear tree (see Results section) (D. orientalis

violet, DC1 blue, DC2 green, DC3 red), and roman numbers identify the subclades in D. communis in the plastid tree (I, II and IIT; subclades within each clade are
indicated with lower-case letter a or b). Dashed lines connect the same samples in the nuclear and plastid trees.

identified within the Tamus clade of Dioscorea. Predicted dis-
tribution models were estimated using available occurrence
data points (DC1, 27; DC2, 26; DC3, 218; D. orientalis, 17)
and selected bioclimatic variables (DCI1, biol6, bio9, biol5,
bio3 and bio8; DC2, biol6, biol4, bio6, biol5, bio3 and
bio8; DC3, bio4, bio8, biol6, biol5 and bio9; D. orientalis,
biol6, biol4, bio6, biol5, bio3 and bio8; in order of import-
ance), and showed high values of area under the curve (DCI,
0.9989 + 0.0003; DC2, 0.980 + 0.005; DC3, 0.937 + 0.002;
D. orientalis, 0.9994 + 0.0001) and a 10 % threshold was ap-
plied (DC1, 0.24; DC2, 0.29; DC3, 0.20; D. orientalis, 0.50
probability).

The group formed by DC3 samples had its highest distri-
bution probability in several Mediterranean areas, central
and southern Europe (including England and Belgium to the
Crimea), north-western Africa and western Asia (Turkey,
Syria, Caucasus, Caspian shores). The most optimal distribu-
tion for DC2 was in the eastern Mediterranean, specifically in
the eastern Aegean islands and the Mediterranean coastal zone
of Turkey, Lebanon and Israel. The distribution model of the
last group overlapped with the distribution range inferred for
D. orientalis, which also presented its optimum in the eastern

Mediterranean area, along the coasts of Lebanon, Syria,
Palestine and Israel. The highest probabilities of potential dis-
tribution ranges for the DC1 group are restricted to the humid
areas of the western Canary Islands (Fig. 3), with Madeira and
western Morocco showing a lower probability of occurrence.
Overlap was observed between DC2, DC3 and D. orientalis in
the eastern Mediterranean region, and between DC1 and DC3
in the Canary Islands.

The highest niche breadth obtained corresponded to the clade
with the largest modelled distribution projection (i.e. 0.875 for
the DC3 clade), followed by DC2 (0.731), D. orientalis (0.516)
and DCI1 (0.499). We calculated Schoener’s D and Hellinger’s
I indexes as metrics of niche overlap between pairs of distribu-
tion models. The highest overlaps between current niches were
found between the DC3 clade with DC1 (D = 0.52, I = 0.64)
and DC2 (D = 0.48, I = 0.67), whereas D. orientalis showed
lower overlap values with DC2 (D = 0.32, I = 0.60) and DC3
(D =0.36, I = 0.48). Although niche overlap between the DC2
and D. orientalis clades showed the lowest values, a PCA using
the raw bioclimatic data obtained from the studied samples
did not differentiate between them (Fig. 4); a better separation
was, however, found between DC3 and DCI. These results are
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F1G. 2. Admixture proportions for K = 3 genetic groups obtained from genetic structure analysis of nuclear data of Mediterranean D. communis samples through

ten replicates in Structure (see text for details). Each sample is shown by a vertical bar partitioned according to its membership in one of the K clusters, represented

in red, green and blue. The samples follow the same order as in the nuclear phylogenetic tree (Fig. 1) and are organized by clades (DC2 and DC3). The plastid

clades (I, IT and III; Fig. 1) are labelled next to the sample codes. An asterisk (¥) is used to represent the only sample of D. communis (R32) that was resolved as
part of clade DC1 based on nuclear data, and in a different clade with plastid data (Fig. 1).

supported by observed differences between the four clades for
each of the bioclimatic variables (Supplementary Data Fig. S6).

Hindcast species distribution models projected to the past
(Supplementary Data Fig. S7) support a long-term presence
of D. orientalis and DC2 clades in the eastern Mediterranean
region, and a prevalence of the DC3 clade in the western
Mediterranean since the LIG (~120 000-140 000 years BP).
The overlap between current and MH (~6000 years ago) distri-
bution models was high for DC2 (0.907), D. orientalis (0.798)
and DC3 (0.859), slightly lower between the MH and the LGM
(~22 000 years ago) for DC2 (0.835), D. orientalis (0.564) and
DC3 (0.719), and moderately to drastically lower between the
LGM and the LIG for DC2 (0.216), D. orientalis (0.419) and
DC3 (0.558).

