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Mosaic distribution of cytotypes in a mixed-ploidy plant
species, Jasione montana: nested environmental niches
but low geographical overlap
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Polyploids often have divergent geographical ranges compared to their diploid progenitors, but the causes of such
differentiation are poorly understood. The geographical ranges of cytotypes within polyploid complexes may be caused
by multiple factors, including historical events, interactions among cytotypes and divergent environmental tolerances,
but the fine-scale geographical arrangement of cytotypes is rarely known for most mixed-ploidy species. In this study,
we assessed cytotype diversity and distribution patterns in the Jasione montana polyploid complex and examined
whether environmental factors can explain the occurrence of tetraploids. Specifically, we reviewed all chromosome
counts available in the literature, examined cytotype distributions in a large-scale population survey using flow
cytometry (N = 278 populations, N = 3396 plants), and used niche modelling to compare cytotype environmental
associations. Two cytotypes were detected: diploids, which are widespread across Europe, and tetraploids, restricted to
the north-west quadrant of the Iberian Peninsula. The two cytotypes were distributed in a mosaic with areas dominated
by diploids intermixed with those dominated by tetraploids, rarely forming mixed-ploidy populations (1.4%). Although
having low geographical overlap, the tetraploid niche is fully nested within the diploid niche breadth and occupies
only a subset of the environmental envelope of the diploid progenitor, suggesting that polyploidization has not caused
niche expansion due to novel environmental preferences. The mosaic diploid-tetraploid contact zones and the lack of
mixed-ploidy populations suggest that frequency-dependent selection may play a role in excluding minority cytotypes.
Under this scenario, tetraploids would have to disperse to places unoccupied by diploids to successfully establish. The
aggregation of tetraploid populations in areas suitable for diploids suggests that tetraploids may also outcompete
diploids in certain areas. Collectively, our results indicate that environmental sorting has played a role, at least on a
broader scale, in the successful establishment of polyploids in J. montana.

ADDITIONAL KEYWORDS: diploids — exclusion — flow cytometry — minority cytotype — niche modelling —
polyploidy — tetraploids.

INTRODUCTION recurrent formation of polyploids has been documented
multiple times throughout the evolutionary history
of particular plant groups (Wood et al., 2009; Otto &
Whitton, 2000; Soltis et al., 2010), but also in extant
plant populations (e.g. Maceira et al., 1992; Burton
& Husband, 2001; Ramsey, 2007; Castro et al., 2018).
This is probably due to the frequent production
of unreduced gametes in nature (Bretagnolle &
Thompson, 1995; Ramsey, 2007; Brownfield & Kohler,
*Corresponding author. E-mail: mcastro@uc.pt 2011), although successful polyploid establishment

The duplication of whole chromosome sets is a common
event in nature (Wood et al., 2009; Husband, Baldwin
& Suda, 2013; Marques et al., 2018), giving rise to new
polyploids that might establish and spread within
diploid/lower-ploidy progenitor populations. The
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depends on numerous factors (Levin, 1975; Rodriguez,
1996). Because polyploids arise frequently and
can have significant ecological and evolutionary
effects, polyploidy is currently recognized as a major
mechanism of sympatric speciation (Otto & Whitton,
2000; Soltis et al.,2010), being considered an important
mechanism of diversification of flowering plants (Soltis
& Soltis, 1999). Given its significant contribution, the
factors involved in the successful establishment of
polyploid lineages have received increased attention
in the last decades.

Immediately after polyploid formation, the new
cytotype is at a numerical disadvantage within the
population of its diploid/lower-ploidy progenitor.
Theoretical models suggest that the new polyploid
can establish within the population of the progenitor
only if it has the necessary conditions to increase
its numbers; otherwise, it will be excluded from the
population due to frequency-dependent selection
(Levin, 1975; Rodriguez, 1996; Husband & Schemske,
2000). Polyploid establishment will be favoured by
features that increase the probability of successful
mating, such as recurring formation of polyploids,
spatial clustering, perenniality, increased selfing and/
or increased competitive ability (Fowler & Levin, 1984;
Felber, 1991; Rodriguez, 1996; Husband & Schemske,
2000; Barringer, 2007). Assortative mating, enforced
by various reproductive barriers, may also promote
the coexistence of polyploids and their progenitors
[e.g. Chamerion angustifolium (L.) Holub, Husband &
Sabara 2004; Aster amellus L., Jersakova et al., 2010;
Castro et al., 2011; Gladiolus communis L., Castro
et al., 2018]. Alternatively, polyploids might disperse
elsewhere, thereby escaping minority cytotype
exclusion, and establish new populations beyond
the environmental limits of the parental individuals
(niche shift hypothesis; Levin, 1975, 2004; Husband &
Schemske, 2000).

Different geographical patterns have been
documented in diploid—polyploid complexes (namely
sympatric, parapatric or allopatric cytotype
distributions; e.g. Petit, Bretagnolle & Felber, 1999;
Baack, 2004; Kolaf et al., 2009; Castro et al., 2012).
An association between ploidy and differences in
environmental and spatial boundaries is frequently
observed (Levin, 2002), with polyploids often having
different geographical ranges from their diploid
progenitors (e.g. Balao et al., 2009; Kolaf et al., 2009;
Sonnleitner et al., 2010; Laport et al., 2013; Casazza
et al., 2017). The geographical range occupied by
each cytotype is the result of several potentially
interacting forces, including historical patterns of
origin or migration, interactions among cytotypes and
divergence in environmental tolerances (Husband
et al., 2013). Historical processes, including the timing

of polyploid emergence, dispersal and colonization
patterns, are among the factors determining
geographical patterns (Lowry & Lester, 2006).
Recurrent polyploid formation generates primary
contact zones and mosaic distributions, whereas
secondary contact zones originate after allopatric
divergence and subsequent migration, bringing
cytotypes into contact and creating allopatric and
parapatric distributions (Petit, Bretagnolle & Felber,
1999). Additionally, changes in cell size and gene
expression associated with whole genome duplication
may have broad-scale impacts on developmental
processes and environmental tolerances that might
change the fitness of polyploids (Levin, 1983; Adams
& Wendel, 2005). These differences have been linked
with increased ecological tolerances, niche partitioning
and/or wider geographical ranges (e.g. Levin, 1975;
Husband & Schemske, 2000; Buggs & Pannell, 2007;
Ramsey, 2011; Hao et al., 2013) and may determine the
likelihood of polyploid establishment and subsequent
spread. Consequently, knowing the geographical
arrangement of diploid—polyploid complexes in
nature provides essential information for inferring
the processes involved in polyploid establishment,
coexistence and divergence (e.g. Levin, 2002; Petit
et al.,1999; Lexer & van Loo, 2006; Castro et al., 2018).

Recently, ecological niche modelling (Warren, Glor
& Turelli, 2008) and multivariate analyses of niche
variables (Broennimann et al., 2012) using cytotype
occurrence data and various abiotic factors (e.g.
precipitation, temperature, soil characteristics and
elevation) have been used to characterize ecological
niches and to compare environmental niches between
different taxa. This approach has been used to evaluate
the niche shift hypothesis in related diploid—polyploid
species [e.g. species of Houstonia Gronov. (Glennon,
Rissler & Church, 2012); Iberian taxa of Leucanthemum
Mill. (Oberprieler et al., 2012); the Claytonia perfoliata
Donn ex Willd. complex (McIntyre, 2012); the Primula
L. section Aleuritia Duby complex (Theodoridis et al.,
2013); species of Tolmiea Torr. & A.Gray (Visger et al.,
2016)], or in the analysis of different cytotypes within
a species [Houstonia purpurea L. and H. longifolia
Gaertn. (Glennon et al., 2012); Heuchera cylindrica
Douglas (Godsoeet al.,2013); Chamerion angustifolium
(Thompson, Husband & Maherali, 2014); Erysimum
mediohispanicum Polatschek (Mufioz-Pajares et al.,
2018)]. The characterization of the ecological niches
enables researchers, not only to identify the potential
environmental constraints on the distribution of
different cytotypes, but also to unmask other factors
potentially affecting cytogeographic patterns, such
as inter-cytotype biotic interactions and historical
processes (e.g. Godsoe et al., 2013; Laport et al., 2013;
Glennon, Ritchie & Segraves, 2014; Laport, Minckley &
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Ramsey, 2016; Castro, 2018; Mairal et al., 2018). Thus,
modelling tools have enabled researchers to formulate
hypotheses about the successful establishment of
certain polyploid complexes and, subsequently, to test
these hypotheses experimentally in the field or in
controlled conditions, through reciprocal transplants
or competition experiments [e.g. Ranunculus
adoneus A.Gray (Baack & Stanton, 2005); Chamerion
angustifolium (Martin & Husband, 2013); Jasione
maritima (Duby) Merino, Castro, 2018].

