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Balkan Peninsula e The Balkan Peninsula is recognized as one of the hotspots of biodiversity in Europe. This area has
Last Glacial Maximum shown since the Last Glacial Maximum appropriate conditions for species diversification and hy-
Microsatellites bridization, which has led to the existence of numerous taxonomically unresolved entities. Here, we
Veronica focus on the Western Balkans and explore the genetic structure and relationships among species

belonging to the V. austriaca - V. orbiculata diploid-polyploid complex, including populations
showing intermediate morphologies.

e A combination of nuclear markers (microsatellites), plastid DNA regions (trnH-psbA, ycf6-psbM)
and ploidy level estimations using flow cytometry are employed to assess the genetic structure and
evolutionary dynamics of this polyploid complex. To reconstruct the evolutionary history, an
approximate Bayesian computation approach is combined with projections of the species distri-
bution models onto the climatic scenarios of the Mid-Holocene (6 ka BP) and Last Glacial Maximum
(22 ka BP).

e Four main groups were found: one well-established entity within the diploid level, V. dalmatica, a
second diploid-tetraploid group which corresponds to V. orbiculata, a hexaploid cluster harboring
V. austriaca subsp. jacquinii individuals, and an enigmatic tetraploid group. According to the mo-
lecular data obtained, this latter cluster represents an allopolyploid cryptic lineage —with
V. orbiculata and V. dalmatica as putative parents— morphologically similar to V. orbiculata, but
genetically more related to V. austriaca subsp. jacquinii. Veronica dalmatica and this “uncertain
tetraploid” group are involved in the formation of the hexaploid taxon V. austriaca subsp. jacquinii,
with the possibility of recent gene flow among different cytotypes.

e The present study supports a scenario of diversification from a diploid common ancestor leading to
two different but interrelated lineages. The first one would correspond with the diploid V. orbiculata
plus tetraploid individuals of this species arising through allo- and autopolyploidization, and the
second one would involve all ploidy levels with allopolyploidization being prevalent.
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1. Introduction

The species-rich Balkan Peninsula is recognized as one of the hot-
spots of biodiversity in Europe (Griffiths et al., 2004). This high diversity
relies on several factors, namely, its location at the intersection of
several major floras (Central European, Mediterranean, Anatolian, and
Pontic) (Albach, 2006), its topographic complexity, and the variety of
geological and palaeoclimatic events that have affected the area
(Thompson, 2005). Particularly, the genetic structuring of many plant
and animal species within this area was driven by the Pliocene tectonic
events and the Quaternary climatic oscillations (e.g. Surina et al., 2011;
Psonis et al., 2018).

In particular, mountain ranges have played a determining role in the
survival of biota during glacial periods (Médail and Diadema, 2009) due
to the presence of nunataks and corridors that granted accessibility to
locations showing suitable conditions for survival during the Quaternary
glaciations. Thus, the relative lesser impact of the glaciations in the
Balkans (as compared with other European regions) linked with the
presence of mountain ranges have contributed with refugia for both
plants (e.g. Kutnjak et al., 2014) and animals (e.g. Krystufek et al.,
2007). These historical and geological factors originated dramatic
changes in species distribution ranges, promoting opportunities for
species diversification and hybridization (Thompson, 2005). As a result
of contacts among diverging lineages, taxonomically unresolved entities
that mirror complex genetic relationships are frequently found in the
area (e.g. Kucera et al., 2010; Lakusi¢ et al., 2013; ReSetnik et al.,
2016a), particularly in the Dinaric Alps of the western Balkan region,
where the “refugia-within-refugia hypothesis” has been confirmed
(Surina et al., 2011; Kutnjak et al., 2014). These complex evolutionary
patterns within this region have passed historically unnoticed, possibly
due to restricted access to a conflict zone (Krystufek et al., 2007).

Polyploidy is recognized as a significant force in plant evolution and
its consequences are not completely understood due to its complexity
(Soltis et al., 2007). The evolutionary importance of polyploidy relies on
its potential to generate discontinuous phenotypic and physiological
effects (Levin, 2002), to mediate reproductive isolations (Ramsey and
Ramsey, 2014) and to change genome structure (Adams and Wendel,
2005). These structural and functional changes are recognized as sour-
ces of variation that facilitate evolution (Soltis and Soltis, 1999) and
promote speciation (Zhan et al., 2016). However, there are inconsistent
patterns of evolution following polyploidy and, thus, a “unified theory”
of polyploidy has yet to be established (Soltis et al., 2016).

Based on their origin, two types of polyploids are generally recog-
nized, i.e., autopolyploids, formed by intraspecific crosses and dupli-
cation of similar genomes and, allopolyploids, originated through
interspecific hybridization and chromosome doubling of diverging ge-
nomes. Distinguishing between these mechanisms is crucial to assess the
importance and evolutionary pathways of hybridization and poly-
ploidization within particular plant groups (Madlung, 2013; Barker
et al., 2016).

Veronica subsection Pentasepalae Benth. is a recently diversified
polyploid complex (ca. 20 taxa) in which genetic isolation barriers are
not definitely established (Martinez-Ortega et al., 2004; Rojas-Andrés
et al., 2015; Padilla-Garcia et al., 2018). The group is composed by
several clades, among them a “core clade”, which comprises most of the
species from northern and central Europe, Italy and the Balkans (Rojas-
Andrés et al., 2015). Four dominant even ploidy levels are found within
it (from di- to octoploid), although the decaploid level has been reported
once (Peev, 1972). Also, a few examples of homoploid hybridization, as
well as auto- and allopolyploidization can be found, which greatly
contribute to blur species limits (Padilla-Garcia et al., 2018). Within the
“core clade” of V. subsection Pentasepalae, the V. austriaca - V. orbiculata
polyploid complex, whose diversification center is located in the West-
ern Balkan Peninsula, includes: (i) a recently described diploid cryptic
species endemic to the region, i.e., Veronica dalmatica Padilla-Garcia,
Rojas-Andrés, Lopez-Gonzalez & M.M.Mart.Ort., which has been
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traditionally confused with V. austriaca subsp. jacquinii (Baumg.) Watzl
due to their morphological resemblance; (ii) an additional endemic
species —V. orbiculata A. Kern— that includes morphologically indis-
tinguishable di- and tetraploid individuals; (iii) the tetra- or hexaploid
(exceptionally octo- and decaploid, according to relatively old literature
references; Albach et al., 2008) V. austriaca subsp. jacquinii that is more
widely distributed in central and SE Europe and the Caucasus; and (iv)
individuals of unknown origin showing several ploidy levels (from di- to
hexaploids) and morphologies (either intermediate between the previ-
ously presented taxa or related to one of them). The tetraploids that have
been recorded as V. austriaca subsp. jacquinii / V. orbiculata due to their
transitional morphology have been proposed to be allopolyploids, with
diploid V. dalmatica and V. orbiculata as putative parental species (Rojas-
Andrés et al., 2015; Padilla-Garcia et al., 2018). Despite of this knowl-
edge, the phylogenetic relationships among the taxonomic entities that
conform the V. austriaca - V. orbiculata complex are not yet fully
understood.

Although with low frequency, mixed-ploidy populations have been
found for V. subsection Pentasepalae. Rojas-Andrés et al. (2020) reported
13 mixed-ploidy populations at a European scale, of which seven are
from the Balkan region. From these, the four located in its Western part
[composed of 2x + 4x (two), 2x + 6x (one), and 4x + 6x (one) cyto-
types] have been included in the present study. The existence of mixed-
ploidy populations suggests the presence of mechanisms that enable the
co-existence of different cytotypes within a population (Kolar et al.,
2017), but they may also suggest recurrent polyploid emergence or
dynamic contact zones. In agreement with other authors (e.g. Liepelt
et al., 2009; Krystufek et al., 2007) Rojas-Andreés et al. (2020) proposed
the existence of primary (mixed-ploidy populations originated by
autopolyploid events) and secondary contact zones (allopolyploidiza-
tion events between pairs of more or less isolated taxa and further
contact) in the Balkan Peninsula.