Identification of morphological traits defining taxa based on
lineage divergences in the Tamus clade

We explored whether differences may exist between
the four clades identified in the Tamus clade of Dioscorea
in macro- and micromorphological characteristics (Fig.
5). Only three traits (male flower pedicel, female inflores-
cence length and leaf coverage) were found to have a normal

distribution (Supplementary Data Table S3). An assump-
tion of homoscedasticity was corroborated using a Levene
test for these variables. In the vegetative traits analysed
(Supplementary Data Table S2), we found significant dif-
ferences between clades in leaf area, including leaf length,
leaf width, leaf perimeter and petiole, while leaf coverage
and the main nerve length and leaf length ratio did not show
significant differences between groups (Supplementary Data
Table S3). Regarding reproductive traits (Supplementary
Data Table S2), we found significant differences in male in-
dividuals for the total length of the inflorescence, the length
of pedicels and the number of fascicles, but the number of
flowers did not show significant differences (Supplementary
Data Table S3B). The following morphological traits showed
Pearson correlations >0.7 (Supplementary Data Fig. S8):
leaf length, leaf width, leaf area, leaf perimeter, petiole, leaf
coverage, main nerve length, leaf length ratio, inflorescence
length and number of flowers. We therefore selected leaf
area, leaf coverage and male inflorescence length as poten-
tial diagnostic variables. Post hoc analyses were performed
(Supplementary Data Table S3), and we used these statistical
differences to describe the morphological variability of each
genetic group in Table 2.
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FiG. 3. Environmental niche models constructed using a current climate envelope and occurrence data for the samples of the Tamus clade of Dioscorea analysed

in this study. The ENMs were estimated for each of the four lineages identified in the Tamus clade with background maps adjusted to reflect their estimated po-

tential distributions: DC3 clade of D. communis; DC2 clade of D. communis; the Macaronesian DC1 lineage of D. communis; and D. orientalis. A 10 % threshold
cropping was applied for each distribution range model (see Results section). The scale bars represent the prediction of probability of occurrence.

Morphological differences were found between the four
clades and served as diagnostic characters in an identification
key to distinguish the four distinct species (see Identification
key below); these morphological features matched the genetic
and niche data of these taxa. Our multidisciplinary approach
combining genetic, spatial and morphometric data has delim-
ited four taxa at species level, three species in the previously
recognized D. communis sensu lato, namely D. communis
sensu stricto, D. edulis and D. cretica, plus D. orientalis.

Identification key for Dioscorea communis, D. cretica, D.
edulis and D. orientalis

la. Flowers sessile, solitary; leaf pedicel up to 1.6 cm, shorter
than leaf .... D. orientalis

1b. Flowers pedicellate in fascicles (2-4 flowers each); leaf
pedicel leaf pedicel up to 10.1 cm, usually longer than leaf

2
2a. Leaves cordate—sagittate; perigonium violet; Macaronesia
.... D. edulis

2b. Leaves cordate—trilobed; perigonium whitish—greenish; not
in Macaronesia .... 3

3a. Leaves cordate (rarely trilobed in Balearic Islands); flowers
turbinate infundibuliform .... D. communis

3b. Leaves trilobed; flowers urceolate .... D. cretica

Taxonomic treatment and descriptions

1.Dioscoreaorientalis(Thiébaut) Caddick & Wilkin Basionym=
Tamus orientalis Thiébaut., Bull. Soc. Bot. France 81: 119.
1934.

— Holotype: Lebanon. Between Batroun and Saida, January
1933, Thiébaut s.n. (P00301666).

Perennial herb, glabrous. Stems simple or little branched.
Leaves ovate, acuminate, cordate at the base of up to 56 x 48 mm,
petiole with glandular base. Flowers sessile, in axillary spikes,
hanging 1-23 (male), 1-4 (female) flowers. Whitish-purple (i.e.
including a range of shades of purple) perigonium; six lobes,
recurved ovals. Six stamens, three stigmas and six naked fila-
ments (female). Bracteoles 1-2 widely ovate, with final peak,
adpressed perigonium, with a hull in the outer surface. Fleshy
fruit, oblong, 7-11 x 6-10 mm, red at maturity. Pollen grains
(Supplementary Data Fig. S9) with two apertures with longer
axis up to 40 pm and shorter axis up to 30 um. Perforated
with 1.9 perforations per micrometre and perforation size up
to 0.85 um, with spines. Eastern Mediterranean region. 2n =
unknown.