Jasione L. (Campanulaceae) is a small genus
distributed in Europe, North Africa and South-
West Asia, with its centre of diversity in the Iberian
Peninsula and most of its species showing restricted
ranges (Tutin, 1973; Sales & Hedge, 2001a, 2001b;
Pérez-Espona et al., 2005). Phylogenetic analyses
using ITS suggest a recent origin of the species in the
genus, possibly linked with Pleistocene glaciations
(Sales et al., 2004; Pérez-Espona et al., 2005),
although the evolutionary history of the genus is still
unknown. Polyploidy is often expected to be frequent
during glaciation periods (Thompson, 2005; Marques
et al., 2018), because of the association between the
production of unreduced gametes and temperature
fluctuations (Ramsey & Schemske, 1998; Mason
et al., 2011). Jasione comprises several diploid taxa
(e.g. J. foliosa Cav., J. corymbosa Poir.: Silvestre, 1986;
Parnell, 1987), but it is also rich in polyploid complexes,
including tetraploid species (e.g. J. sessiliflora Boiss. &
Reut.; Favarger, Galland & Kupfer, 1980) and species
with several ploidy levels [e.g. J. montana L., J. laevis
Lam., J. maritima, J. crispa (Pourr.) Samp.; Sales
& Hedge, 2001a; Rubido-Bara, Horjales Luaces &
Villaverde, 2010]. Among the latter is the widespread
J. montana, which was described as diploid throughout
its distribution range across Europe (e.g. Kovanda,
1968; Bjorkqvist, 1969; Kliphuis & Wieffering, 1972;
Ubera, 1980), until Leitao & Paiva (1988) reported, for
the first-time, tetraploid plants in central Portugal,
and, more recently, Rubido-Bara et al. (2010) described
the occurrence of tetraploids in Galicia (Spain). The
species exhibits high morphological variability, with
diversity of habits, growth form and organ size (Parnell,
1985, 1987; Bokhari & Sales, 2001; Sales et al., 2004).
Although some minor morphological differences in
plant size, root thickness and leaf size have been
reported between diploids and tetraploids from
Galicia (Rubido-Bara et al., 2010), the morphological
traits reveal a high variability and overlap between
the two entities, hindering the identification of the
cytotypes in the field. This morphological similarity
suggests an autopolyploid origin of the tetraploid
J. montana, although allopolyploidization cannot be
excluded. Although the cytogenetic diversity has been
characterized in some populations in Galicia, the
geographical distribution of the tetraploids and the

environmental niche preferences of each cytotype are
still unknown.

The main objective of this study was to explore the
diversity and distribution of cytotypes within the
J. montana polyploid complex and identify possible
factors involved in the successful establishment and
spread of tetraploids. In particular, the goals of the
present study were to: (1) delineate the geographical
distribution of tetraploids in the Iberian Peninsula;
(2) identify minority cytotypes, mixed-ploidy
populations and contact zones between cytotypes and
(3) determine whether the cytotypes have different
ecological associations that could explain their
observed geographical distributions. To accomplish
this, we sampled populations throughout the Iberian
Peninsula, in particular at detected contact zones, to
determine DNA ploidy levels using flow cytometry and
assess the distribution patterns of each cytotype. Niche
modelling tools were then used to explore the ecological
associations of each cytotype in the Iberian Peninsula.
We hypothesize that polyploidization results in shifts
in environmental preference, which allows tetraploids
to establish by colonizing different environmental
niches than diploids, thus exhibiting low geographical
overlap. The information about cytotype diversity,
geographical patterns and environmental associations
enabled us to explore the factors involved in the
establishment and spread of tetraploid individuals of
J. montana in nature.

MATERIAL AND METHODS
STUDY SYSTEM

Jasione montana is distributed throughout Europe,
from the Mediterranean to c¢. 62°N, and from western
Asia to North Africa (Tutin, 1973). It grows on rocky
ground, heaths and grasslands with thin soil and
prefers acid soils rather than limestone regions
(Horwood, 1919). Individuals vary morphologically
and may be annual, biennial or perennial; however,
no clear association between ploidy and plant habit
has been found. Plants of J. montana form a rosette
of leaves during the winter and produce erect or
ascending stems in the spring, each ending in a
capituliform inflorescence of bluish flowers (Parnell,
1980; Sales & Hedge, 2001a). The species comprises
diploids (2n = 2x = 12 chromosomes) through most of'its
distribution (e.g. Kovanda, 1968; Ubera, 1980; Luque
& Mejas, 1986; Pastor, 1990; Rubido-Bara et al., 2010),
whereas tetraploids (2n = 4x = 24 chromosomes) have
been reported in Coimbra (central Portugal; Leitao &
Paiva, 1988) and in Galicia (Spain; Rubido-Bara et al.,
2010). The genome size of the diploid cytotypes has been
estimated to be 2C = 3.24 pg, which is roughly half that
of tetraploids, 2C = 6.58 pg (Rubido-Bara et al., 2010).
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CHROMOSOME COUNTS FROM THE LITERATURE

We reviewed the literature on the karyology of
J. montana (available in Chromosome Counts
database, http://ccdb.tau.ac.il/, Rice et al., 2015; Floras
and published manuscripts), compiled all chromosome
counts with reference to the locality of sampling and
mapped the distribution of cytotypes. Forty references
including 89 identified localities with karyological
information were compiled (Table S1) and mapped.

FIELD SAMPLING

Our sampling was mostly focused on the Iberian
Peninsula, particularly the north-west quadrant, where
tetraploids have been previously reported (Leitdo &
Paiva, 1988; Rubido-Bara et al., 2010). We also sampled
other Mediterranean areas to confirm the diploid
dominance reported in the literature. In total, 287
populations were sampled, including 279 in the Iberian
Peninsula and eight elsewhere (France, Ireland, Italy
and Morocco; Table S2). During spring and summer
of 2013-2016, fresh leaves were collected from each
population, placed in hermetic plastic bags and stored
at 4 °C for flow cytometric analyses. In each population,
up to 38 individuals (mean = 12 individuals/population)
were randomly sampled, throughout the entire
population (Table S2). When the harvesting of fresh
material was impractical, mature seeds were collected
(procedure followed in 14 populations). Geographical
coordinates of each population were recorded, and all
populations were mapped in Quantum-GIS v.2.18.3
(Table S2). Herbarium specimens were collected
for species confirmation in populations with high
morphological variability and vouchers were deposited
in the SANT herbarium (Table S2).

FLOW CYTOMETRIC ANALYSES

Fresh leaves were analysed using flow cytometry
to estimate genome size and DNA ploidy (hereafter
referred as ploidy) of each individual sampled. In brief,
50 mg of sample material and reference standard
(Solanum lycopersicum L. ‘Stupické’, 2C = 1.96 pg;
Dolezel, Sgorbati & Lucretti, 1992), were co-chopped
in 1 mL Woody Plant Buffer (Loureiro et al., 2007) to
obtain a nuclear suspension (Galbraith et al., 1983).
Nuclear suspensions were filtered through a 50 pm
nylon filter, and 50 pg mL™ of propidium iodide and
50 ng mL-! of RNAse (Fluka, Buchs, Switzerland)
were added, incubated for 5 min and analysed using
a Partec CyFlow Space flow cytometer (532 nm green
solid-state laser, operating at 30 mW; Partec GmbH,
Gorlitz, Germany). For each sample, at least 1300
nuclei in both the G, peaks of the sample and standard
were analysed (Suda et al., 2007). Partec FloMax

software v.2.4d (Partec GmbH, Miinster, Germany)
was used to acquire the results as described in Castro
et al. (2018). Samples were considered acceptable
when the coefficient of variation (CV) of the 2C peak
of J. montana was < 5%j; otherwise, a new sample was
prepared and analysed until sufficient quality was
achieved (Greilhuber, Temsch & Loureiro, 2007).

Given the large number of individuals collected
in each population, one to nine randomly selected
individuals (mean = 2.4 individuals/population) were
analysed individually to estimate their genome size, and
the remaining samples were analysed for ploidy only by
pooling two to six samples (plus the reference standard).
For 14 populations, we analysed ploidy directly from
seeds following the protocol above and the pooled sample
method (adapted from Castro et al., 2018).

The holoploid genome size (2C; sensu Greilhuber
et al., 2005) of each individual sample was calculated
using the following formula:

holoploid
genome size (pg)

_ J. montana G1 peak mean
~ S. lycopersicum G1 peak mean

x S. lycopersicum genome size.

The monoploid genome size (1Cx; sensu Greilhuber
et al., 2005) of each individual sample was also
calculated by dividing the holoploid genome size (2C)
by the ploidy of each cytotype. Samples were classified
as diploid or tetraploid in line with Rubido-Bara et al.
(2010) and with our estimates of genome size and
their range of variation: diploids range between 2.80
and 3.08 pg/2C, and tetraploids range between 5.63
and 6.06 pg/2C. The fact that genome size ranges of
the two cytotypes do not overlap enabled a confident
identification of the ploidy. Subsequently, populations
were classified according to the ploidy composition of
its individuals, as single-ploidy or mixed-ploidy.