This work focuses on the primary and secondary contact zones of the
Western Balkans and aims to unravel the evolutionary dynamics of the
taxonomically intricate V. austriaca - V. orbiculata polyploid complex.
For this, a combined approach is applied using data from nuclear
markers (Simple Sequence Repeats, SSRs), plastid DNA (cpDNA) and
ploidy levels estimated by flow cytometry (FCM). Present and past po-
tential distributions are also evaluated through species distribution
models (SDMs) and evolutionary reconstruction is performed through
Approximate Bayesian Computation analysis (ABC). The specific goals
of this study are: (1) to investigate the genetic relationships among
different lineages and cytotypes to understand their evolutionary his-
tories and correspondence with currently accepted taxa; (2) to assess the
genetic affinities of the populations composed of individuals which are a
priori difficult to assign to previously described taxa; (3) to establish
hypotheses on the possible origins and ways of formation of the tetra-
and hexaploid cytotypes; and (4) to reconstruct possible contact zones
among taxa and cytotypes.

2. Materials and methods
2.1. Plant material

Details about sampling sites and initial taxonomic assignment are
provided in Table A.1. The spatial distribution of the selected pop-
ulations is displayed in Fig. 1. Fresh leaf material was collected and
stored in silica gel. The complete dataset comprises 452 individuals
corresponding to 28 populations. Populations usually show a low
number of individuals, but whenever possible 15-22 individuals were
sampled. In those locations where two morphotypes occurred, 15-22
individuals per morphotype were included (Table A.1: populations 17,
24, 26, and 28). Initial plant identification was based on the most recent
taxonomic treatment (Rojas-Andrés and Martinez-Ortega, 2016) with
the modifications added in Padilla-Garcia et al. (2018). According with
this, individuals were assigned to three taxa: V. austriaca subsp. jacquinii,
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V. dalmatica and V. orbiculata. Individuals that could not be assigned to
any of these three taxa were labelled as “uncertain”, and catalogued
according to their morphological affinity to these three taxa (Table A.1).
Vouchers are deposited in the SALA herbarium (abbreviation according
to Thiers, continuously updated).

2.2. DNA ploidy level estimations

DNA-ploidy levels of all individuals included in this study were
estimated by flow cytometry from silica gel dried leaves. At least three
individuals from each population were analyzed separately and the rest
by pooled sampling strategy (except for the mixed-ploidy populations
where all the individuals were analyzed separately). Nuclear suspen-
sions were prepared following the method described by Galbraith et al.
(1983) in which leaf tissue of each individual (up to five individuals in
the pooled sampling) was chopped together with leaf tissue from an
internal standard using a sharp razor blade in a Petri dish containing a
buffer solution (in this case Woody Plant Buffer, Loureiro et al., 2007).
Several internal standards were used depending on the C-value and
standard availability, despite that in most cases Raphanus sativus was the
chosen one (Table A.2). The suspension of isolated nuclei was filtered
through a 48 pm nylon mesh, incubated with RNase and stained with a
saturating solution of propidium iodide following Loureiro et al. (2007)
and Rojas-Andrés et al. (2015). For each individual, one run of 5000
counts was made on a CyFlow SL (Partec GmbH, Miinster, Germany;
equipped with a 488 nm solid-state laser) or a CyFlow Space (Partec
GmbH, Miinster, Germany; equipped with a 532 nm solid-state laser).
Results were acquired using Partec FloMax software v2.4d (Partec
GmbH, Miinster, Germany). DNA-ploidy level was estimated for each
sample based on the C-value and the available chromosome counts for
the studied species (Martinez-Ortega et al., 2004; Albach et al., 2008;
Rojas-Andrés et al., 2015; Delgado et al., 2018).

2.3. Generation of SSR data and plastid DNA sequences

Total genomic DNA was extracted from silica-gel-dried material
following the CTAB protocol (Doyle and Doyle, 1987) with slight
modifications. The quality of the extracted DNA was checked on 1%
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Fig. 1. Spatial distribution of the pop-
ulations included in the present study.
Ploidies are coded by shapes (2x: points; 4x:
squares; 6x: triangles). Mixed-ploidy pop-
ulations are indicated by black stars. Colors
of these symbols correspond to initial de-
terminations (orange: V. orbiculata; red:
V. austriaca subsp. jacquinii; dark red:
V. dalmatica; grey: “uncertain™). Pies repre-
sent the population genetic structure ac-
cording to the Bayesian clustering. The
segments of the pie denote the probability of
belonging to each cluster: (1) V. dalmatica
cluster; (2) V. orbiculata cluster; (3)
V. austriaca subsp. jacquinii cluster; and, (4)
“uncertain tetraploid” cluster. (For interpre-
tation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

TAE-agarose gels and the amount of DNA was estimated using a Nano-
drop 2000C Spectrophotometer (Thermo Scientific). DNA extractions
are deposited at the Plant DNA Biobank of the University of Salamanca
(Spain).

2.3.1. SSR amplification, fragment analysis and genotyping.

Twelve SSR polymorphic primer pairs were employed (see Table 1 in
Lopez-Gonzalez et al., 2015). Following the procedure developed by
Schuelke (2000), the sequence-specific forward primers were marked at
the 5’ end with an M13 tail (5'-TGTAAAACGACGGCCAGT-3') (Eurofins)
and then labeled with 5-FAM, VIC, NED, or PET fluorescent dyes (Life
Technologies). All PCR reactions were performed on a Mastercycler-Pro
thermocycler (Eppendorf). The extended version of the materials and
methods, including PCR conditions, primers and reactive volumes are
detailed in Appendix A (laboratory procedures).

PCR products were visualized on 2.5% TBE-agarose gels and multi-
plexed for genotyping. Fragment analysis was conducted at the Unidad
de Genomica - Campus Moncloa (Universidad Complutense de Madrid,
Spain) using the internal GeneScan 500 LIZ Size Standard (Applied
Biosystems) on a multi-capillary sequencer ABI Prism 3730 (Applied
Biosystems). Genotyping was carried out through GeneMarker AFLP/
Genotyping Software version 1.8 (SoftGenetics, State College, Pennsyl-
vania, USA). Reproducibility tests were performed over 5-10% of the
total number of individuals. Two to three independent runs at different
times were carried out. The outcomes indicated an average of 94.5%

Table 1

Summary of the total number, mean number, private number and shared
number of SSRs alleles found across populations by cytotype. Shared alleles are
given as percentages.

2x 4x 6x mixed-ploidy
Range 23-54 30-60 36-75 43-66
Mean 41.6 49 62.5 52.6
Private alleles 2 3 8 0
Shared alleles 2x 4x 6x mixed-ploidy
(vs. 4x pops.) 53.17 -
(vs. 6x pops.) 57.94 61.11 -
(vs. mixed-ploidy pops.) 60.32 50.73 69.05 -
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(92-98%) match in the results, suggesting that microsatellite analyses
are highly reproducible.

2.3.2. Plastid DNA amplification and sequencing

The cpDNA regions (trnH-psbA and ycf6-psbM) were selected ac-
cording to Rojas-Andrés et al. (2015) due to their levels of variability. All
amplified fragments were visualized on 1% TBE-agarose gels and puri-
fied with ExoSap-IT (USB Corporation) following the manufacturer’s
instructions. All PCR reactions were performed on a Mastercycler-Pro
thermocycler (Eppendorf). PCR conditions, primers and reactive vol-
umes are detailed in Appendix A (laboratory procedures).

PCR products were sequenced by Macrogen Inc. (Seoul, Korea) using
an ABI Prism 3730XL DNA analyser (Applied Biosystems). Sequence
identities were confirmed using the NCBI public BLAST service as
implemented in Geneious Pro version 5.5.8 (Biomatters). Sequences
were edited in Geneious and aligned with SATé-II version 2.2.5 (Liu
et al., 2011). The total dataset comprises 194 trnH-psbA sequences and
194 ycf6-psbM sequences with five to ten individuals per population (all
individuals in the case of populations 3 and 27). From these, 180 se-
quences were newly generated, whereas the other 14 were obtained
from Rojas-Andrés et al. (2015). Voucher information and GenBank
accession numbers are given in Table A.1.