2. Dioscorea edulis (Lowe) Campos, Wilkin & Viruel, comb.
nov. (= Clade DCI1) = Basionym: Tamus edulis Lowe, Trans.
Cambridge Philos. Soc. 4: 1. 1833.
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R18
L

FI1G. 4. Principal component analysis conducted with 19 bioclimatic variables for samples of the Tamus clade of Dioscorea across the Mediterranean region sep-
arated into the four main lineages (see Results section): Macaronesian DC1 clade of D. communis in light blue; D. communis clade DC2 in green; D. communis
DC3 clade in red; and D. orientalis in purple.

— Type: Portugal, Madeira, Pta Moniz, 7 May 1828, Herb.
Lowe 504 (K; K000099334!, KOO1081657!).

Heterotypic synonyms:

= Tamus canariensis Willd. ex Kunth, Enum. P1. 5: 455. 1850,
nom. illeg. pro syn. Type: Spain, Canary Islands, Herbarium
Willdenow no. 18374 (B-W).

= Tamus parviflora Kunth, Enum. P1. 5: 454. 1850. Holotype:
Spain, Canary Islands, Teneriffa, ex Museo Paris, 1821 (B 10
0160963!), male plant.

Perennial herb, glabrous. Leaves varying from cordiform to
sagittate, petiole 1.60-3.88 cm, leaves up to 125 x 110 mm,

slightly wavy, coarse, chartaceous and secondary veins visible,
but not prominent. Male inflorescence compound is arranged in
fascicles of three or four flowers, compound inflorescence up to
12 cm in length and bearing up to 65 flowers in total. Female
flowers composed of six violaceous tepals with erect filaments.
Fruit a globose berry, 6-12 x 1-8 mm, reddish-orange. Pollen
grains (Supplementary Data Fig. S9) with two apertures with
longer axis up to 36 pm and shorter axis up to 18 um. Perforated
with 3.9 perforations per micrometre and perforation size up to
0.37 um, without spines. Macaronesia (Madeira, Gran Canaria,
Tenerife, Gomera, Hierro, La Palma). 2n = 36, 48.
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F1G. 5. Phylogenetic tree reconstructed using the concatenated nuclear data obtained using Hyb-Seq for 76 samples of the Tamus clade of Dioscorea. Morphological,
ploidy and geographic distribution trait variation is represented with circles for each sample (as indicated in the key).

3. Dioscorea cretica (L.) Campos, Wilkin & Viruel, comb. nov.
(= Clade DC2) Basionym: Tamus cretica L., Sp. Pl., 1028.
1753.

= Tamus communis L. subsp. cretica (L.) Kit Tan, Notes Roy.
Bot. Gard. Edinburgh 41(1): 47. 1983.

— Neotype (designated by Kit Tan in Davis, 1984, as isotype,
corrected by Jarvis, 2007): ‘Habitat in Creta’, Herb. Tournefort
no. 283 (P-00665856!).

Perennial herb, glabrous. Leaves deeply trilobate, or apex or
basal lobes elongated from a cordate leaf, up to 70 x 70 mm,

with 3-9 prominent main nerves and secondary reticulated
nerves not visible. Male inflorescence branched, to 25 cm long
with up to 50 flowers in total, short female inflorescence up to
7 cm with 1-6 urceolate, greenish-yellow flowers. Fruit a glo-
bose berry, 7-11 x 6-10 mm, reddish-orange. Pollen grains
(Supplementary Data Fig. S9) with two apertures with longer
axis up to 36 um and shorter axis up to 29 um. Perforated
with 0.5 perforations per micrometre and perforation size
up to 1.2 um, without spines. Eastern Mediterranean. 2n =
unknown.
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TABLE 2. Morphological traits and variability in the four morphological groups identified in the Tamus clade of Dioscorea, one corres-
ponding to D. orientalis (five samples) and three to the currently recognized D. communis s.1.: Macaronesian clade DCI (= D. edulis, 13
samples), trilobed leaf Eastern Mediterranean clade (DC2) (= D. cretica, 12 samples) and the DC3 cordate leaf clade of D. communis