Descriptive statistics of holoploid and monoploid
genome sizes were calculated for each cytotype based
on the individual flow cytometric estimates. Diploid
and tetraploid genome sizes (holoploid and monoploid)
were compared using GLMs, with Gaussian distribution
and identity link function and with cytotype as a fixed
factor and genome size as the response variable. The
analyses were performed in R software v.3.0.1 (R Core
Development Team, 2016), using the packages ‘car’ for
Type-1III analysis of variance (Fox & Weisberg, 2015),
‘Ime4’ for generalized linear models (Bates et al., 2014)
and ‘multcomp’ for multiple comparisons after Type-
IIT analysis of variance (Hothorn et al., 2017).

ENVIRONMENTAL NICHE MODELLING

Abiotic environmental associations with each cytotype
were evaluated for the Iberian Peninsula populations.
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Nineteen bioclimatic variables (Bio1l-Bio19) plus
elevation, latitude and longitude at a 1 km resolution
were extracted from the WorldClim database (http://
www.worldclim.org/). To improve the quality of the
niche environmental predictions, six soil-related
variables were also obtained at the same resolution:
base saturation of the topsoil (bs_top), topsoil cation
exchange capacity (cec_top), topsoil organic carbon
content (oc_top), slope, dominant surface textural
class of the soil topological unit (txsrfdo) and
first soil adjective code of the soil topological unit
(wrbadjl) (Panagos et al., 2012; European Soil Data
Centre). Values for each variable were extracted for
all J. montana records using the ‘dismo’ package
in R (Hijmans et al., 2017). Correlations between
all variables were assessed. The selection of the
variables was based on the variance explained in an
exploratory principal component analysis (PCA; data
not shown), excluding highly correlated variables
(Spearman’s rho correlation > 0.7). In the end, four
bioclimatic variables (Bio4 — temperature seasonality,
Bio5 — maximum temperature of the warmest month,
Biol4 — precipitation of the driest month and Biol5 —
precipitation seasonality) and two soil parameters
(bs_top — base saturation of the topsoil and txsrfdo —
dominant surface textural class of the soil topological
unit) were selected (Table S3). Differences between
diploid and tetraploid populations with respect
to these variables were tested using GLMs, with
cytotype as fixed factor and each variable as a
response variable.

The J. montana population records (presence/
absence of each ploidy) used in this analysis were
from multiple sources: (1) our intensive field sampling
in the north-west quadrant of the Iberian Peninsula
(39.6° to 43.7° latitude, —6.1° to —9.2° longitude) and
ploidy occurrences (from chromosome counts and flow
cytometric analyses) from Rubido-Bara et al. (2010)
in Galicia; (2) occurrences downloaded from GBIF
database (http://gbif.org) beyond the area of intensive
sampling in the north-west quadrant of the Iberian
Peninsula and (3) randomly selected points from the
Iberian Peninsula (background records). Population
reports from our sampling and from Rubido-Bara
et al. (2010) were classified as diploid and tetraploid
according with the ploidy or chromosome numbers
available, whereas GBIF points were classified
as diploid according to the literature and our own
observations (Tables S1 and S2). Records lying within
10 km of a given record were excluded from the
dataset to avoid oversampling, resulting in a dataset
of 462 diploid and 53 tetraploid records. To obtain the
background points, we applied a buffer of 20 km to all
the points from the presence dataset and randomly
obtained 5000 points beyond this buffer; additionally,

a filter of 20 km was used to remove background points
that were separated by less than this distance, again
to avoid oversampling. This resulted in a final dataset
with a total of 739 records (462 diploid, 53 tetraploid
and 224 background points). For the diploid dataset,
diploid populations were recorded as presences and
tetraploid populations as absences and vice versa for
the tetraploid dataset. Background points were used
as absences in both analyses.

Niche modelling was performed using maximum
entropy (MaxEnt) and the R software package
‘biomod2’ (Thuiller et al., 2016). Spatially predictive
models were calibrated using the six selected variables
and the presence/absence datasets. To reduce
uncertainty and produce robust models, the models
were replicated 30 times after splitting the data into
randomly selected training (70%) and testing (30%)
subsets (Phillips, Anderson & Schapire, 2006; Aratjo
& New, 2007). To guarantee statistical independence
of all replicates, each occurrence was used only once
in each run, either as training or as test occurrence
(Phillips, 2008). Models were evaluated based on the
independent accuracy measure (AUC) of the curve of
the receiver operating characteristic. The models for
diploid and tetraploid cytotypes were obtained based
on the ensemble forecasting procedure. Only models
with AUC > 0.7 were considered for the final model.
Model evaluation revealed high AUC values (2x:
0.75 £ 0.03; 4x: 0.92 + 0.02) and relatively low omission
rates in the final models (2x: 0.29 = 0.07 and 4«:
0.00 + 0.02), indicating that the models could predict
cytotype occurrences with high accuracy. The final
models were converted into a binary format (threshold
of 0.5 as defined by default, package ‘biomod2’; Thuiller
et al., 2016) to calculate the suitable habitat of each
cytotype and assess niche overlap between diploids
and tetraploids.

NICHE EQUIVALENCE AND SIMILARITY TESTS

The statistical framework used to compare niches
between cytotype measures the niche overlap
using the metric D of proportional similarity of the
distribution (Schoener, 1970). This metric ranges
from 0, representing ‘no overlap’, to 1, representing a
‘complete overlap’. We performed niche equivalency
and similarity tests (Warren et al., 2008; Broennimann
et al., 2012) and the analyses were run using ‘ecospat’
(Di Cola et al., 2017) and ‘raster’ (Hijmans et al.,
2017) R packages using binary projections. Both
niche equivalency and similarity tests were computed
to evaluate whether predicted distributions were
significantly different between cytotypes (classification
by Warren et al., 2008; Smith & Donoghue, 2010;
Broennimann et al., 2012).
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The ‘ecospat’ R package was used to compare
cytotype niches with an ordination approach using a
PCA calibrated with environmental values (Di Cola
etal.,2017). The PCA calculates the occurrence density
and environmental factor density along environmental
(principal component) axes for each pixel, maximizing
the ecological variance of the areas of the cytotypes.
Then the PCA scores of the two cytotype distributions
were projected onto a grid of cells bounded by the
maximum and minimum PCA scores, which allows the
visual assessment of the overlap and dynamics of the
environmental niches of diploids and tetraploids.

The niche equivalency test determines whether
the environmental niche occupancies of the cytotypes
in their ranges are equivalent. For that, diploid and
tetraploid records were pooled into a total database;
this total database was divided randomly into two
groups, each having a sample size equal to the
diploid and tetraploid original databases, to obtain
a simulated D value. This process was repeated 100
times to obtain confidence intervals for the evaluation
of the null hypothesis, i.e. the niche overlap is
constant when randomly reallocating the occurrences
of both cytotypes among the two ranges. Thus, if the
observed value of D falls within the 95th percentile of
the simulated D values the null hypothesis of niche
equivalency cannot be rejected and the niches of the
two cytotypes are equivalent. The niche similarity
test assesses whether the observed overlap of the two
cytotypes is greater than the overlap between the
range of one cytotype and niches selected at random
from the range of the other cytotype, i.e. whether
the two cytotypes share a greater portion of their
environmental volume that would be expected by
chance. As in the equivalency test, the observed D
value is compared with the simulated D values after
repeating the process 100 times to obtain confidence
intervals for null hypothesis evaluation (Broennimann
et al.,2012).

All analyses were performed in R software v.3.0.1
(R Development Core Team, 2016). Quantum-GIS was
used to observe and build the distribution maps.

RESULTS
FLOW CYTOMETRIC ANALYSES

Using flow cytometry, we were able to assign ploidies
to all analysed plants (Fig. 1). Diploids had an average
genome size of 2C = 2.92 + 0.07 pg (mean + SD, range:
2.80-3.08 pg), whereas tetraploids had an average
genome size of 2C = 5.86 + 0.14 pg (range: 5.63—6.06 pg;
Table 1, Fig. 1;Table S4). Holoploid genome size differed
significantly between cytotypes (F,,,, = 42233.00,
P < 0.001), but there was no statistically significant

difference in monoploid genome size (F = 0.40,

P =0.525).

1,249

CYTOTYPE DISTRIBUTION

The literature review on the karyology of JJ. montana
revealed that diploids are widespread across Europe
(white diamonds in Fig. 2A, Table S1). This result
was reinforced by the additional samples in our study
(white circles in Fig. 2A).

In the Iberian Peninsula, we sampled 279
populations and the great majority of the populations
sampled were single-ploidy populations (98.6%, from
which 71.3% were pure diploid and 27.3% were pure
tetraploid); only four localities (1.4%) harboured
both diploid and tetraploid individuals (black circles
in Fig. 2B; Table S2). Our sampling confirmed that
tetraploids are restricted to the north-west quadrant
of the Iberian Peninsula, in particular to central and
northern regions of Portugal, and to Galicia in Spain
(grey circles in Fig. 2B; Table S2), as initially suggested
by records in the literature (grey diamonds in Fig. 2A).