2.4. Data analyses: SSR markers

Genotyping SSR data corresponding to polyploids present an
important drawback, because it is not possible to distinguish the exact
number of copies for a given allele. Thus, the scoring was done indi-
cating which alleles were present, and the rest of the copies were coded
as missing data. For those computer programs that allow ambiguous
genotypes, codominant data were used as input (Structure, SPAGeDi).
However, for some procedures microsatellite loci were treated as
dominant markers by conversion to a binary matrix containing presence
and absence of alleles (K-means, ‘adegenet’, ‘hierfstat’ and ‘poppr’ R
packages).

2.4.1. Population genetic structure

To infer population structure and assign individuals to groups based
on the SSR genotypes, two different approaches were considered: non-
hierarchical K-means clustering (Hartigan and Wong 1979) and
Bayesian clustering analysis based on the MCMC algorithm using
Structure v.2.3.4 (Pritchard et al., 2000). These two methods were
applied since it was not possible to check if the populations under study
—most of them with ambiguous genotypes— follow the Hardy-Weinberg
model. Non-hierarchical K-means clustering, which does not assume
Hardy-Weinberg equilibrium, was performed using the R script of Arrigo
et al. (2010) setting the number of repetitions to 500,000 and the
number of groups (K) from 1 to 12. To determine the most probable
value of K, the criterion described by Evanno et al. (2005) was followed.
Structure uses model-based clustering and a Bayesian approach to
identify clusters assuming fit to Hardy-Weinberg and linkage equilib-
rium. Multiple runs of Structure were performed by setting K from 1 to
12. The burn-in time and MCMC replication number were both set to
1,000,000 for each run and each run was replicated ten times. To
determine the most probable value of K, Structure Harvester (Earl and
vonHoldt, 2012) was used following the criterion described by Evanno
et al. (2005). Results of independent Structure runs were summarized
using Clumpp v.1.1.2b (Jakobsson and Rosenberg, 2007). For the visu-
alization of results, bar-plots were generated using the R package
‘strataG” (Archer et al., 2017) and a map displaying the probability of
belonging to a cluster by population. For the latter, the software QGIS
2.10.1 Pisa (http://qgis.osgeo.org) and the package ‘ggplot2’ (Wickham,
2010) were employed.

Discriminant analysis of principal components (DAPC) (Jombart
et al., 2010) was used as an additional approach for evaluating genetic
groupings. DAPC is a multivariate method that combines principal
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component analysis with discriminant analysis. It provides a clear
distinction of clusters by optimizing between-cluster variation, while
minimizing within-cluster variation. A priori assignments, which are
required, were based on the initial determinations (considering also
ploidy levels). Analyses were performed using the R package ‘adegenet’
(Jombart, 2008).

The percentages of variance explained by the different clustering
options were also compared by AMOVA analyses using the R package
‘poppr’ (Kamvar et al., 2014). Monte-Carlo tests with 999 repetitions
were performed for calculating p-values. For these analyses the
following groupings were considered: cytotype, taxon (initial identifi-
cations), and taxon-cytotype. These groupings were compared with the
clustering resulting by non-hierarchical K-means clustering, Bayesian
clustering, and supported clades resulting for the neighbor-joining (see
below in this section). All the scripts used to analyze the data and
generate the graphics are available on GitHub (https://github.com/N
0eL.G4/SSR).

Differentiation between pairs of populations as a function of their
geographic distance was evaluated using the pairwise genetic distance
statistic Rho (Ronfort et al., 1998). Rho is an inter-class relatedness co-
efficient allowing comparison among ploidy levels. Furthermore, Rho is
unbiased with respect to inheritance pattern (Servick et al., 2015).
Distances between all population pairs regarding cytotype (2x, 4x, 6x,
and mixed-ploidy population pairs) were calculated. The same calcula-
tions were performed for the genetic groups obtained by Bayesian
clustering. Isolation by distance (IBD) was then inspected through the
regression of Rho values between population pairs on geographic dis-
tances (logarithmic scale). Statistical significance was tested using
Mantel tests with 9999 permutations. Rho was calculated using SPAGeDi
(Hardy and Vekemans, 2002), and regressions and Mantel tests were
performed in R platform with the package ‘vegan’ (Oksanen et al.,
2007).

In addition, pairwise among-population fixation indices (Fst) were
computed and 10,000 matrices were generated by bootstrapping over
loci. These matrices were used to build a neighbor-joining tree (NJ). Fst
was calculated using ‘hierfstat’ package (Goudet, 2005) (the code
employed for the generation of the matrices is available on GitHub). The
neighbor-joining tree and bootstrap values were obtained through the
programs Neighbor and Consense from Phylip software (Felsenstein,
2005). The resulting tree was visualized using SplitsTree software
(http://www.splitstree.org/).

2.5. Data analyses: Plastid DNA (DIYABC)

For a comparison of the different scenarios which would explain the
present relationships among the entities involved, an ABC (Approximate
Bayesian Computation) statistical approach was applied through the
software DIYABC v2.1 (Cornuet et al., 2014). DIYABC allows testing
posterior probabilities of alternative scenarios simulating a large num-
ber of data sets for each case. The logistic regression procedure
(Fagundes et al., 2007) assesses each scenario among simulated datasets
allowing selecting the one which better fits the observed data.

Five groups were considered as a starting point for DIYABC. These
groups were based on the four genetic clusters derived from Bayesian
clustering, and DAPC and AMOVA results (see Results section 3.3).
Additionally, V. orbiculata was subdivided into two groups, diploids and
autopolyploids. Within V. orbiculata cluster, one individual suspected to
be of allopolyploid origin was removed from the initial dataset to avoid
excessive complexity in the alternative scenarios tested. Two additional
individuals were deprecated due to probable initial misidentification
(ind. 142, ind. 452; see Results section 3.3). Thus, the final groups
considered were: diploid V. orbiculata, autotetraploid V. orbiculata,
“uncertain tetraploid”, diploid V. dalmatica and hexaploid V. austriaca
subsp. jaquinii. A set of 36 alternative scenarios (Fig. B.1) was con-
structed for testing all plausible evolutionary hypotheses about: (1) the
ancestral group and, (2) the formation of polyploid entities through
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hybridization processes.

As an initial approach, parameters and prior distributions were
chosen with large intervals due to the lack of ancestral information.
Group sizes were set equally in all cases. Divergence times were unre-
stricted allowing the software to set the most likely value. Kimura two-
parameter model (Kimura, 1980) was chosen and the mutation rate was
sampled from a uniform distribution with limits set to [10°- 107].
Because DIYABC selects the optimized rate from a given mutation range,
we assigned mutation rates using a conservative confidence interval set
between an extremely ‘slow’ rate (1.0 x 107 per site per generation) and
an extremely ‘fast’ rate (1.0 x 107 per site per generation).

One million datasets were simulated for each scenario (Cornuet
et al., 2008, 2010). The selection of the best scenario was made calcu-
lating the posterior probabilities of each one by performing a poly-
chotomous weighted logistic regression on the 1% of simulated data sets
closest to the observed data set (Cornuet et al., 2008, 2010). Subsequent
distributions of parameters were evaluated under the best scenario using
a local linear regression on the 1% closest simulated data sets with a
logit transformation. Confidence in the selected scenario was checked by
evaluating Type I and Type II error rates (Cornuet et al., 2010). The
model adequacy for the best scenario was evaluated comparing the
similarity between real data and simulated data through the posterior
distribution of the parameter values.