(= D. communis s.s., 46 samples) (see Fig. 1)

D. communis DC3

Leaf Petiole (cm) 0.24-10.1
Shape Cordate
Size length x Up to 180 x 150
width (mm)
Margin Thickened, not
undulate
Consistency Chartaceous
Secondary Reticulated, usually
veins not evident
Male Disposition In a fascicle, up to
inflorescence four flowers
Branching Compound
Size (cm) Upto 35
Number of 3—4 per fascicle, up to
flowers 73 per inflorescence
Pedicel (mm) 0.5-5.4
Female Number of 1-14 per inflorescence
inflorescence flowers
Pedicel (mm) 4.7-11.3
Fruit Size (mm) 7-11, 6-10
Shape Globose to ellipsoid
Seed Number 1-6
Colour Dark brown
Pollen Apertures 2
Longest axis 31-36
(um)
Shorter axis 27-30
(pm)
Perforation 0.6-1.2
size (um)
Perforations/ 0.5
pm?
Spines No

D. communis DC2 D. communis DC1 D. orientalis

1.7-8.8 1.6-3.88 0.6-1.6

Trilobed Cordate to sagittate Cordate

Up to 70 x 70 Upto 125 x 110 Up to 56 x 48

Thickened, not Thickened, slightly Thickened and
undulate undulate undulate

Chartaceous Thinly chartaceous Thinly

Reticulated, usually

Dark, visible but

coriaceous

Concolorous and

not evident not prominent prominent
In a fascicle, up to In a fascicle, up to Solitary
four flowers four flowers
Compound Compound Simple
Upto 25 Upto 12 6.7
14 per fascicle, up to 3—4 per fascicle, 65 1-23
50 per inflorescence per inflorescence
1.04-5.17 14-54 Sessile or
subsessile
1-6 per inflorescence 1-8 per 1-4
inflorescence
2.5-9.3 3.8-7.3 Sessile or
subsessile
7-11, 6-10 6-12, 1-8 5.5-11,1-4
Globose to ellipsoid Globose to Ellipsoid
ellipsoid
1-6 1-6 1-6
Dark brown Dark brown Dark brown
2 2 2
31-36 28-36 35-40
26-29 14-18 27-30
0.6-1.2 0.18-0.37 0.31-0.85
0.5 3.9 1.9
No No Yes

4. Dioscorea communis (L.) Caddick & Wilkin (= Clade
DC3) Basionym: Tamus communis L., Sp. Pl.: 1028. 1753.

= Tamus communis (L.) f. subtriloba (Guss.) O.Bolos & Vigo
— Fl. Paisos Catalans 4: 171 (2001).

— Lectotype (designated by Ferrer-Gallego and Boisset,
2016): ‘habitat in Europa australi’, anon., Herb. Linn. no.
1181.2 (LINNY).

Heterotypic synonym: Tamus communis L. var. subtriloba
Guss., FL Siculae Syn. 2(2): 880 (1884). Tamus communis L. f.
subtriloba (Guss.) O.Bolos & Vigo, Fl. Paisos Catalans 4: 171
(2001). Lectotype (designated by Ferrer-Gallego and Boisset,
2016): Italy, Sicily, Palermo, Vergine Maria, April-May, anon.
(NAP).

Perennial herb, glabrous. Stem striated, branched. Leaves
cordate, rarely trilobed, up to 180 x 150 mm, with 3-9
prominent main nerves and secondary reticulated nerves not
visible. Male inflorescence branched, up to 35 cm with up
to 73 flowers in total, short female inflorescence up to 7 cm
with 1-14 flowers, turbinate infundibuliform, greenish-
yellow. Fruit a somewhat tapered, globose berry, 7-12 mm,
reddish-orange. Pollen grains (Supplementary Data Fig.
S9) with two apertures with longer axis up to 36 um and
shorter axis up to 30 um. Perforated with 0.5 perforations
per micrometre and perforation size up to 1.2 um, without
spines. Western and central Mediterranean, western Europe.
2n = 96.
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DISCUSSION

