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• Background and Aims Polyploidy is an important contributor to sympatric speciation and assortative mating 
is a key mechanism driving cytotype interactions in contact zones. While strong reproductive barriers can mediate 
the coexistence of different cytotypes in sympatry, positive frequency-dependent mating disadvantage ultimately 
drives the transition to single-ploidy populations. However, comprehensive estimates of reproductive isolation 
among cytotypes and across multiple barriers are rare. We quantify the strength of isolation across multiple repro-
ductive stages in a tetraploid–octoploid contact zone to understand the potential for coexistence.
• Methods Assortative mating due to flowering asynchrony, pollinator behaviour, morphological overlap, 
self-fertilization and gametic competition between tetraploid and octoploid Gladiolus communis in a contact zone 
in the Western Iberian Peninsula were assessed in natural and experimental populations to quantify reproductive 
isolation (RI) between cytotypes.
• Key Results Tetraploids and octoploids have a high degree of overlap in flowering time and similar floral 
morphology, and are visited by generalist insects without cytotype foraging preferences, resulting in weak pre-
pollination RI (from 0.00 to 0.21). In contrast, post-pollination isolation resulting from gametic selection was a 
strong barrier to inter-cytotype mating, with ploidy composition in stigmatic pollen loads determining the levels of 
RI (from 0.54 to 1.00). Between-cytotype cross-incompatibility was relatively high (RI from 0.54 to 0.63) as was 
isolation acquired through self-pollination (RI of 0.59 in tetraploids and 0.39 in octoploids).
• Conclusions Total RI was high for both tetraploids (from 0.90 to 1.00) and octoploids (from 0.78 to 0.98). Such 
high rates of assortative mating will enable cytotype coexistence in mixed-ploidy populations by weakening the 
impacts of minority cytotype exclusion. This study reveals the key role of gametic selection in cytotype siring suc-
cess and highlights the importance of comprehensive estimates across multiple reproductive barriers to understand 
cytotype interactions at contact zones.

Key words:  Contact zone, cytotypes, gametic barriers, Gladiolus communis, hexaploid, octoploid, phenology, 
pollen load composition, pollinator preferences, polyploidy, tetraploid, unreduced gametes.

INTRODUCTION

Whole-genome duplication, leading to polyploidy, is wide-
spread in the evolutionary history of flowering plants, with all 
lineages having a polyploidization event at some point in their 
history (Soltis et al., 2007; Wood et al., 2009; Alix et al., 2017). 
The current incidence of polyploid species, defined by chromo-
some number relative to the generic base number, is also high, 
with estimates ranging from 20 to 40 % (Stebbins, 1938; Wood 
et al., 2009; Marques et al., 2017), and over 12 % of species are 
of mixed ploidy (Wood et al., 2009; Husband et al., 2013; Rice 
et  al., 2015; Marques et  al., 2017). Recent studies have also 
revealed surprisingly high cytogenetic diversity within some 
polyploid complexes (e.g. Baack, 2004; Kolář et  al., 2009; 
Ståhlberg, 2009; Castro et al., 2012, 2018; Zozomová-Lihová 
et  al., 2015). In most of these cases, cytotypes form contact 
zones where they occur in proximity and occasionally form 
mixed-ploidy populations (reviewed in Husband et al., 2013; 

Kolář et al., 2017). The spatial proximity creates the potential 
for ecological interactions between cytotypes and can result 
in the production of hybrids. Thus, contact zones are recog-
nized as natural laboratories to study the patterns and processes 
involved in polyploid evolution (Lexer and van Loo, 2006). 
However, studies in these areas are reduced to a limited number 
of polyploid complexes (e.g. Baack, 2004, 2005; Lexer and van 
Loo, 2006; Castro et al., 2011; Zozomová-Lihová et al., 2015).

Theoretical models predict that mixed-ploidy populations 
are unstable and frequency-dependent selection will eliminate 
the minority cytotype as most of the crosses will occur with 
the dominant cytotype, reducing the fitness of the rare cytotype 
(minority cytotype exclusion theory; Levin, 1975; Rodriguez, 
1996; Husband and Schemske, 2000). However, this theory 
has rarely been tested experimentally (Husband, 2000) and 
cytotype coexistence is more common than previously hypothe-
sized (Husband et al., 2013; Kolář et al., 2017). Mixed-ploidy 
populations are possible if biological attributes, such as plant 
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traits promoting assortative mating, large viability/fertility 
of polyploids and/or recurrent polyploid formation through 
unreduced gametes, can ameliorate fitness disadvantages of 
the rare cytotype (Rieseberg and Willis, 2007; Thompson and 
Merg, 2008; Paun et al., 2009; Jersáková et al., 2010).