2.6. Species distribution models (SDMs)

SDMs were performed considering the localities of V. orbiculata and
V. dalmatica, once their identity was confirmed by the Bayesian clus-
tering (see Results section 3.3). Additionally, three more localities of
V. dalmatica were appended based on confirmed data by Padilla-Garcia
etal. (2018). Regarding V. orbiculata, ten more localities from herbarium
specimens that could be unequivocally identified were added
(Table A.3). Determinations were carried out by B. M. Rojas-Andrés and
M. M. Martinez-Ortega. Vouchers are deposited in the herbaria K, LD, W,
and WU. The potential current models were projected to reconstruct past
distributions and search for possible contact zones between these two
taxa during the Mid-Holocene (MidH, 6 ka BP) and the Last Glacial
Maximum (LGM, 22 ka BP). The corresponding present and past Bioclim
climatic layers available at www.worldclim.com (Hijmans et al., 2005)
were downloaded to model climatic-suitability at past times. Climatic
variables were downloaded at 2.5 arc-minute resolution to fit the spatial
resolution of the LGM data set. Correlation analysis among bioclimatic
variables was performed applying a threshold of 0.6 to avoid redun-
dancy. The variance inflation factor value (VIF; Marquardt, 1970) was
applied to test multi-collinearity using the ‘car’ package (Fox and
Weisberg, 2011). VIF threshold was set to three. Due to the low number
of occurrences no more than two variables should be selected, so it was
decided to choose one related to temperature and another to precipi-
tation. This information was combined with theoretical considerations
to select the appropriate pair of climatic variables for the modelling. The
couple of climatic features that are suspected to have a relevant influ-
ence on the niche and distribution limits of these species are: (i) mean
temperature of the coldest quarter (biol1) and precipitation of the driest
month (biol4) for V. orbiculata; (ii) mean diurnal range (bio2) and
precipitation seasonality (bio15) for V. dalmatica.

The same set of variables was used under two different global cir-
culation models: MIROC (Model for Interdisciplinary Research on
Climate; Hasumi and Emori, 2004) and CCSM4 (The Community
Climate System Model Version 4; Gent et al., 2011). Systematic sampling
was implemented to avoid sampling bias, as described by Fourcade et al.
(2014). Afterwards, multiple scenarios were evaluated using the R
package ‘ENMeval’ (Muscarella et al., 2014), which implements the
Maximum Entropy algorithm (Phillips et al., 2006). The models were
run with the feature classes L, Q, H, LQ and LQH (where L = linear, Q =
quadratic, H = hinge), and a regularization multiplier (rm) from 0.5 to 3
by 0.5. The selected method was the leave-one-out strategy (jackknife)
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to compensate for the low number of presence records (Pearson et al.,
2007). The area under the curve (AUC) and the Akaike information
criterion corrected for small sample sizes (AICc) were used to evaluate
the models. Following these criteria, the model showing the lowest AICc
and the best AUC was selected. AUC above 0.75 were considered
potentially useful, 0.80-0.90 good, and 0.90-1.0 excellent (Elith, 2002).
The palaeodistributions (MidH and LGM) were generated by projecting
the best model onto the two past global circulation models using the
package ‘raster’ (Hijmans and van Etten, 2014). The final consensus
palaeodistribution was calculated as the average cell value between the
CCSM4 and MIROC projections.

3. Results
3.1. DNA ploidy level variation

In this work, ploidy level estimations were newly generated for 368
individuals; the remaining estimations were obtained from Rojas-Andrés
etal. (2015, 2020) and Padilla-Garcia et al. (2018). Ploidies ranged from
2x to 6x (Table A.4). Twenty-three populations were composed of a
single cytotype (ten comprising diploids, five tetraploids, and eight
hexaploids), whereas five were mixed-ploidy populations. All ploidy
estimations made using flow cytometry were in accord with previous
chromosome counts for each species or subspecies. The “uncertain” in-
dividuals harbored all ploidy levels present in the dataset (2x, 4x and
6x). Heterogeneity in DNA-ploidy level within a taxon was found in V.
orbiculata (2x, 4x), with the diploid cytotype being predominant.
Veronica austriaca subsp. jacquinii was hexaploid in all the populations
considered here with the exception of population 21 that showed one
diploid individual (ind. 142; see 3.3). Populations initially identified as
V. dalmatica were all diploid, and those assigned to the “uncertain”
category and identified as V. dalmatica / V. orbiculata were also diploid
except for one hexaploid individual (ind. 452; see Results section 3.3).

Significant IBD (at p < 0.001) between pairs of ploidy levels was
found among diploid populations (i.e. “uncertain” diploid, V. dalmatica
and diploid V. orbiculata populations). Significant IBD values (at p <
0.05) were also found in two other cases: diploid vs. tetraploid pop-
ulations and diploid vs. mixed-ploidy populations (Table A.6).

3.2. Genetic variation: SSR profiles

From the initial set of 12 microsatellites, two were discarded due to
genotyping incongruence and indels presence. A total of 126 alleles were
amplified from the remaining 10 microsatellite loci that provided reli-
able genotypes. All loci were found to be highly polymorphic. Infor-
mation regarding number of alleles, as well as number of private and
shared alleles per population considering ploidy level is given in Table 1.
The total number of alleles across hexaploid populations did not strongly
exceed the number of alleles found in lower ploidy populations. For the
126 alleles, 63 were shared between the three cytotypes and the mixed-
ploidy populations. The number of private alleles per population is
shown in Table A.5. The highest allele-sharing values were between
hexaploids and mixed-ploidy populations (69.05%), followed by hexa-
ploids and tetraploid populations (61.11%). Considering cytotypes, the
13 private alleles were distributed as follows: eight in hexaploid pop-
ulations, three in tetraploid populations and two in diploid populations.
No private allele was found in mixed-ploidy populations.

3.3. Genetic structure and population differentiation

According to the method proposed by Evanno et al. (2005) and
Arrigo et al. (2010) (for Structure and K-means, respectively), the best
value for K is 2 (Fig. A.1la) and the second best K value is K = 4
(Fig. A.1a). However, the AMOVA analyses indicate that the clustering
proposed by Structure and K-means at K = 4 explains the highest per-
centage of variance among groups (ca. 20.1%; Table 2) and the next best
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Table 2
Analysis of molecular variance (AMOVA) of microsatellite data under different
clustering options.

Criterion (K) Source of variation Df Variation
(%)’
No grouping Among populations (considering 27 29.609
subpopulations) (31) (30.380)
STRUCTURE Among clusters 3 20.082
algorithm Among samples within clusters 38 15.096
(K=4) Within samples 410 64.822
STRUCTURE Among clusters 1 15.677
algorithm Among samples within clusters 33 19.731
(K=2) Within samples 417 64.592
K-means algorithm  Among clusters 3 20.090
K=4) Among samples within clusters 40 15.168
Within samples 408 64.742
K-means algorithm  Among clusters 1 17.338
K=2) Among samples within clusters 30 18.779
Within samples 420 63.883
NJ Among clusters 2 19.177
(K=23) Among samples within clusters 33 16.534
Within samples 416 64.289
Cytotype Among clusters 2 17.433
(K=23) Among samples within clusters 30 17.581
Within samples 419 64.986
Initial Among clusters 7 16.047
identifications Among samples within clusters 28 15.992
K=7) Within samples 416 68.023
Initial Among clusters 10 17.920
identifications Among samples within clusters 27 14.690
considering Within samples 414 67.390
cytotype
K=11)
30 km distance Among clusters 13 4.128
(K=14) Among samples within clusters 14 25.693
Within samples 424 70.178
50 km distance Among clusters 9 8.162
(K =10) Among samples within clusters 18 22.113
Within samples 424 69.725

K: number of groups; df: degrees of freedom
! p < 0.001 in cases indicated with bold numbers (i.e. except 30 km distance
and 50 km distance)

value is at K = 3 (19.18%; Table 2). The Evanno method identifies the
highest level of population structure; therefore, K may be under-
estimated if there is hierarchical structure (Janes et al., 2017). Accord-
ing to the Structure manual (Pritchard et al., 2010), higher values of K
are justified when individuals are strongly assigned to all clusters
(Fig. A.1c), and especially, if the population assignments make biolog-
ical sense (Gilbert et al., 2012). As we are not searching for the true K but
exploring genetic structure, it is preferable to examine more than one
value of K (see e.g. Rosenberg et al., 2002).