In the north-west quadrant of the Iberian Peninsula,
the diploid and tetraploid populations appeared
intermingled, although most areas are dominated

100
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Figure 1. Flow cytometric histogram of relative propidium
iodide fluorescence intensity (PI fluorescence) of nuclei
isolated from fresh leaves of Solanum lycopersicum
‘Stupické’ (S.1.; reference standard with 2C = 1.96 pg) and of
diploid (2x) and tetraploid (4x) plants of Jasione montana.
For each peak, the mean relative fluorescence (mean FL),
DNA index (DI, mean FL of J. montana peak/mean FL of
the reference standard) and coefficient of variation of each
peak (CV, in %) are provided.
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Table 1. Genome size estimates in Jasione montana according with each cytotype. Ploidy and mean, standard deviation
of the mean (SD), coefficient of variation (CV, in %), minimum and maximum values of holoploid genome size (2C, in pg)
are given. Mean and standard deviation of the mean (SD) of estimated monoploid genome size (1Cx, in pg) and the total
number of populations and individuals analysed are also presented for each cytotype. Two ploidies were observed: diploids
(2x) and tetraploids (4x). Different letters correspond to statistically significant differences at P < 0.05, NS denotes non-

significant differences at P > 0.05.

Ploidy Holoploid genome size (2C, pg) Monoploid Populations
genome size (1Cx, pg) (individuals)
Mean SD CV (%) Min Max Mean SD
2x 2.922 0.07 2.9 2.80 3.08 1.46%8 0.04 84 (205)
4x 5.86" 0.14 3.3 5.63 6.06 1.46%8 0.04 24 (46)

by diploids (Fig. 2B). The tetraploid populations are
mostly clustered in two regions, one in central Portugal
and another in Galicia, creating several areas of
contact between diploids and tetraploids, including a
few sympatric areas where cytotypes coexist and form
mixed-ploidy populations in central Portugal (Fig.
2B). The composition of the mixed-ploidy populations
was variable: two populations were dominated by
tetraploids, with only one diploid individual being
detected in each population, one population had fairly
similar cytotype proportions and one small population
was dominated by diploids bearing only one tetraploid
individual (Table S2). Despite the large sample size
(IV = 3396), especially in the contact zone, no other
cytotypes were detected.

CYTOTYPE ENVIRONMENTAL CHARACTERISTICS AND
NICHE OVERLAP

Visual inspection of the distribution models reveals a
high predicted suitability for diploids over most of the
Iberian Peninsula, except for the eastern calcareous
areas, where the probability of occurrence is very
low (Fig. 3A). In contrast, the predicted tetraploid
distribution was restricted to the north-west quadrant
of the Iberian Peninsula, where this cytotype is
currently found and to the eastern coast of Valencia
(Fig. 3B).

The first two axes of the PCA explained a high
percentage (74.8%) of ecological (climatic and
edaphic) variance (51.3% and 23.5% for axes 1 and 2,
respectively). Maximum temperature of the warmest
month (Bio_5) and precipitation in the driest month
(Bio_14) had the highest contributions to the first
axis, followed by temperature and precipitation
seasonality (Bio_4 and Bio_15, respectively). Two soil
variables (base saturation of the topsoil, bs_top, and
dominant surface textural class, txsrfdo) had lower
contributions and mostly for the second axis (Fig. 4A).
Based on the first and second principal components,
the environmental niche of the tetraploid falls

completely within the environmental range of the
diploid (Fig. 4B, C). However, the reverse is not
true; rather, the amplitude of the environmental
niche of diploids was much larger than that of the
tetraploids (Fig. 4B, C) and only 20.7% of the diploid
environmental niche overlaps with the tetraploid
niche (green area in Fig. 4B).

Even though the tetraploid niche is embedded
in the diploid niche envelope (Fig. 4B), given the
differences in occurrences density in the ecological
space between cytotypes, the D metric of niche
overlap was low (D = 0.08). The niche equivalency
test rejected the null hypothesis (P < 0.05; Fig. 4D)
and indicates that the climatic niches of diploids and
tetraploids are not equivalent or identical (Glor &
Warren, 2011). However, the niche similarity test
revealed that the observed D value falls within the
95th percentile of the simulated D values, thus failing
to reject the null hypothesis of niche similarity.
Consequently, cytotype environmental niches were
not more similar (or different) from one another
than the expected after random sampling (P > 0.05,
for both diploids growing in the tetraploid potential
area, and tetraploids growing in the diploid potential
area; Fig. 4E, F).

DISCUSSION

We found differences in both geographical distribution
and environmental niche breadth between diploid
and tetraploid individuals of . montana. Tetraploids
are restricted to a relatively small geographical
area in the Iberian Peninsula, whereas diploids
are widespread across Europe, a pattern consistent
with previous reports (compiled in Table S1 and Fig.
2A; Leitao & Paiva, 1988; Rubido-Bara et al., 2010).
In the region of overlap, tetraploids and diploids
mostly occur as a mosaic of single-ploidy populations.
Consistent with their smaller geographical range, the
environmental niche of tetraploids is more restricted
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Figure 2. Jasione montana records. A, bibliographic information for chromosome counts and ploidies in Europe (diamonds)
and additional estimates provided in this study (circles) and B, detail of the Iberian Peninsula, including estimates from
this study (big circles) and GBIF occurrences (small circles). Diamonds: bibliographic records (BR); large circles: populations
screened in this study; small circles: GBIF occurrences; ploidy: white = diploids (2x), grey = tetraploids (4x), black = diploid-

tetraploid populations.

than, and completely nested within, that of diploids.
Contrary to our hypothesis, these observations suggest
that whole genome duplication in this species is not
associated with the origin of novel environmental
requirements; if anything, the tetraploid niche is a
narrow subset of the extant diploid niche, a pattern
seen in other taxa (Glennon et al., 2014). Below, we
discuss the mechanisms underlying these results and
their implications for our understanding of polyploid
establishment and persistence in plants.

PLOIDY LEVELS IN JASIONE MONTANA

Our study confirms the presence of two cytotypes in
J. montana, diploids and tetraploids. Polyploidization
is common in Jasione, and approximately half of the
Jasione spp. occurring in the Iberian Peninsula, the
centre of diversity for the genus, are polyploid or
harbour multiple cytotypes (Sales & Hedge, 2001b;
Rubido-Bara et al., 2010; Castro, 2018); J. montana
is one such species. The co-occurrence of diploids
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Figure 3. Predictive suitable niche for each cytotype: A, diploids and B, tetraploids of Jasione montana in the Iberian
Peninsula. Light and dark shading represent habitats with low and high suitability, respectively.

and tetraploids is commonly observed in mixed-
ploidy species (Kolaf et al., 2017) and is common
among polyploid species in Jasione. For example,
J. laevis and J. maritima (Sales & Hedge, 2001a;
Rubido-Bara et al., 2010; Castro, 2018) both consist
of diploids and tetraploids, whereas J. crispa has
diploids, tetraploids and hexaploids (Sales & Hedge,
2001a). More surprising is the absence of triploid
hybrids, especially in the contact zone in the Iberian
Peninsula. This pattern may reflect the spatial
separation of cytotypes into single-ploidy populations
or the presence of strong triploid block (discussed
below). The absence of triploids in the four mixed-
ploidy populations suggests that both factors may be
operating in the diploid-tetraploid contact zones of
J. montana.

NESTED AND ASYMMETRICAL GEOGRAPHICAL RANGES:
HISTORICAL CAUSES

The nested and asymmetrical geographical ranges
of diploids and tetraploids, and the restricted
geographical range of tetraploids in particular, may
reflect the history of formation of tetraploids from
diploid ancestors in this species. Tetraploids may
have arisen and successfully colonized the north-
west quadrant of the Iberian Peninsula relatively
recently and, thus, have had limited time to expand
beyond the site of origin, as has been suggested
for other mixed-ploidy species (Godsoe et al., 2013;
Laport et al., 2016). The limited geographical range
also suggests that tetraploids have arisen a limited
number of times across the entire geographical range.
Although our sampling was extensive, more intensive
screening for rare tetraploids throughout the diploid
portion of the range is needed to determine whether
tetraploids do in fact arise frequently but are
unlikely to establish. Multiple origins of polyploids

have been documented in numerous taxa and on
a range of spatial scales (e.g. Soltis & Soltis, 1999;
Segraves & Thompson, 1999; Sampson & Byrne,
2011). Therefore, we cannot exclude the possibility
that the two clusters of tetraploid populations, one in
Portugal and the other in Galicia (Spain), represent
independent origins. To date, we have little evidence
with which to evaluate these historical scenarios
in J. montana. Phylogenetic analyses of Jasione
positioned J. montana in a clade with other species
currently occurring in the north-west quadrant of the
Iberian Peninsula (Sales et al., 2004; Pérez-Espona
etal.,2005). However, the internal relationships of the
clade remain unresolved and the time of divergence
of tetraploid J. montana relative to diploids is not
known. Additional research on genetic divergence
and phylogeography of tetraploids and diploids may
help to shed light on the timing and frequency of
whole genome duplication in this species.

ASYMMETRICAL RANGES: ENVIRONMENTAL NICHE
SHIFTS?