Species discovery based on integrative approaches

The biological species concept (Mayr, 1942) defines a species
as a group of populations reproductively isolated from others.
This concept is difficult to apply to species delimitation in
flowering plants due to the high incidence of hybridization and
introgression (Mitchell et al., 2019). Although plant taxonomy
has relied on morphological traits to differentiate and discover
new taxa for centuries using a typological species concept
(Haider, 2018), biological processes such as hybridization can
obscure the morphological attributes used to differentiate spe-
cies. Combined morphological and molecular approaches have
been used to identify cryptic species in angiosperms (Maguilla
and Escudero, 2016). Alternative species concepts have been
proposed in plants to accommodate a broad spectrum of ap-
proaches, such as cytology, phytochemistry, anatomy, embry-
ology or phylogenetics (De Queiroz, 2007; Aldhebiani, 2018).
These are method-based concepts, such as the evolutionary
species concept using phylogenetic inference, or the ecological
species concept based on niche differentiation.

The use of infraspecific ranks in plants has been discussed
widely in the literature (e.g. Hamilton and Reichard 1992;
Vogel Ely et al., 2018; Huang et al., 2020). Subspecies in plants
have been defined as non-overlapping geographic populations
with morphological differences (Patten and Remsen, 2017) or,
considering additional sources, defined as taxonomic units sup-
ported by genetic markers, statistically distinguishable based
on morphology and with geographic, ecological and/or repro-
ductive isolation (Hardion et al., 2017).

Here, we have used an integrative approach combining
morphological, phylogenetic and ecological niche data to de-
cipher species delimitation in the Tamus clade of Dioscorea
and uncovered the existence of introgression in some individ-
uals (Fig. 2) that could at least partly explain the overlap in
some of the morphological characteristics between taxa. The
discovery of cryptic species in this group shapes our current
understanding of it, specifically for what has been to date ac-
cepted as D. communis (Caddick et al., 2002). Based on our re-
sults, we propose the maintenance of D. orientalis as a species
and divide D. communis sensu lato into three distinct species:
D. communis s.s., D. edulis and D. cretica (see Results section;
Fig. 6). The three taxonomic units identified in our study within
D. communis s.l. are supported by morphological, cytological,
ecological and evolutionary differentiation, and we therefore
propose maintaining the species rank for them.

The emergence of HTS methodologies has allowed the de-
tection of cryptic species (Carstens and Satler, 2013), the reso-
lution of complex phylogenetic trees (Bogarin et al., 2018;
Frajman et al., 2019; Hassemer ef al., 2019; Yang et al., 2019)
and the reconstruction of evolutionary patterns in extinct spe-
cies (Moreno-Aguilar et al., 2020). Thus, HTS methods provide
new sources of useful data to clarify phylogenetic enigmas that
classical molecular methods could not decipher (e.g. Urtubey
et al., 2018). Among HTS methods, target capture is currently
being used in a broad number of plant systematics and evolu-
tionary studies due to its versatility in successfully sequencing
hundreds of loci from highly degraded DNA samples (Brewer
etal.,2019; Viruel et al., 2019). Herbarium samples constitute a

valuable and vast source of information for morphological and
niche modelling approaches, and recently proved to be equally
important for phylogenetic studies based on DNA sequence
data obtained using HT'S methods (Brewer ef al., 2019; Viruel
et al.,2019). In our study, we used herbarium material, with the
oldest specimen sequenced collected in 1788, and a custom bait
capture kit targeting 260 low-copy nuclear genes (Soto Gomez
et al., 2019), to reveal the evolutionary patterns and relation-
ships between taxa belonging to the Tamus clade of Dioscorea
(Fig. 1). By sequencing 76 samples of the Tamus clade, the
phylogenomic and genetic clustering approaches revealed ex-
tensive infraspecific variability in D. communis s.l., clearly
dividing it into three genetic groups, each showing a distinct
geographic distribution across the Mediterranean and western
Europe (Fig. 6). Two of these genetic groups are congruent with
the previously recognized Tamus edulis and T. cretica, which
were recently placed within the large morphological variability
and wide distribution of D. communis s.l. Application of HTS
methodologies to herbarium material allowed us to recognize
the species rank of these genetic groups and to support the split
of D. communis s.l. into D. edulis, D. cretica and D. communis,
and to maintain D. orientalis as a species.