K = 2. When considering 2 as the possible number of clusters, K-
means mostly differentiates between diploids and polyploids (percent-
age of variance explained 17.34%). Structure generates a group that
contains all populations identified as V. dalmatica plus the diploid in-
dividuals initially assigned to the “uncertain” category and a second
group harboring the remaining populations (i.e., V. orbiculata,
V. austriaca subsp. jacquinii and “uncertain” tetra- and hexaploids)
(Fig. A.1b). According to the AMOVA analyses this grouping showed
lower percentage of variance explained (15.67%) than the K-means one.

K = 3. Grouping considering K = 3 is coincident for Structure and K-
means clustering methods, as well as the relationships between pop-
ulations shown by the neighbor-joining phylogram (Fig. 2). One cluster
corresponds to V. orbiculata (2x, 4x), a second cluster corresponds to
V. dalmatica plus virtually all the diploids within the “uncertain” cate-
gory, and a third cluster is composed by the remaining polyploids.
Regarding the neighbor-joining phylogram internal relationships were
overall poorly resolved (with few exceptions, bootstrap values (BS) <
50). Veronica dalmatica and V. orbiculata form two clearly supported
groups (BS > 85), with V. orbiculata 2x and 4x receiving high statistical
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support (BS = 98.5). Polyploids considered together were also retrieved
as a single supported group (BS = 90.8) but, considered separately
(“uncertain tetraploids” and hexaploids) none of them form a strongly
supported clade.

As regards the AMOVA analyses that considers cytotypes (i.e., three
groups), it explains 17.43% of the total genetic variation. This value is
similar to that obtained by the grouping that overall differentiates be-
tween diploids and polyploids (17.34%).

K = 4. In this case the clusters revealed by Structure and K-means are
overall coincident with 95.35% of the individuals identically assigned.
This clustering identifies the following genetic groups: (1) V. dalmatica
plus virtually all the diploids within the “uncertain” category; (2) the
diploid individuals initially assigned to V. orbiculata and four tetraploid
individuals, which belong to the mixed-ploidy populations (7 and 12) of
V. orbiculata; (3) the individuals initially assigned to V. austriaca subsp.
jacquinii plus the hexaploids within the category “uncertain” (popula-
tion 5); and, (4) another cluster with tetraploid individuals of the “un-
certain” category, a tetraploid population initially identified as
V. orbiculata (population 10), and three tetraploid individuals which
belong to a mixed-ploidy population of V. orbiculata (population 7)
(Fig. 1). The assessment of differentiation among populations through
DAPC also led to the described four main groups (Fig. 3). The “uncertain
tetraploids” are placed between V. austriaca subsp. jacquinii and
V. orbiculata clusters, partially overlapping with the latter, making
difficult to establish a clear boundary among these entities.

Considering pairs of clusters, significant IBD (at p < 0.05) was found
among cluster 1 populations (V. dalmatica plus “uncertain” diploids),
between cluster 1 and cluster 2 (V. orbiculata), and between cluster 1 and
cluster 3 (“uncertain tetraploid” populations) (Table 3).

Deviations from K = 4 clustering. Some individuals do not fit
exactly in the previously described scheme (4.87% and 5.97% of the
samples for Structure and K-means, respectively). These individuals
mostly belong to three of the “uncertain” populations: one tetraploid
population (population 6; V. aff. austriaca subsp. jacquinii) and two
diploid populations (populations 24a and 28a, initially catalogued as
V. dalmatica / V. orbiculata). Population 6 —“uncertain tetraploid”—
shows four individuals (out of 16) within the V. austriaca subsp. jacquinii
group following the Bayesian clustering but just one according to K-
means. Five individuals (out of 21) in population 24a —“V. dalmatica
cluster”— belong to V. orbiculata according to K-means, while consid-
ering Structure two of them cluster with the tetraploid individuals of the
“uncertain” category and the other three belong to V. dalmatica. Popu-
lation 28a —“V. dalmatica cluster”— shows three individuals (out of 15)
within the V. orbiculata cluster according to both Structure and K-means.
Following Structure there is an additional individual that clusters with
tetraploid individuals of the “uncertain” category. However, these four
individuals correspond to the V. dalmatica cluster according to DAPC
analysis.

Another individual (ind. 452) from this population, which is hexa-
ploid and therefore expected to cluster with V. austriaca subsp. jacquinii,
belongs to the V. dalmatica cluster according to the Bayesian clustering.
However, in the DAPC analysis it clusters with the V. austriaca subsp.
jacquinii group (Fig. 3). A diploid individual (ind. 142) from population
21 initially determined as V. austriaca subsp. jacquinii, belongs to the
V. dalmatica cluster according to both Structure and K-means. This in-
dividual also clusters with V. dalmatica according to the DAPC analysis
(Fig. 3). These two last exceptions/deviations are most likely cases of field
misidentifications.

K > 4. Additional groupings considering geographical distance,
initial identifications, and initial identifications considering also cyto-
types showed lower values than the grouping based on K = 4.

3.4. Inference on population history using DIYABC models

Sequence information regarding total number of sites, polymorphic
sites and levels of variation is given in Table 4. The list of all parameters,
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number of generations, and prior/posterior distributions used to model
scenarios is summarized in Table B.1. The number of generations is
remarkably low, although this number cannot be transformed into years
automatically even less in the case of a perennial herb. The scenario with
the highest posterior probability is Scenario 1 (P = 0.25 [0.23-0.27])
followed by Scenario 3 (P = 0.17 [0.15-0.19]), Scenario 5 (P = 0.16

[0.15-0.17]) and Scenario 7 (P = 0.14 [0.13-0.16]) (Fig. 4). The best
scenario showed an initial divergence from a common ancestor between
the diploids V. orbiculata and V. dalmatica. The “uncertain tetraploid”
group seems to have originated from hybridization between the two
diploid species with V. dalmatica as the greatest contributor (r1 = 0.92).
The following evolutionary event —a hybridization process too— is
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Table 3
Isolation by distance tests. Correlation between pair-wise distances among populations (by Bayesian clustering) using Rho coefficients and the logarithm of the
geographical distance.

Cl C2 C3 Cc4
Cl Cc2 C3 C4 C2 C3 C4 C3 C4 C4
0.222 0.246 0.011 0.197 0.553 0.047 0.012 ~0 0.059 ~0 R-squared
0.193 0.221 ~0 0.182 0.441 0.019 ~0 ~0 0.043 ~0 Radj(*)
* * NS * . NS NS NS NS NS P
0.011 0.004 0.392 0.003 0.09 0.203 0.582 0.846 0.560 0.72

Abbreviations: C1 = V. dalmatica plus “uncertain” diploid individuals cluster; C2 = V. orbiculata cluster; C3 = V. austriaca subsp. jacquinii cluster; C4 = “uncertain

tetraploid” individuals cluster; NS = not significant
-p <0.10
" p<0.05

Table 4
cpDNA sequence information.

Region No. of sequences Total no. of sites* PolymorphicSites Singleton variable sites Parsimony informative sites
ycf6-psbM 194 623 24 1 23
trnH-psbA 194 291 10 7

" excluding sites with gaps / missing data

detected in the origin of the V. austriaca subsp. jacquinii group, with
V. dalmatica and the “uncertain tetraploid” cluster as putative parents. In
this case, V. dalmatica is also the main contributor to the allopoly-
ploidization event (r2 = 0.81). Scenario 3 differs from scenario 1 in the
progenitors implicated in the second allopolyploidization event. For this
scenario, the diploid V. orbiculata —instead of V. dalmatica— together
with the “uncertain tetraploid” group would be involved in the forma-
tion of the hexaploid V. austriaca subsp. jacquini. Scenario 5 is similar to
scenario 1 but considers that the “uncertain tetraploid” cluster arose by
autopolyplodization of V. dalmatica. Likewise, scenario 7 is parallel to
scenario 3, but considers that the “uncertain tetraploid” cluster is the
result of an autopolyplodization event of the diploid V. orbiculata. All
scenarios indentify an autotetraploid origin for the V. orbiculata tetra-
ploid individuals included and none identifies its participation in the
origin of V. austriaca subsp. jacquinii.