Our results provide insight into the role of environmental
differences between cytotypes in determining
establishment and geographical distribution of polyploids.
Tetraploid plants of J. montana occupy only a subset of the
diploid environmental niche, as depicted in the PCA (Fig
4B, C), and the equivalency test indicates that climatic
niches of diploids and tetraploids are not equivalent;
however, cytotype environmental niches were not more
similar (or different) from one another than expected by
chance. Therefore, we conclude that there is no evidence
that whole genome duplication, leading to tetraploidy,
resulted in a shift in environmental niche beyond that of
the diploid niche. Changes in environmental tolerance are
often postulated as necessary for polyploid establishment
(Husband & Schemske, 2000; Baack & Stanton, 2005;
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Figure 4. Ecological niche models for Jasione montana cytotypes in the Iberian Peninsula. A, Contribution of climatic and
soil variables to the first two axes of the principal component analyses (PCA) and the percentage of variance explained
by each axis. B, Environmental niche of diploids and tetraploids, respectively, based on the PCA of selected variables;
coloured areas represent the following: grey: suitable habitats for diploids, dark grey: denotes both the suitable habitats for
tetraploids and the overlapping areas between diploid and tetraploid environmental niches; the continuous line corresponds
to the whole climatic space and the dashed line indicates the 75" percentile. C, Magnitude of environmental niches of each
cytotype (white and dark grey represent the occupation of niches in PCA1 and PCAZ2, respectively). D, Equivalency test
results. E, Similarity test results of diploids growing in the tetraploid environmental niche. F, Similarity tests of tetraploids
growing in the diploid environmental niche. In D, E and F, dark grey diamonds represent the observed D values, grey bars

correspond to the frequency of calculated D value resulting from a similarity test process.

Buggs & Pannell, 2007; Ramsey, 2011) as they promote
spatial segregation and within-cytotype mating, allowing
rare cytotypes to avoid frequency-dependent selection
and exclusion (Levin, 1975; Fowler & Levin, 1984;
Felber, 1991; Hao et al., 2013). However, evidence in the
literature for niche shifts that occur in association with
whole genome duplication is inconsistent. Examples of
environmental niche divergence between cytotypes have
been reported in species such as Chamerion angustifolium
(Thompson et al., 2014), Centaurea stoebe L. (Glennon
et al., 2014), Tolmiea diplomenziesii Judd, Soltis &
P.S.Soltis/T. mencziesii Torr. & A.Gray (Visger et al., 2016)
and Erysimum medio-hispanicum Polatschek (Mufioz-
Pajares et al., 2018), although it is usually unclear whether
this results directly from the duplication or subsequent
evolutionary divergence (see Maherali et al., 2009, for

C. angustifolium). In contrast, a test of the niche shift
hypothesis using 20 different diploid-polyploid species
found that most pairs showed significant similarity or
no difference in niche between pairs (Glennon et al.,
2014). Collectively, these results suggest that polyploids
frequently occupy similar environmental conditions to
their diploid progenitors, and that niche differentiation,
measured as climatic variables, may not be a necessary
requirement for polyploid establishment and persistence
in nature (Glennon et al., 2014).

ASYMMETRICAL GEOGRAPHICAL RANGES:
ENVIRONMENTAL SORTING
Although evidence for a significant environmental
niche shift in tetraploids is lacking, environmental
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sorting may still explain, in part, the differences in
geographical range between cytotypes of J. montana.
The smaller geographical range of tetraploids is
congruent with their narrower environmental niche
compared to diploids. This correlation suggests a
possible causal relationship, specifically that the
narrower niche of tetraploids is limiting the expansion
and establishment on a larger geographical scale.
Additionally, polyploids with smaller niche ranges
than their diploid relatives may be well-adapted,
or even specialized, to a given set of environmental
conditions (Parisod & Broennimann, 2016). Thus,
the restricted and spatially clustered distribution
of the tetraploids could reveal areas harbouring a
combination of environmental conditions where the
tetraploid niche is at its optimum, allowing them to
outcompete the diploids. In the case of JJ. montana, the
tetraploid distribution coincides with the boundaries
between four main biogeographic sectors (the Galicia
and North Portugal sector, the North Lusitania Sierra
sector, the Montemuro and Estrela Sierras sector and
the north part of the Divisorio Portuguese sector;
Rivas-Martinez et al., 2017) and is characterized by
a subatlantic-submediterranean climate and with
similar floristic compositions (Rivas-Martinez et al.,
2017). This biogeographic region of contact between
different sectors constitutes the interface between the
temperate and Mediterranean biomes and harbours
several species adapted to this transition (Amigo et al.,
2017). Niche relationships between closely related
species or cytotypes in which the niche of one taxon/
cytotype is much narrower than, and nested within, the
niche of the other, have been interpreted as indicative
of environmental specialization (Knouft et al., 2006;
Vamosi et al., 2014; Parisod & Broennimann, 2016).
To confirm this hypothesis, reciprocal transplant
experiments are necessary to establish that tetraploids
are, indeed, unable to thrive in diploid environments
outside of their current geographical range.

WHAT ALLOWS TETRAPLOIDS TO PERSIST WITH
DIPLOIDS ON THE IBERIAN PENINSULA?

If tetraploid J. montana is restricted in distribution to
a small portion of the diploid range, what then allowed
tetraploids to persist and coexist with diploids?
Theoretical models predict that, in randomly mating
populations, rare cytotypes will experience a frequency-
dependent mating disadvantage, due to increased
inter-cytotype mating, which is generally ineffectual.
As a result, dominant cytotypes will preclude
establishment of newly arising cytotypes (Levin, 1975;
Rodriguez, 1996; Husband & Schemske, 2000) unless
new cytotypes can disperse to unoccupied locations (e.g.
Godsoe et al., 2013; Thompson et al., 2014; Visger et al.,
2016; Munoz-Pajares et al., 2018), resulting in a mosaic

of single-ploidy populations on the landscape, each
excluding the other from their respective populations
through minority cytotype exclusion (Petit et al., 1999;
e.g. Baack, 2004; Kolaf et al., 2009; Castro et al., 2012).
In J. montana, the diploids and tetraploids indeed form
a complex mosaic of single-ploidy populations in the
north-west quadrant of the Iberian Peninsula, with
areas dominated by diploids intermingled with areas
dominated by tetraploids. Furthermore, the rarity of
mixed populations suggests that reproductive barriers
between the two cytotypes might be insufficient to
prevent inter-cytotype mating, resulting in minority
cytotype disadvantage (triploid block; Levin, 1975;
Husband, 2000). Indeed, preliminary pollination
experiments revealed that both cytotypes are unable
to produce viable offspring after inter-cytotype crosses
(M. Castro, unpublished data). Minority cytotype
exclusion has been tested experimentally only by
Husband (2000) in Chamerion angustifolium and by
Baack (2005) in Ranunculus adoneus, but it has been
referred as an important mechanism driving cytotype
distribution patterns in numerous diploid—polyploid
contact zones (e.g. Levin, 2002; spaniel et al., 2008;
Castro et al., 2011).

Our results suggest that, to establish successfully,
tetraploids of J. montana must disperse and colonize
unoccupied areas in the landscape and, thus, avoid
the minority cytotype exclusion (e.g. Godsoe et al.,
2013; Thompson et al., 2014; Visger et al., 2016;
Muiioz-Pajares et al., 2018). There is a tendency for
tetraploid J. montana to occupy ruderal and more
disturbed habitats than diploids, which can occupy
both less disturbed areas as well as some ruderal
habitats (M. Castro & M. Serrano, Field observations).
This pattern has been observed in other polyploid
complexes, in which tetraploids spread into ruderal
habitats forming mosaic contact zones even without
differences in climatic niche (e.g. Spaniel et al., 2008;
Kolar et al., 2016). Our observations remain to be
confirmed, but they highlight the hypothesis that
cytotype coexistence in the contact zone can be enabled
by microhabitat differences between cytotypes within
the existing climatic niche. Also, the aggregation of
tetraploid populations in regions suitable for diploids
may indicate an ability to outcompete diploids in
specific environments, thereby excluding them from
population. Fitness advantages such as increased
competitive ability (Maceira, Jacquard & Lumaret,
1993; Laport et al., 2013) and asymmetric assortative
mating (Husband & Sabara, 2004; Buggs & Pannell,
2006, 2007; Laport et al., 2016), among other factors,
play crucial roles in the success of polyploid lineages.
In J. montana, some morphological differences
between cytotypes have been observed (Rubido-Bara
et al.,2010) that might be associated with plant fitness
and competitive ability, such as increased plant size
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and tendency for perenniality in the tetraploids (M.
Serrano, field observations). Nevertheless, further
studies are needed to unravel possible fitness
differences that could explain cytotype interactions at
contact zones

CONCLUSIONS

Our results indicate that polyploidization in
J. montana has not caused expansion to novel
environmental conditions. Under this scenario,
tetraploids will be subjected to strong frequency-
dependent selection and will be excluded by diploids
unlesstheycandispersetosites unoccupiedbydiploids,
where they in turn may exclude diploid colonists.
The mosaic of diploid and tetraploid populations
and a lack of mixed-ploidy populations is consistent
with a frequency-dependent selection influencing
distributions within the mixed-ploidy zones, although
the influence of inter-cytotype competition cannot be
ruled out. The interplay between both mechanisms
is unclear and future molecular and experimental
studies will be important for fully understanding
the role of environmental sorting and evolutionary
history in governing the distribution of cytotypes
within the contact zones of J. montana.