Whole-genome duplication events (i.e. polyploidy) have
been commonly reported across flowering plants and have
been correlated with diversification of gene functions and new
genetic architecture, which could be linked to adaptative traits
(Wendel et al., 2018). Increased speciation events have been
observed in some angiosperm lineages reported to have a high
incidence of whole-genome duplication events (Wood et al.,
2009; Zhan et al., 2016). Polyploidy is a common phenomenon,
and has been frequently reported in several Dioscorea species
(Viruel et al., 2008), although defining the ploidy of the Tamus
and Borderea clades has been challenging. The two Dioscorea
species belonging to the Borderea clade, D. chouardii and D.
pyrenaica, have chromosome counts of 2n = 24. Based on
the discovery of allotetraploidy using microsatellite markers
(Segarra-Moragues et al., 2003), it was proposed that the
chromosome base number for the Borderea clade was x = 6
(see also Viruel et al., 2008). Extrapolating this find to the sister
Tamus clade, the known chromosome counts reported for D.
communis s.s. of 2n = 36 and 48 (Al-Shehbaz and Schubert,
1989; Viruel et al., 2019) would therefore represent hexaploid
and octoploid forms, respectively. Similarly, the Macaronesian
D. edulis, with 2n = 96, would be 16-ploid assuming a base
chromosome number of x = 6. Using flow cytometry to estimate
ploidy in D. communis s.s., multiple ploidies were observed
(1C values ranging from 0.41 to 1.36 pg; Viruel et al., 2019).
The chromosome number and genome size of D. orientalis and
D. cretica remain unknown, but allelic ratios estimated for each
SNP per sample using HTS data can be used as a proxy to dis-
tinguish between diploid and polyploid forms when multiple
ploidies are expected in a group of plants (Viruel et al., 2019).
Median and mean values of allelic ratios based on the number
of reads supporting each SNP were recently proposed to clas-
sify Dioscorea samples as diploid forms when the allelic ratio
is <2, and polyploids when the ratio is >2 (Viruel et al., 2019).
For example, all samples of D. edulis had mean and median
allelic ratios >2 (Table 1), confirming the polyploid nature of
this species based on chromosome data. In all cases, the D.
orientalis samples studied here showed allelic ratios >2 and
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would therefore be estimated to be a polyploid species (Table
1). For D. communis s.s., all samples were estimated to be poly-
ploids except for two samples of clade DC3 from the eastern
Mediterranean with mean and median allelic ratio values <2
(samples S67 and R12; Table 1). Samples estimated to be dip-
loid based on allelic ratios were also observed in D. cretica,
with half of the samples (eight) having average and median al-
lelic ratios <2 (Table 1). The incidence of diploid forms, as es-
timated using allelic ratio values, in the eastern Mediterranean
will require further investigation applying cytological and flow
cytometry methodologies.

Evolutionary patterns of the Tamus clade of Dioscorea in the
Mediterranean

Overall evolutionary patterns of Dioscorea lineages have
been thoroughly studied using plastid markers (e.g. Wilkin et
al., 2005; Hsu et al., 2013; Maurin et al., 2016; Viruel et al.,
2016) and low-copy nuclear genes (e.g. Viruel et al., 2018; Soto
Gomez et al.,2019). Previous studies determined that yams have
diverged and expanded since the Late Cretaceous, probably
from Laurasia, and that a split of the African-Mediterranean
lineage, which includes the Tamus clade, likely occurred in the
Oligocene, following a westward migration ~33 MY (Viruel
et al., 2016). Fossil records indicate that Dioscorea ancestors
persisted in Europe during the Oligocene (Andreanzky, 1959).
Based on data from four plastid markers, the split between
the two Mediterranean clades, Borderea and Tamus, was esti-
mated to have occurred during the late Oligocene (~25.7 MY)
(Viruel et al., 2016), a similar divergence time to the one we
obtained with our analyses based on 260 nuclear genes, which
indicate that this divergence took place in the early Oligocene
(28.2-28.4 MY); Supplementary Data Fig. S5). Two narrowly
endemic species of the Borderea clade survived in refugia in
the Pyrenean mountains: D. chouardii, a critically endangered
species with only one known locality (Goiii Martinez and
Otano, 2011), and D. pyrenaica, with a slightly wider distri-
bution in the central Pyrenees and Pre-Pyrenees (Segarra and
Catalan, 2005; Catalan et al., 2006; Segarra-Moragues and
Catalan, 2008; Garcia et al., 2012). A previous study (Viruel
et al., 2016) estimated a split between these two species during
the early Pliocene (~4.3 MY), whereas our results indicated
that this divergence likely occurred during the late Miocene
(8.1-10.6 MY).