Type I error rate for the best scenario was 43%, indicating that the
probability that data sets simulated under this scenario are assigned to
other scenarios. Type II error rate, which represents the probability that
data sets simulated under other scenarios are assigned to the best one,
was 12%. These relatively elevated values may be consequence of high
similarities among scenarios. The similarity between real and simulated
data sets for the best scenario is shown in Fig. B.2. From a total of 13
summary statistics only two cases of statistics diverged from the simu-
lated ones (p-value < 0.05).

3.5. Modelling species distributions at LGM, MidH and present

The models corresponding to potential current distributions of the
species showed high predictive accuracy, with AUC values of 0.95 and
0.94 for V. orbiculata and V. dalmatica respectively. Both models showed
the lowest AICc values. For V. orbiculata the model selected was LQ (rm
= 0.5). In the case of V. dalmatica the model was H (rm = 1). Considering
variable importance for V. orbiculata, biol4 (precipitation of the driest
month) shows slightly more explanatory power (53.47%) than bioll
(mean temperature of the coldest quarter; 45.53%). The highest
explanative power for V. dalmatica relies on bio2 [mean of monthly (max
temp - min temp); 83.35%].

The predicted potential current distributions of the species are dis-
played in Fig. A.2. Veronica dalmatica occurs in both coastal and interior
environments. Suitable locations are also found in southern Greece and
Balkan Peninsula inland mountain ranges. Veronica orbiculata appears
restricted to coastal Mediterranean influenced environments. For both
species there are ecological suitable localities in the Apennine Peninsula.

Fig. 5 and Fig. A.3 show the areas that are suitable for the species
during the LGM and MidH, respectively. Distribution areas predicted for
the MidH are quite similar to the potential current distributions; thus,
the possibilities of contact among populations are comparable. During
the LGM suitable areas for V. dalmatica could have been displaced to the
west in the Italian Peninsula and Sicily, to the southwestern Balkan coast
and to the eastern inland mountains in the Balkans. For V. orbiculata
suitable localities were mainly related to coastal environments in the
northwestern areas of the Balkan Peninsula.

Although these models have to be taken with caution since the
number of presences is remarkably low, these results do not support a
priori hybridization between V. dalmatica and V. orbiculata during the
LGM, given that the best suitable areas for those species do not overlap.
Nevertheless, contact zones between populations could have appeared
at the post-glacial period and during the Mid Holocene Climatic Opti-
mum, when climatic conditions were quite similar to the current ones.

4. Discussion

4.1. On the origin of the diploids and the role of the Neretva river basin as
a barrier to gene flow within the Balkan Peninsula

The V. austriaca - V. orbiculata polyploid complex is a system formed
by diploids, autopolyploids, and allopolyploids that interact among
them. The best clustering option (Fig. A.1, Table 2) revealed four distinct
lineages: the diploid V. dalmatica, the diploid-tetraploid V. orbiculata,
the “uncertain tetraploid” lineage and the hexaploid V. austriaca subsp.
jacquinii. The most probable early evolutionary scenario according to
the ABC analysis (Fig. 4) involves an initial divergence of two diploid
lineages from a common ancestor: V. orbiculata and V. dalmatica. An
additional possibility to explain the origin of V. orbiculata considering its
position in the NJ (Fig. 2) and the introgression pattern observed in
some individuals when considering K = 2 (e.g. population 12; Fig. A.1a)
would be via homoploid hybridization, with V. dalmatica as one of the
putative parental species. The genetic structure analyses based on AFLP-
data for the whole subsection Pentasepalae (Padilla-Garcia et al., 2018;
see Fig. S2C) would also support this hypothesis. However, an accurate
evaluation of this hypothesis with the available data is impossible due to
the absence of extant candidates for the second parental species.

Formerly considered as the diploid level of V. austriaca subsp. jac-
quinii (Rojas-Andrés et al., 2015), V. dalmatica was recognized at the
specific rank after exhaustive molecular and morphological analyses
that demonstrated its monophyly and independence from V. austriaca
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Fig. 4. Approximate Bayesian Computation analysis. Main: best scenario resulting from DIYABC analysis (i.e. scenario 1). Width of the horizontal lines shows the
relative contribution to the hybridization events. The next best scenarios are displayed below (i.e. scenarios 3, 5 and 7).

subsp. jacquinii (Padilla-Garcia et al., 2018). Here, the status of
V. dalmatica as an independent species —based on SSR markers and
cpDNA sequences— is confirmed (Figs. A.1, 2-4). Although V. dalmatica
and V. orbiculata sometimes share morphological similarities, they
appear as two discrete genetic entities. Genetic differentiation between
both species shows a pattern of IBD (Table 3, Fig. 4), which is often
associated with post-glacial colonization (Pope et al., 2006, Resetnik
etal., 2016b). Apart from the genetic differentiation, the combination of
morphology, ploidy level and distribution can be employed for taxo-
nomic delimitation: Veronica dalmatica and the “uncertain” diploids
appear invariably restricted to the south-east of the Neretva river Basin,
which confirms the distribution proposed by Padilla-Garcia et al.
(2018). This distribution is similar to other Balkan narrow endemics,
such as Dianthus ciliatus subsp. dalmaticus (Fedorov and Kovanda, 1976),
several species belonging to Knautia sect. Trichra (Knautia dinarica
subsp. dinarica, Knautia visianii; Frajman et al., 2016) or the recently
described Iris orjenii (Brauchler and Cikovac, 2007) and Campanula
austroadriatica (Lakusic et al., 2013). The Neretva river valley seems to

represent a significant barrier to gene flow for animal (Podnar et al.,
2004; Krystufek et al., 2007) and to some extent also for plant species (e.
g., Edraianthus tenuifolius, Surina et al., 2011; Alyssum austrodalmaticum,
Spaniel et al., 2017). Indeed, this region to the southeast of the Neretva
canyon —southern Dinaric Alps- has been highlighted for its endemism
richness (Griffiths et al., 2004).

4.2. Formation of the polyploid complex

4.2.1. On the different origins of the tetraploid level

The lineage corresponding to V. orbiculata includes diploid, allo- and
autotetraploid individuals. The tetraploid individuals of V. orbiculata
from population 12 are genetically identical to each other —and to some
diploids from the same population—, do not show more than two alleles
per locus, and are morphologically indistinguishable from diploids of
V. orbiculata. Thus, they are assumed to be of autopolyploid origin.
However, an additional set of tetraploids were detected within the other
V. orbiculata mixed-ploidy population (population 7). This population
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included five tetraploid individuals, three of them assigned to the “un-
certain tetraploid” cluster, plus two that are genetically associated with
V. orbiculata (Fig. A.1c). These individuals show different alleles than
the diploid members of this population and they are assumed to be of
allopolyploid origin. These individuals of allopolyploid origin geneti-
cally associated with the V. orbiculata cluster could have been the result
of hybridization between V. dalmatica and V. orbiculata with a higher
contribution of V. orbiculata and/or posterior backcrossing with
V. orbiculata. The present results confirm the constitution of V. orbiculata
as an entity with two ploidy levels and the origin of the tetraploids
through two mechanisms, auto- and allopolyploidy. Interestingly,
V. orbiculata and these allotetraploid individuals constitute another
example of different outcomes that could arise from distinct allopoly-
ploidization events in time and/or space, even when the same parental
entities are involved (Steen et al., 2000; Ainouche et al., 2004; Brysting
et al., 2007).

In the second lineage detected, allopolyploidy seems to have played a
major role (Fig. 4). The diploid level is represented by V. dalmatica and
horizontal connections are detected. The presence of a cryptic allote-
traploid lineage within the complex with V. dalmatica and V. orbiculata
as parental species is here confirmed for the first time. Polyploid com-
plexes are a source of cryptic lineages that have remained unrecognized
due to their unclear (e.g., sometimes they are phenotypically similar to
the parents and are consequently overlooked) and/or highly variable
morphologies. Thus, cryptic lineages are frequently detected when
different cytogenetic units are examined in detail or when the popula-
tion structure of polyploid systems is accurately studied (e.g. Majure
et al., 2012; Crowl et al., 2017; Hu et al., 2019; Afonso et al., 2020). We
here demonstrate that this is also the case of the V. austriaca - V. orbi-
culata complex, within which the existence of cryptic diversity has been
neglected to date. This has traditionally obscured the detection of the
“uncertain tetraploid” lineage that has acted as a progenitor in the for-
mation of other higher level polyploid taxa within the complex (see
section 4.2.2.).