ACKNOWLEDGEMENTS

The authors are thankful to several researchers who
assisted with the field collections, in particular Ana
Afonso, Ana Martins, Joana Costa, José Cerca de
Oliveira, José Miguel Costa, Jodo Costa and Lucie
Mota. This research was supported by POPH/FSE
funds by the Portuguese Foundation for Science and
Technology (FCT) with a doctoral grant to MC (SFRH/
BD/89910/2012) and a starting grant and exploratory
project to SC (IF/01267/2013), and by Project
RENATURE financed by the ‘Programa Operacional
Regional do Centro 2014-2020 (Centro2020)
— CENTRO-01-0145-FEDER-000007".

REFERENCES

Adams KL, Wendel JF. 2005. Novel patterns of gene
expression in polyploid plants. Trends in Genetics 21:
539-543.

Amigo J, Rodriguez-Guitian MA, Pradinho Honrado JdJ,
Alves P. 2017. The lowlands and midlands of northwestern
Atlantic Iberia. In: Loidi J, eds. The vegetation of the Iberian
Peninsula. Cham: Springer, 191-250.

Aratujo MB, New M. 2007. Ensemble forecasting of species
distributions. Trends in Ecology & Evolution 22: 42-47.

Baack EJ. 2004. Cytotype segregation on regional and
microgeographic scales in snow buttercups (Ranunculus
adoneus: Ranunculaceae). American Journal of Botany 91:
1783-1788.

Baack EdJ. 2005. Ecological factors influencing tetraploid
establishment in snow buttercups (Ranunculus adoneus,
Ranunculaceae): minority cytotype exclusion and barriers
to triploid formation. American Journal of Botany 92:
1827-1835.

Baack EdJ, Stanton ML. 2005. Ecological factors influencing
tetraploid speciation in snow buttercups (Ranunculus
adoneus): niche differentiation and tetraploid establishment.
Evolution 59: 1936-1944.

Balao F, Casimiro-Soriguer R, Talavera M, Herrera J,
Talavera S. 2009. Distribution and diversity of cytotypes
in Dianthus broteri as evidenced by genome size variations.
Annals of Botany 104: 965-973.

Barringer BC. 2007. Polyploidy and self-fertilization in
flowering plants. American Journal of Botany 94: 1527-1533.

Bates D, Maechler M, Bolker B, Walker S. 2014. Ime4:
linear mixed-effects models using Eigen and S4. Available
at: http://CRAN.R-project.org/package=lme4.

Bjorkqvist IR. 1969. Chromosome numbers in Iberian
angiosperms. Nordic Journal of Botany 122: 271-283.

Bokhari MH, Sales F. 2001. Jasione (Campanulaceae)
anatomy in the Iberian Peninsula and its taxonomic
significance. Edinburgh Journal of Botany 58: 405—422.

Bretagnolle F, Thompson JD. 1995. Gametes with the
somatic chromosome number: mechanisms of their formation
and role in the evolution of autopolyploid plants. New
Phytologist 129: 1-22.

Broennimann O, Fitzpatrick MC, Pearman PB,
Petitpierre B, Pellissier L, Yoccoz NG, Thuiller W,
Fortin MJ, Randin C, Zimmermann NE, Graham CH.
2012. Measuring ecological niche overlap from occurrence
and spatial environmental data. Global Ecology and
Biogeography 21: 481-497.

Brownfield L, Kohler C. 2011. Unreduced gamete
formation in plants: mechanisms and prospects. Journal of
Experimental Botany 62: 1659—1668.

Buggs RJ, Pannell JR. 2006. Rapid displacement of a
monoecious plant lineage is due to pollen swamping by a
dioecious relative. Current Biology 16: 996-1000.

Buggs RdJ, Pannell JR. 2007. Ecological differentiation and
diploid superiority across a moving ploidy contact zone.
Evolution 61: 125-140.

Burton TL, Husband BC. 2000. Fitness differences among
diploids, tetraploids, and their triploid progeny in Chamerion
angustifolium: mechanisms of inviability and implications
for polyploid evolution. Evolution 54: 1182-1191.

Burton TL, Husband BC. 2001. Fecundity and offspring
ploidy in matings among diploid, triploid and tetraploid
Chamerion angustifolium (Onagraceae): consequences for
tetraploid establishment. Heredity 87: 573-582.

Casazza G, Boucher FC, Minuto L, Randin CF, Conti E.
2017. Do floral and niche shifts favour the establishment
and persistence of newly arisen polyploids? A case study in
an Alpine primrose. Annals of Botany 119: 81-93.

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 190, 51-66

610z ludy 2z uo sasn Aysioaun ofping Aq 92508+5/1G/1/06 1 19EISAE-B[0NE/UESUUIOG/WO0d dNO"0IWePED.//:SAYY WOy papeojumoq


http://CRAN.R-project.org/package=lme4

CYTOGEOGRAPHY IN JASIONE MONTANA 63

Castro M. 2018. Evolutionary ecology of polyploids:
understanding species coexistence at the contact zones. PhD
Thesis, University of Coimbra, Coimbra.

Castro M, Castro S, Figueiredo A, Husband B, Loureiro J.
2018. Complex cytogeographical patterns reveal a dynamic
tetraploid-octoploid contact zone. AoB Plants 10: 1-18.

Castro S, Loureiro J, Prochazka T, Munzbergova Z.
2012. Cytotype distribution at a diploid-hexaploid contact
zone in Aster amellus (Asteraceae). Annals of Botany 110:
1047-1055.

Castro S, Miinzbergova Z, Raabova J, Loureiro J. 2011.
Breeding barriers at a diploid—hexaploid contact zone in
Aster amellus. Evolutionary Ecology 25: 795-814.

Di Cola V, Broennimann O, Petitpierre B, Breiner FT,
D’Amen M, Randin C, Engler R, Pottier J, Pio D,
Dubuis A, Pellissier L, Mateo RG, Hordijk W, Salamin N,
Guisan A. 2017. ecospat: an R package to support spatial
analyses and modeling of species niches and distributions.
Ecography 40: 774-787.

Dolezel J, Sgorbati S, Lucretti S. 1992. Comparison of three
DNA fluorochromes for flow cytometric estimation of nuclear
DNA content in plants. Physiologia Plantarum 85: 625-631.

Favarger C, Galland N, Kupfer P. 1980. Recherches
cytotaxonomiques sur la flore orophile du Maroc. Naturalia
Monspeliensia. Serie Botdnica 29: 64.

Felber F. 1991. Establishment of a tetraploid cytotype in a
diploid population: effect of relative fitness of the cytotypes.
Journal of Evolutionary Biology 4: 195-207.

Fowler NL, Levin DA. 1984. Ecological constraints on the
establishment of a novel polyploid in competition with its
diploid progenitor. The American Naturalist 124: 703-711.

Fox J, Weisberg S, Adler D, Bates D, Baud-Bovy G,
Ellison S. 2015. Car: companion to applied regression.
Available at: http://CRAN.R-project.org/package=car.

Galbraith DW, Harkins KR, Maddox JM, Ayres NM,
Sharma DP, Firoozabady E. 1983. Rapid flow cytometric
analysis of the cell cycle in intact plant tissues. Science 220:
1049-1051.

Glennon KL, Rissler LJ, Church SA. 2012. Ecogeographic
isolation: a reproductive barrier between species and
between cytotypes in Houstonia (Rubiaceae). Evolutionary
Ecology 26: 909-926.

Glennon KL, Ritchie ME, Segraves KA. 2014. Evidence for
shared broad-scale climatic niches of diploid and polyploid
plants. Ecology Letters 17: 574-582.

Glor RE, Warren D. 2011. Testing ecological explanations for
biogeographic boundaries. Evolution 65: 673—683.

Godsoe W, Larson MA, Glennon KL, Segraves KA. 2013.
Polyploidization in Heuchera cylindrica (Saxifragaceae) did
not result in a shift in climatic requirements. American
Journal of Botany 100: 496-508.

Greilhuber J, Dolezel J, Lysak MA, Bennett MD. 2005.
The origin, evolution and proposed stabilization of the terms
‘genome size’ and ‘C-value’ to describe nuclear DNA contents.
Annals of Botany 95: 255—-260.

Greilhuber J, Temsch EM, Loureiro J. 2007. Nuclear DNA
content measurement. In: DoleZel J, Greilhuber J, Suda J,

eds. Flow cytometry with plant cells: analysis of genes,
chromosomes and genomes. Weinheim: Wiley-VCH, 67-101.

Haberle RC, Dang A, Lee T, Penaflor C, Cortes-Burns H,
QOestreich A, Raubeson L, Cellinese N, Edwards EdJ,
Kim ST, Eddie WM. 2009. Taxonomic and biogeographic
implications of a phylogenetic analysis of the Campanulaceae
based on three chloroplast genes. Taxon 58: 715-734.