The differences observed in divergence times for the Tamus
clade in comparison with previous studies are a consequence
of the newly recognized species (D. cretica). In Viruel et al.
(2016), the crown node of the Tamus clade was estimated to
be 15.3 MY [D. edulis (D. communis, D. orientalis)], and the
subsequent split between D. orientalis and D. communis at
10.4 MY. However, the samples of D. orientalis included in
Viruel et al. (2016) have now been reidentified as D. cretica,
and thus the older age estimates herein for the crown node of
the Tamus clade (20.6-18.2 MY) demonstrate an early split of
D. orientalis in the eastern Mediterranean, followed by a split
of D. edulis ~16.0 13.5 MY, and the divergence of D. communis
s.s. and D. cretica ~6.6-5.6 MY. Given the findings presented
here, with a sampling representative of the whole distribution
range of the Tamus clade across the circum-Mediterranean

region, we conclude that the divergence times estimated here
are more robust and taxonomically more representative, which
allowed us to reassess the species delimitation in this group.

The Mediterranean region is considered one of the major
biodiversity hotspots of the world (Médail and Quézel, 1997).
Fossil records and evolutionary studies have confirmed that the
ancestors of several plant lineages were part of a tropical flora
that occupied the Mediterranean region during the Miocene
and early Pliocene (Suc et al., 2018). The drastic subsequent
climatic changes that came during the Pliocene (3.5-2.4 MY),
with a significant drop in temperature and a marked season-
ality in thermal and rainfall regimes, impacted the diversifica-
tion patterns of plant lineages and resulted in narrow endemics
in the margins of the distribution range of their sister species
(e.g. Ceratonia oreothauma; Viruel et al., 2020). The diversi-
fication of species in the Tamus clade likely occurred during
the Miocene, when subtropical climatic conditions were pre-
sent across the Mediterranean (Suc et al., 2018). The most re-
cent common ancestor of all Tamus clade taxa likely diversified
during the early Miocene (20.6—18.2 MY), when the lineages
that gave rise to the current D. orientalis and the clade com-
prising the three lineages of D. communis s.l. likely split. This
was followed by a subsequent split of the Macaronesian D.
edulis that would have taken place in the mid-Miocene (16.0—
13.5 MY), after the formation of some of the Canary Islands,
which has been estimated to have started around 23 MY
(Sanmartin et al., 2008; Florencio et al., 2021). The most re-
cent split between D. communis s.s. and D. cretica is estimated
to have occurred during the Messinian (Miocene, 6.6-5.6 MY).
During this period, the significant and rapid lowering of the
sea level of the Mediterranean also resulted in new terrestrial
biogeographic connections allowed by the formation of land
bridges.

Several phylogeographic studies have attempted to ex-
plain the biodiversity patterns and processes that shaped
the Mediterranean region and its development into one of
the world’s biodiversity hotspots (e.g. Nieto Feliner, 2014;
Thompson, 2021). Two main areas of high plant endemism
were identified in the western (Iberian Peninsula and Morocco)
and eastern Mediterranean (including Turkey and Greece)
(Médail and Quézel, 1997). In both these areas, Quaternary
glaciations likely played a major role in shaping the distribu-
tion of species and left a footprint in the genetic structure of
many Mediterranean species, particularly in refugia (Médail
and Diadema, 2009). Western and eastern genetic groups
have been identified in the phylogeographic patterns of sev-
eral Mediterranean plants, leading to disjunct distributions in
some cases, such as in Microcnemum (Amaranthaceae) and
Mandragora (Solanaceae) (Kadereit and Yaprak, 2008; Volis
et al., 2018), or by differentiating morphotypes that later hy-
bridized in intermediate zones (e.g. Quercus ilex; Lumaret
et al., 2002). The strong geographic influence in the genetic
structuring of D. communis across the Mediterranean may have
also been slightly influenced by bird dispersal. Bird dispersals
have contributed to shaping the postglacial recolonization of
the Mediterranean, such as seen in Frangula alnus (Hampe et
al., 2003). The birds that consume berries produced by spe-
cies of the Tamus clade, mainly blackbirds (Turdus merula),
robins (Erithacus rubecula) and blackcaps (Sylvia communis)
(Chiscano, 1983; Herrera, 1984), are predominantly sedentary
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birds or have modern migratory routes that do not strictly coin-
cide with the past and current distribution patterns estimated in
this study (Adriaensen, 1988; Burfield and Van Bommel, 2004).
It would thus be useful to analyse the patterns of genetic struc-
ture at the population level of D. communis s.s. in more detail,
and the introgression between D. communis and D. cretica, in
connection with the possible magnitude of ornithochory, which
has never been studied in detail to our knowledge.