4.2.2. Origin and spread of the hexaploid level

The hexaploid level, i.e., V. austriaca subsp. jacquinii cluster, repre-
sents another case of allopolyploidization with V. dalmatica and the
“uncertain tetraploid” cluster involved in its origin. As already stated,
V. austriaca subsp. jacquinii has been traditionally confused with
V. dalmatica due to their morphological resemblance. Several examples
illustrate that it is not rare that an allopolyploid event originates in-
dividuals in which one parental morphology is retained (Alexander-
Webber et al., 2016) or at least —as it is in our case— dominates, even
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though increased fitness and/or sometimes difficult to detect slight
phenotypic changes (e.g., increased size) can occur (Buggs et al., 2009;
Welles and Ellstrand, 2019). Although increased fitness of V. austriaca
subsp. jacquinii needs to be experimentally tested (e.g. enhanced
dispersal abilities, increased ecological tolerances), it is interesting to
note its wide distribution range. Thus, while the diploid-tetraploid lin-
eages within V. austriaca - V. obiculata complex are mostly restricted to
the west coast of the Balkans and the closest mountain ranges (Dinaric
Alps) (Fig. 1), the hexaploid lineage extends its range across the Balkan
Peninsula reaching the Carpathians (Rojas-Andrés and Martinez-Ortega,
2016).

This pattern of restricted diploid and widespread polyploid distri-
bution has been found in many other polyploid complexes (e.g. Stebbins
1971; Lowry and Lester, 2006; Majure et al., 2012). Polyploidization has
been suggested as a mechanism for generating new evolutionary line-
ages with broader ecological tolerances than their diploid progenitors,
consequence of their increased genetic diversity (Otto and Whitton,
2000). However, polyploidy (and genetic diversity) per se does not
explain an enlargement of geographical ranges or niche breadth in other
polyploid complexes (e.g. Theodoridis et al., 2013; Castro et al., 2019).
Within V. austriaca - V. orbiculata, the “uncertain tetraploid” lineage
shows higher genetic diversity than their diploid relatives (Table 4), but
its niche breadth does not seem to be neither distinct nor broader than
that of the diploids. Polyploidization generates novelty, but only certain
unique combinations of newly generated variation may be suitable to
occur in ecological niches different from those occupied by their pro-
genitors. Not broader niches but distinct niches (ecological niche dif-
ferentiation) have been proposed to be crucial for polyploid success
(Baniaga et al., 2020). The ability to occupy niches separate from those
of the parental entities may be related with slight morphological dif-
ferences potentially involving functional significance (Hao et al., 2013;
Lopez-Jurado et al., 2019) and this seems to be also the case for the
hexaploid V. austriaca subsp. jacquinii.

4.2.3. The importance of the direction in allopolyploidization events
Conflicting signal between data sources (usually plastid and nuclear
information) has been frequently interpreted as a signature of hybridi-
zation (Friar et al., 2008). As already explained, the evolutionary
reconstruction suggests that V. dalmatica is the main donor to both
allopolyploidization events (Fig. 4). This conclusion is based on plastid
DNA data, which point to V. dalmatica as female parental on many more
occasions than the “uncertain tetraploids” and V. orbiculata. Contrast-
ingly, the analyses based on nuclear data place the allopolyploid entities
closer to V. orbiculata (Fig. 3) and show that the most divergent cluster
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within the polyploid complex is the V. dalmatica group (Fig. A.1b). This
implies that V. orbiculata and the “uncertain tetraploids” could have
acted as the predominant pollen donors in both allopolyploidization
events. Although not much information on the reproductive biology of
these entities is available, our preliminary unpublished data indicate
that the style of the tetraploids is slightly longer than that of the diploids.
Also consistently larger sized pollen grains corresponding to higher
ploidy levels have been described within V. subsect Pentasepalae (Mar-
tinez-Ortega et al., 2000). According to Husband et al. (2002), the
consistently high siring success of pollen from tetraploids in Chamerion
angustifolium appears to be facilitated by differential success of pollen
tubes. Surveys of pollen grain size (or volume) in many taxonomic
groups including Veronica have revealed positive correlations with pistil
length and corolla size (Sanchez-Agudo et al., 2009) and even with
pollen-tube growth rates (Williams and Rouse, 1990). All these facts
together would contribute to reinforce the idea that polyploids would
tend to mainly act as pollen donors.

Unidirectional mating from diploids to polyploids is known from a
great number of polyploid complexes (e.g. Slotte et al., 2008; Jprgensen
et al., 2011; Diallo et al., 2016). Furthermore, it is assumed that crosses
will produce viable seeds when the ratio of maternal to paternal ge-
nomes is at the required 2:1 proportion in the endosperm (Endosperm
Balance Number [EBN] hypothesis; Johnston and Hanneman, 1982).
However, this does not imply that the maternal donor has to be neces-
sarily the high ploidy parental in an inter-ploid cross: for correct
endosperm function, the EBN but not the ploidy levels should be in a 2:1
maternal to paternal ratio (Lafon-Placette et al., 2016). Studies in Cha-
merion angustifolium (Burton and Husband, 2000), Impatiens (Arisumi,
1982), Solanum (Johnston and Hanneman, 1982), and Trifolium (Parrott
and Smith, 1986) support this hypothesis. Several works have found the
diploid species acting as the maternal parent in the formation of poly-
ploids (e.g. Popp and Oxelman, 2007; Peng et al., 2010; Schinkel et al.,
2017). In fact, in some polyploid complexes seed germination is normal
after inter-cytotype crosses and post-zygotic reproductive isolation is
only strong when diploids act as pollen donors (e.g. Leucanthemum plu-
riflorum group; Greiner and Oberprieler, 2012).

4.2.4. The tetraploid bridge

Polyploids show increased genetic diversity compared to diploids
(Table A.5) and a high degree of shared alleles (61.11%; Table 1). This
notable genetic relatedness (Fig. 2) could be the result of recent or even
ongoing inter-ploidy gene flow among natural populations. Similarly,
the occurrence of distinct tetraploid lineages points to a possible exis-
tence of gene flow between diploid and tetraploid cytotypes probably
mediated through unreduced gametes. Thus, the tetraploid level may act
as a bridge not just in the formation of hexaploids but in the potential
gene flow among cytotypes. The genetic divergence observed between
diploids and hexaploids (Table 2, Fig. 2) suggests that direct gene flow is
relatively lower between these cytotypes.

It is well-known nowadays that polyploid events do not necessarily
promote instantaneous speciation (Ramsey and Schemske 1998). The
absence of reproductive isolation among cytotypes could allow sexual
reproduction and, as a consequence, prevent formation of more differ-
entiated genetic groups than the observed ones (Fig. 2). Studies focusing
on other polyploid complexes have found weaker postzygotic isolation
among high order polyploids than in diploid-polyploid crosses (Sonn-
leitner et al., 2013; Sutherland and Galloway, 2017). The role of the
“uncertain tetraploid” as a bridge within the polyploid complex goes in
accordance with the proposal that natural polyploidization is not only
involved in establishing barriers to hybridization, but also in over-
throwing them (Lafon-Placette et al., 2017).

Despite the genetic relatedness, V. austriaca subsp. jacquinii and the
“uncertain tetraploid” allopolyploid clusters can be morphologically
differentiated as occurs in population 17, where it was possible to
identify individuals belonging to V. austriaca subsp. jacquinii (pop. 17b,
Table A.1) and those showing an intermediate morphology (pop. 17a,
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Table A.1). Structure assigned the individuals of pop. 17 to two clusters,
which is in agreement with the initial determinations.

4.3. The species concept in the framework of polyploid complexes: To
assign taxonomic rank or not to assign it, that is the question.