Hao GY, Lucero ME, Sanderson SC, Zacharias EH,
Holbrook NM. 2013. Polyploidy enhances the occupation
of heterogeneous environments through hydraulic related
trade-offs in Atriplex canescens (Chenopodiaceae). The New
Phytologist 197: 970-978.

Hijmans RJ, van Etten J, Cheng J, Mattiuzzi M,
Sumner M, Greenberg JA, Lamigueiro OP, Bevan A,
Racine EB, Shortridge A, Ghosh A. 2017. Package ‘raster’.
Available at: https://cran.r-project.org/package=raster

Horwood AR. 1919. A new British flora: British wild flowers
in their natural haunts. Vol. 6. London: Gresham Publishing
Company Ltd.

Hothorn T, Bretz F, Westfall P, Heiberger RM. 2017.
Multcomp: simultaneous inference for general linear
hypotheses. Available at: http://CRAN.Rproject.org/
package=multcomp

Husband BC. 2000. Constraints on polyploid evolution: a test
of the minority cytotype exclusion principle. Proceedings
of the Royal Society of London B: Biological Sciences 267:
217-223.

Husband BC, Baldwin SdJ, Suda J. 2013. The incidence of
polyploidy in natural plant populations: major patterns and
evolutionary processes. In Greilhuber J, Dolezel J, Wendel JF,
eds. Plant Genome Diversity. Vienna: Springer, 255-276.

Husband BC, Baldwin SJ, Sabara HA. 2016. Direct vs.
indirect effects of whole-genome duplication on prezygotic
isolation in Chamerion angustifolium: implications for rapid
speciation. American Journal of Botany 103: 1259-1271.

Husband BC, Sabara HA. 2004. Reproductive isolation
between autotetraploids and their diploid progenitors in
fireweed, Chamerion angustifolium (Onagraceae). New
Phytologist 161: 703-713.

Husband BC, Schemske DW. 1998. Cytotype distribution at
a diploid-tetraploid contact zone in Chamerion (Epilobium)
angustifolium (Onagraceae). American Journal of Botany 85:
1688-1694.

Husband BC, Schemske DW. 2000. Ecological mechanisms
of reproductive isolation between diploid and tetraploid
Chamerion angustifolium. Journal of Ecology 88: 689-701.

Jersakova J, Castro S, Sonk N, Milchreit K,
Schodelbauerova I, Tolasch T, Détterl S. 2010. Absence
of pollinator-mediated premating barriers in mixed-ploidy
populations of Gymnadenia conopsea sl (Orchidaceae).
Evolutionary Ecology 24: 1199-1218.

Kliphuis E, Wieffering JH. 1972. Chromosome numbers of
some angiosperms from the south of France. Acta Botanica
Neerlandica 21: 598-604.

Knouft JH, Losos JB, Glor RE, Kolbe JdJ. 2006. Phylogenetic
analysis of the evolution of the niche in lizards of the Anolis
sagrei group. Ecology 87: 29-38.

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 190, 51-66

610z ludy 2z uo sasn Aysioaun ofping Aq 92508+5/1G/1/06 1 19EISAE-B[0NE/UESUUIOG/WO0d dNO"0IWePED.//:SAYY WOy papeojumoq


http://CRAN.R-project.org/package=car
https://cran.r-project.org/package=raster
http://CRAN.Rproject.org/package=multcomp
http://CRAN.Rproject.org/package=multcomp

64 M.CASTRO ETAL.

Kolai F, Certner M, Suda J, Schénswetter P, Husband BC.
2017. Mixed-ploidy species: progress and opportunities in
polyploid research. Trends in Plant Science 22: 1041-1055.

Kolaf F,Lu¢anova M, Zaveska E, Fuxova G, MandakovaT,
Spaniel S, Senko D, Svitok M, Kolnik M, Gudzinskas Z,
Marhold K. 2016. Ecological segregation does not drive the
intricate parapatric distribution of diploid and tetraploid
cytotypes of the Arabidopsis arenosa group (Brassicaceae).
Biological Journal of the Linnean Society 119: 673—-688.

Kolaf F, Stech M, Travnitek P, Rauchova J, Urfus T,
Vit P, Kubesova M, Suda J. 2009. Towards resolving the
Knautia arvensis agg. (Dipsacaceae) puzzle: primary and
secondary contact zones and ploidy segregation at landscape
and microgeographic scales. Annals of Botany 103: 963-974.

Kovanda M. 1968. Cytotaxonomic studies in the genus
Jasione L. 1. Jasione montana L. Folia Geobotanica &
Phytotaxonomica 3: 193-199.

Laport RG, Hatem L, Minckley RL, Ramsey J. 2013.
Ecological niche modeling implicates climatic adaptation,
competitive exclusion, and niche conservatism among Larrea
tridentata cytotypes in North American deserts. Journal of
the Torrey Botanical Society 140: 349-363.

Laport RG, Minckley RL, Ramsey J. 2016. Ecological
distributions, phenological isolation, and genetic structure
in sympatric and parapatric populations of the Larrea
tridentata polyploid complex. American Journal of Botany
103: 1358-1374.

Leitao MT, Paiva JA. 1988. El endemismo lusitano de Jasione
L. (Campanulaceae). Lagascalia 15: 341-344.

Levin DA. 1975. Minority cytotype exclusion in local plant
populations. Taxon 35—43.

Levin DA. 1983. Polyploidy and novelty in flowering plants.
The American Naturalist 122: 1-25.

Levin DA. 2002. The role of chromosomal change in plant
evolution. Oxford: Oxford University Press.

Levin DA. 2004. The ecological transition in speciation. New
Phytologist 161: 91-96.

Lexer C, van Loo M. 2006. Contact zones: natural labs for
studying evolutionary transitions. Current Biology 16:
R407-R409.

Loureiro J, Rodriguez E, Dolezel J, Santos C. 2007. Two
new nuclear isolation buffers for plant DNA flow cytometry:
a test with 37 species. Annals of Botany 100: 875-888.

Lowry E, Lester SE. 2006. The biogeography of plant
reproduction: potential determinants of species’ range sizes.
Journal of Biogeography 33: 1975-1982.

Luque T, Mejas JA. 1986. Numeros cromésmicos para la flora
espanola, 491-496. Lagascalia 14: 301-304.

Maceira NO, Haan AD, Lumaret R, Billon M, Delay J.
1992. Production of 2n gametes in diploid subspecies of
Dactylis glomerata L. 1. Occurrence and frequency of 2n
pollen. Annals of Botany 69: 335-343.

Maceira NO, Jacquard P, Lumaret R. 1993. Competition
between diploid and derivative autotetraploid Dactylis
glomerata L. from Galicia. Implications for the establishment
of novel polyploid populations. New Phytologist 124: 321-328.

Maherali H, Walden AE, Husband BC. 2009. Genome
duplication and the evolution of physiological responses to
water stress. New Phytologist 184(3): 721-731.

Mairal M, Surinova M, Castro S, Minzbergova Z. 2018.
Unmasking cryptic biodiversity in polyploids: origin and
diversification of Aster amellus aggregate. Annals of Botany
122: 1047-1059.

Marques I, Loureiro J, Draper D, Castro M, Castro S.
2018. How much do we know about the frequency of
hybridisation and polyploidy in the Mediterranean region?
Plant Biology 20(Suppl 1): 21-37.

Martin SL, Husband BC. 2013. Adaptation of diploid and
tetraploid Chamerion angustifolium to elevation but not
local environment. Evolution 67: 1780-1791.

Mason AS, Nelson MN, Yan G, Cowling WA. 2011.
Production of viable male unreduced gametes in Brassica
interspecific hybrids is genotype specific and stimulated by
cold temperatures. BMC Plant Biology 11: 103.

Meclntyre PJ. 2012. Polyploidy associated with altered
and broader ecological niches in the Claytonia perfoliata
(Portulacaceae) species complex. American Journal of
Botany 99: 655-662.

Muiioz-Pajares AdJ, Perfectti F, Loureiro J, Abdelaziz M,
Biella P, Castro M, Castro S, Gémez JM. 2018. Niche
differences may explain the geographic distribution of
cytotypes in Erysimum mediohispanicum. Plant Biology
20(suppl 1): 139-147.

Oberprieler C, Konowalik K, Altpeter S, Siegert E,
Presti RML, Greiner R, Vogt R. 2012. Filling of eco-
climatological niches in a polyploid complex—a case study
in the plant genus Leucanthemum Mill. (Compositae,
Anthemideae) from the Iberian Peninsula. Flora-
Morphology, Distribution, Functional Ecology of Plants
207: 862-867.

Otto SP, Whitton J. 2000. Polyploid incidence and evolution.
Annual Review of Genetics 34: 401-437.

Panagos P, Van Liedekerke M, Jones A, Montanarella L.
2012. European Soil Data Centre: response to European
policy support and public data requirements. Land Use
Policy 29: 329-338.

Parisod C, Broennimann O. 2016. Towards unified
hypotheses of the impact of polyploidy on ecological niches.
The New Phytologist 212: 540-542.