Changes in ploidy, morphological differences and introgres-
sion between the central Mediterranean and western European
populations have been shown to have occurred between the D.
communis s.s. and D. cretica lineages (Figs 2 and 5). The cen-
tral-eastern Mediterranean area constitutes the contact region
between these two species and is congruent with the introgres-
sion patterns found in our study (Fig. 2). Five out of 16 samples
studied of D. cretica exhibited an admixture index <20 % with
D. communis s.s., and all individuals of D. communis belonging
to the eastern clade of D. communis s.s. showed an admixture
index <20 % with D. cretica (Fig. 2). However, only four indi-
viduals from the central Mediterranean and western European
subclades of D. communis were detected as introgressing with
a sister species, and one sample of D. cretica was placed in a
clade of D. communis s.s. in the phylogenetic tree based on
plastid data (R32, Fig. 1). These results are congruent with their
potential distribution in disjunct refugia followed by secondary
contact through recolonization, and by maintaining some cap-
acity for interspecific gene flow between closely related spe-
cies (Viruel et al., 2021). The topological incongruencies
found between the nuclear and plastid phylogenetic trees, in-
dicative of plastid capture events (Fig. 1), are congruent with
these hypothesized introgression patterns: plastid clades I and
II are found in the central and eastern Mediterranean lineages
without a clear geographic separation (Fig. 6), whereas clade
IIT is uniquely found in the western part of the Mediterranean,
where lower introgression events have been inferred.

Conclusions

The identification of new plant species usually requires a
broad understanding of taxon boundaries applying multidiscip-
linary methodologies. Our study exemplifies the complexity of
identifying new species by integrating different types of data:
target capture sequencing data from herbarium specimens to re-
veal phylogenomic patterns and introgression between clades,
differences in allelic ratios to estimate ploidy, spatial analysis
estimating current and past distribution ranges and niche over-
laps, and macro- and micromorphometric comparisons. By
integrating all these results, we have newly corroborated the
existence of four species in the Mediterranean Tamus clade of
Dioscorea, maintaining D. orientalis as a distinct species, and
demonstrating that D. edulis and D. cretica are species dis-
crete from the synonymy of the morphologically variable D.
communis.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: Dioscorea
samples used with the name of the species, collector’s name

and collection number, date of collection and location of the
individuals. Table S2: traits used for morphometric analyses
of the Tamus clade of Dioscorea samples. Table S3: results
of the Lilliefors test, Levene test and the subsequent ANOVA
or Kruskal-Wallis test for the selected variables analysed in
the Tamus clade of Dioscorea samples. Figure S1: dendro-
grams constructed from correlation values between bioclimatic
variables for the samples belonging to the D. communis and
D. orientalis clades. Figure S2: phylogenomic trees recon-
structed for 76 samples of the Tamus clade of Dioscorea using
ASTRAL-III, SVDquartets and the haplotype network. Figure
S3: results obtained in Structure Harvester based on genetic
structure analysis of D. communis nuclear data though 10 rep-
licates of Structure for each K. Figure S4: genetic structure
analysis of nuclear SNP data of the studied Mediterranean D.
communis samples with Structure. Figure S5: divergence time
estimations and chronograms of the Tamus clade of Dioscorea
and outgroup based on nuclear sequence data. Figure S6:
boxplots representing the differences between the four main
clades. Figure S7: past projections of the ENMs constructed
for the four Tamus clades of Dioscorea. Figure S8. Pairwise
Pearson correlation matrix calculated between the morpho-
logical variables measured to distinguish between Tamus clade
taxa. Figure S9: scanning electron microscope images of the
pollen grains of D. communis DC3 clade, D. cretica, D. edulis
and D. orientalis.
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