Species recognition and species delimitation are critical aspects for
taxonomy with many implications for management and biodiversity
conservation. The analyses presented here confirm that Veronica aus-
triaca subsp. jacquinii and V. orbiculata are morphologically recognizable
entities. All the diploids of “uncertain” identity initially identified as
V. dalmatica / V. orbiculata definitely belong to V. dalmatica. Although
V. dalmatica has been traditionally confused with V. austriaca subsp.
jacquinii, Padilla-Garcia et al. (2018) have established their respective
geographic ranges and have indicated morphological characters that aid
their identification. In addition, the mostly diploid species included in
this study (i.e. V. dalmatica and V. orbiculata) are genetically differen-
tiated (Fig. 2) and occur in separated geographic areas (Fig. 1). The
results of the present study indicated clear genetic divergence between
the lower ploidy level (diploid) and the higher ploidy levels (allotetra-
and hexaploid), but not among the allopolyploids (Fig. 2). Considering
the allopolyploids, some individuals from the “uncertain tetraploid”
cluster are morphologically undistinguishable from V. orbiculata, while
others display an intermediate morphology (Table A.1).

Hybrids are mosaics of characters with a wide range of outcomes
(Soltis et al., 2014) and represent a challenge to the major forms of
species concepts (Ramsey and Ramsey, 2014). Hence, previous studies
on V. subsection Pentasepalae (Padilla-Garcia et al., 2018) followed
several lines of evidence for species delimitation, i.e., general lineage
species concept (De Queiroz, 2007). The last taxonomic revision
considered phylogenetic analysis based on DNA sequence data, ploidy
level, morphology, and geographic range (Rojas-Andrés and Martinez-
Ortega, 2016) following an integrative taxonomic approach (Dayrat,
2005). Considering the reticulate evolution that has led to the genetic
similarities between the allopolyploids and the morphological resem-
blance of the tetraploids with V. austriaca subsp. jacquinii and especially
with V. orbiculata, it is difficult to define clear taxonomic boundaries.
Additionally, according to our own field observations, the “uncertain
tetraploid” does not seem to have ecological preferences nor a specific
geographic range. Being aware of the drawbacks of including morpho-
logically highly similar cytotypes in one species (Soltis et al., 2007),
assigning a taxonomic status to the “uncertain tetraploids” may raise
more practical problems than solutions in this particular case. Thus,
providing a taxonomic assignment is here discarded; instead maintain-
ing the “uncertain tetraploids” —probably derived from hybridization
between V. orbiculata and V. dalmatica— within the variation of
V. austriaca subsp. jacquinii, seems to be more reasonable, unless further
evidences and characters that allow their identification are obtained.
Nevertheless, to avoid obscuring insights into evolution and speciation,
it is crucial to consider the existence of an additional biological entity
within the studied species complex: an allotetraploid morphologically
cryptic lineage.

4.4. Evolutionary history in a Mediterranean biodiversity hotspot

The Balkan Peninsula is known by its floristic richness and represents
one of the most important hotspots of biodiversity in Europe (Griffiths
et al., 2004). Despite gaps of information in comparison to the western
Mediterranean Basin, a high frequency of polyploids and hybrids has
been reported in this area (Marques et al., 2018), linked with its complex
geological and historical climatic context with successive changes in
land connections and oscillation in climate regimes. In comparison with
other European regions, the highest concentration of mixed-ploidy
populations for V. subsect. Pentasepalae is found in the Balkan Penin-
sula (Rojas-Andrés et al., 2020) and especially on its western part (Fig. 1;
Table A.5).
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According to paleodistribution models several distinct areas could
have acted as refugia for the survival of V. orbiculata and V. dalmatica
during LGM (Fig. 5). The most suitable areas for both species are coin-
cident with previously described refugia (see Nieto-Feliner, 2014).

In the case of V. orbiculata the northern coastal region of the Western
Balkans could have acted at that time as refugium. Several studies have
found evidence of a microrefugium in the Kvarner bay and the Istrian
Peninsula (Magri et al., 2006; Resetnik et al., 2016a).

For V. dalmatica inland mountain ranges of the central Balkan
Peninsula (Southern Carpathians) appear as suitable areas during the
LGM (Fig. 5). However, the presence of V. dalmatica in this place is
unlikely due to the distance to the Dalmatian region and the lack of
adequate intermediate places to act as corridors. The most plausible
refugial areas for V. dalmatica are: southern parts of the West Balkans (in
comparison to V. orbiculata); and/or southern regions of Italy (Fig. 5).
The access to these latter regions could have been facilitated by the
available corridors between the Balkan and Apennine Peninsulas. Dur-
ing the LGM the Adriatic Sea reached its lowest level, which resulted in a
narrow (15-20 km), shallow basin called Meso-Adriatic Depression
(Correggiari et al., 1996). These sea-level conditions extend southwards
to the Otranto Strait in the southern Adriatic, which was also consid-
erably narrower than nowadays, connecting the eastern and western
Adriatic coasts along a large area, thus allowing migration of
V. dalmatica to more suitable locations. There is one record of the
presence of a plant identified as “V. austriaca subsp. jacquinii” in the
region near Matera in the Basilicata region of Italy (Rojas-Andrés and
Martinez-Ortega, 2016). Unfortunately, we have failed at finding these
plants in the field despite of all the efforts; as we suspected that these
plants are actually V. dalmatica, this record would support our hypoth-
esis of migration of this species during the glaciations. If this is
confirmed, it will represent a further example of amphi-Adriatic distri-
bution in the subsection, as is the case of V. kindlii (Padilla-Garcia et al.,
2018).

Veronica dalmatica could have also taken shelter in the southernmost
part of the Dinaric Alps, an area of special topographic complex-
ity within the Western Balkans that acted as a Quaternary micro-
refugium for plant (e.g. Kutnjak et al., 2014) and animal species (e.g.
Krystufek et al., 2007). If this was the case, the survival of V. orbiculata
and V. dalmatica in two separate refugia during the LGM would repre-
sent another example supporting the “refugia-within-refugia hypothe-
sis” in the Balkan region (Podnar et al., 2004; Surina et al., 2011).

The divergence of V. orbiculata and V. dalmatica from a common
ancestor could be the result of different ecological conditions in north-
ern and southern refugia at the time of the LGM (a split that
geographically coincides with the lower Neretva river valley in the
Western Balkans) (Lakusi¢ et al., 2013). Posterior differentiation is
supported by the IBD pattern observed (Table 3). Range expansion in
postglacial periods could explain the presence of secondary contacts in
the southern Dinaric Alps between V. orbiculata and V. dalmatica, which
would explain the first event of allopolyploidization within the complex
(Fig. 4). The second hybridization event could have occurred in recent
times according to the low number of generations (Table 5) —as sug-
gested by previous studies (Rojas-Andrés et al. 2015; Padilla-Garcia
et al., 2018)— in places where the three entities appear intermixed.

5. Conclusions

Polyploidy and hybridization are key processes in plant evolution
and in the last decades they are lively topics of research. This study
provides conclusive evidence on the formation of the V. austriaca - V.
orbiculata complex as a result from both auto- and allopolyploid pro-
cesses. The obtained results indicate that there are two well-established
entities at the diploid level with a clear genetic differentiation between
diploid and hexaploid cytotypes, and an allotetraploid cryptic lineage
involved in the formation of the hexaploid cytotype. However, it is
complicated to establish boundaries among the tetraploid individuals
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initially determined as “uncertain” and the rest of the entities involved.
Morphological resemblance with its relatives and genetic similarities
with its hexaploid descendant blurs species delimitation. However, the
recognition of the allopolyploid cluster as an intermediate biological
entity, allows its consideration on future evolutionary and biodiversity
studies.

The complex geological and historical climatic context of the Balkan
Peninsula promotes opportunities for species diversification and hy-
bridization. Different refugia are hypothesized for the survival of
V. orbiculata and V. dalmatica during the LGM. Different ecological
conditions in northern and southern parts of the Western Balkans and
posterior differentiation by IBD might be responsible for the divergence
of these two diploid species. Allopolyploidization events occurred af-
terwards as a result of V. orbiculata and V. dalmatica range expansion
during postglacial periods.
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