Parnell JA. 1980. The experimental taxonomy of Jasione
montana L. Doctoral dissertation, University of Aberdeen.
Parnell J. 1985. Jasione montana L. Journal of Ecology 73:

341-358.

Parnell J. 1987. Variation in Jasione montana
L. (Campanulaceae) and related species in Europe and North
Africa. Watsonia 16: 249-267.

Pastor J. 1990. Numeros cromosémicos para la flora Espanola.
556-591. Lagascalia 15: 269-282.

Pérez-Espona S,Sales F,Hedge I, Moller M. 2005. Phylogeny
and species relationships in Jasione (Campanulaceae) with
emphasis on the ‘montana-complex’. Edinburgh Journal of
Botany 62: 29-51.

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 190, 51-66

610z ludy 2z uo sasn Aysioaun ofping Aq 92508+5/1G/1/06 1 19EISAE-B[0NE/UESUUIOG/WO0d dNO"0IWePED.//:SAYY WOy papeojumoq



CYTOGEOGRAPHY IN JASIONE MONTANA 65

Petit C, Bretagnolle F, Felber F. 1999. Evolutionary
consequences of diploid-polyploid hybrid zones in wild
species. Trends in Ecology & Evolution 14: 306-311.

Phillips SdJ. 2008. Transferability, sample selection bias and
background data in presence-only modelling: a response to
Peterson et al. (2007). Ecography 31: 272-278.

Phillips SJ, Anderson RP, Schapire RE. 2006. Maximum
entropy modeling of species geographic distributions.
Ecological Modelling 190: 231-259.

Ramsey J. 2007. Unreduced gametes and neopolyploids
in natural populations of Achillea borealis (Asteraceae).
Heredity 98: 143-150.

Ramsey J. 2011. Polyploidy and ecological adaptation in wild
yarrow. Proceedings of the National Academy of Sciences
U.S.A. 108: 7096-7101.

Ramsey J, Schemske DW. 1998. Pathways, mechanisms,
and rates of polyploid formation in flowering plants. Annual
Review of Ecology and Systematics 29: 467-501.

R Core Development Team. 2016. A language and environment
for statistical computing. Vienna: R Foundation for Statistical
Computing. Available at: http://www.R-project.org/

Rice A, Glick L, Abadi S, Einhorn M, Kopelman NM,
Salman-Minkov A, Mayzel J, Chay O, Mayrose 1. 2015.
The Chromosome Counts Database (CCDB) - a community
resource of plant chromosome numbers. The New Phytologist
206: 19-26.

Rivas-Martinez S, Penas A, Diaz TE, Canté P, del Rio S,
Costa JC, Herrero L, Molero J. 2017. Biogeographic
units of the Iberian Peninsula and Islas Baleares to district
level. A concise synopsis. In: Loidi J, ed. The vegetation of the
Iberian Peninsula 1. Cham: Springer, 131-188.

Rodriguez DJ. 1996. A model for the establishment of
polyploidy in plants. The American Naturalist 147: 33—46.

Rubido-BaraM, Horjales Luaces M, Villaverde C.2010. Dos
nuevas subespecies del género Jasione L. (Campanulaceae)
en el noroeste de la Peninsula Ibérica. Nova Acta Cientifica
Compostela (Bioloxia) 19: 21-31.

Sales F, Hedge IC. 2001a. Myoporaceae-Campanulaceae. In:
Castroviejo S, Paiva J, Sales F, Hedge IC, Aedo C, Aldasoro Jd,
Herrero A, Velayos M, eds. Flora Iberica. Plantas vasculares
de la Peninsula Ibérica e Islas Baleares. Vol. 16. Madrid: Real
Jardin Botanico, C.S.1.C., 1868-1875.

Sales F, Hedge IC. 2001b. Nomenclature and typification
of Western European Jasione (Campanulaceae). Anales del
Jardin Botdnico de Madrid 59: 163-172.

Sales F, Hedge IC, Eddie W, Preston J, Moeller M. 2004.
Jasione L. taxonomy and phylogeny. Turkish Journal of
Botany 28: 253-259.

Sampson JF, Byrne M. 2011. Genetic diversity and
multiple origins of polyploid At¢riplex nummularia Lindl.
(Chenopodiaceae). Biological Journal of the Linnean Society
105: 218-230.

Schoener TW. 1970. Nonsynchronous spatial overlap of
lizards in patchy habitats. Ecology 51: 408—418.

Segraves KA, Thompson JN. 1999. Plant polyploidy
and pollination: floral traits and insect visits to diploid

and tetraploid Heuchera grossulariifolia. Evolution 53:
1114-1127.

Silvestre S. 1986. Numeros cromosémicos para la flora
espanola: 435-496. Lagascalia 14: 273-304.

Smith SA, Donoghue MdJ. 2010. Combining historical
biogeography with niche modeling in the Caprifolium clade
of Lonicera (Caprifoliaceae, Dipsacales). Systematic Biology
59: 322-341.

Soltis DE, Buggs RdJ, Doyle JdJ, Soltis PS. 2010. What we
still don’t know about polyploidy. Taxon 59: 1387-1403.

Soltis DE, Soltis PS. 1999. Polyploidy: recurrent formation
and genome evolution. Trends in Ecology & Evolution 14:
348-352.

Sonnleitner M, Flatscher R, Escobar Garcia P,
Rauchova J, Suda J, Schneeweiss GM, Hiilber K,
Schonswetter P. 2010. Distribution and habitat
segregation on different spatial scales among diploid,
tetraploid and hexaploid cytotypes of Senecio carniolicus
(Asteraceae) in the Eastern Alps. Annals of Botany 106:
967-977.

épaniel S, Marhold K, Hodalova I, Lihova J. 2008. Diploid
and tetraploid cytotypes of Centaurea stoebe (Asteraceae) in
Central Europe: morphological differentiation and cytotype
distribution patterns. Folia Geobotanica 43: 131.

Suda J, Kron P, Husband BC, Travniéek P. 2007. Flow
cytometry and ploidy: applications in plant systematics,
ecology and evolutionary biology. In Dolezel J, Greilhuber J,
Suda J, eds. Flow cytometry with plant cells: analysis of
genes, chromosomes and genomes. Weinheim: Wiley-VCH,
103-130.

Theodoridis S, Randin C, Broennimann O, Patsiou T,
Conti E. 2013. Divergent and narrower climatic niches
characterize polyploid species of European primroses
in Primula sect. Aleuritia. Journal of Biogeography 40:
1278-1289.

Thompson JD. 2005. Plant evolution in the mediterranean.
Oxford: Oxford University Press on Demand.

Thompson KA, Husband BC, Maherali H. 2014. Climatic
niche differences between diploid and tetraploid cytotypes of
Chamerion angustifolium (Onagraceae). American Journal
of Botany 101: 1868-1875.

Thuiller W, Georges D, Engler R, Breiner F, Georges MD,
Thuiller CW. 2016. Package ‘biomod2’. Available at https://
cran.r-project.org/package=biomod2

Tutin TG. 1973. Flora Europaea: notulae systematicae ad
floram Europaeam spectantes: no. 14. Notes on Jasione
L. Europe. Botanical Journal of the Linnean Society 67:
276-279.

Ubera JL. 1980. Numeros cromosomicos para la flora
espanola. 121-182. Lagascalia 9: 49—284.

Vamosi JC, Armbruster WS, Renner SS. 2014. Evolutionary
ecology of specialization: insights from phylogenetic analysis.
Proceeding of the Royal Society of London B: Biological
Sciences 281: 2014-2004.

Visger CJ, Germain-Aubrey CC, Patel M, Sessa EB,
Soltis PS, Soltis DE. 2016. Niche divergence between

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 190, 51-66

610z ludy 2z uo sasn Aysioaun ofping Aq 92508+5/1G/1/06 1 19EISAE-B[0NE/UESUUIOG/WO0d dNO"0IWePED.//:SAYY WOy papeojumoq


http://www.R-project.org/
https://cran.r-project.org/package=biomod2
https://cran.r-project.org/package=biomod2

66 M.CASTRO ETAL.

diploid and autotetraploid Tolmiea. American Journal of
Botany 103: 1396-1406.

Warren DL, Glor RE, Turelli M. 2008. Environmental niche
equivalency versus conservatism: quantitative approaches to
niche evolution. Evolution 62: 2868—2883.

Wood TE, Takebayashi N, Barker MS, Mayrose I,
Greenspoon PB, Rieseberg LH. 2009. The frequency
of polyploid speciation in vascular plants. Proceedings
of the National Academy of Sciences U.S.A. 106:
13875-13879.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher's web-site:

Table S1. Chromosome counts of Jasione montana available in the bibliography.
Table S2. Geographical information of Jasione montana populations sampled in this study.
Table S3. Selected environmental variables for Jasione montana cytotype niche modelling.

Table S4. Genome size estimates in Jasione montana.

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 190, 51-66

610z ludy 2z uo sasn Aysioaun ofping Aq 92508+5/1G/1/06 1 19EISAE-B[0NE/UESUUIOG/WO0d dNO"0IWePED.//:SAYY WOy papeojumoq