Among the attributes mentioned above, barriers to inter-
cytotype pollen flow and mating (acting separately or in con-
cert) are key determinants of the levels of assortative mating in 
mixed-ploidy populations (Levin, 1975; Husband, 2000; Kolář 
et al., 2017). Inter-cytotype mating may be reduced by pheno-
logical, mechanical and behavioural mechanisms. Phenological 
isolation is determined by flowering time overlap and affects the 
probability of pollen exchange between cytotypes (phenological 
barrier, e.g. Van Dijk and Bijlsma, 1994; Petit et  al., 1997; 
Nuismer and Cunningham, 2005; Jersáková et al., 2010; Martin 
and Husband, 2012). Morphological and/or physiological dif-
ferences between cytotypes in flower characters may influence 
pollinator foraging behaviour (behavioural barrier, e.g. Segraves 
and Thompson, 1999; Kennedy et  al., 2006). Differences in 
floral morphology might also affect pollen removal and depos-
ition on the pollinator’s body (mechanical barrier, Grant, 1994), 
although this has rarely been studied in polyploid complexes 
(Segraves and Thompson, 1999; Jersáková et al., 2010; Borges 
et al., 2012). Even if pollen exchange between cytotypes does 
occur, gametic barriers caused by differential siring ability can 
still reduce inter-cytotype mating (e.g. pollen competition in 
mixed-ploidy loads, Baldwin and Husband, 2011; mentor effect, 
Mráz, 2003; or changes in reproductive strategies, Barringer, 
2007; Kao, 2007). Finally, strong post-zygotic barriers, widely 
documented in diploid–polyploid crosses, can prevent hybrids 
from persisting (Ramsey and Schemske, 1998), although the 
strength of this barrier can vary among polyploid complexes 
and ploidy levels (e.g. Husband, 2004; Castro et  al., 2011; 
Roccaforte et al., 2015; Sutherland and Galloway, 2017).

Despite the increased detection of mixed-ploidy species, the 
magnitude and influence of reproductive barriers on cytotype 
diversity and coexistence are poorly known. While research 
exists on individual factors that may weaken or overcome 
minority cytotype disadvantage, comprehensive studies ex-
ploring multiple factors promoting cytotype coexistence are 
rare (reviewed in Kolář et al., 2017). Only a few studies have 
quantified the contribution of multiple pre- and post-zygotic 
barriers to reproductive isolation between cytotypes (e.g. Van 
Dijk et al., 1992; Petit et al., 1997; Segraves and Thompson, 
1999; Jersáková et al., 2010; Castro et al., 2011; Husband et al., 
2016). Besides this, most studies are focused on diploid–tetra-
ploid complexes (Kolář et  al., 2017) and higher-ploidy sys-
tems are rarely addressed (e.g. 4x–8x Gymnadenia conopsea; 
Jersáková et al., 2010; 2x–6x Aster amellus, Castro et al., 2011). 
Higher-ploidy complexes differ from diploid–tetraploid ones as 
they may overcome the meiotic problems in anaphase II ob-
served in odd-ploidy plants, and inter-cytotype offspring likely 
have higher reproductive fitness due to the production of even-
ploidy progeny (e.g. 6x progeny in 4x–8x complexes). Studying 
multiple factors contributing to assortative mating and, conse-
quently, to reproductive isolation in higher-ploidy systems will 
thus provide significant insights on cytotype interactions and 
maintenance of contact zones.

Gladiolus communis represents an ideal system to explore 
cytotype interactions at contact zones. This Mediterranean 

putative autopolyploid (Castro et  al., 2018) is a tetraploid–
octoploid complex (2n = 4x = 60 and 2n = 8x = 120 chromo-
somes), with occasional detection of hexaploids and hexaploid 
populations in the Iberian Peninsula (2n = 6x = 90; Fernandes 
et  al., 1948; Fernandes and Queirós, 1971; Castro et  al., 
2018). Recent surveys reveal a complex cytotype distribution, 
with mixed-ploidy populations differing in cytotype compos-
ition being observed within and outside tetraploid–octoploid 
contact zones (Castro et al., 2018). However, the distribution 
of the dominant cytotypes (tetraploids and octoploids) cannot 
be explained by environmental differences (Castro et  al., 
2018) and nothing is yet known about the reproductive bar-
riers governing the interactions between locally coexisting 
cytotypes.

Therefore, we quantify the contribution of multiple repro-
ductive barriers to assortative mating (and reproductive iso-
lation) in tetraploid–octoploid G.  communis contact zones to 
better understand their role in cytotype coexistence. While 
strong reproductive barriers can mediate the coexistence of 
different cytotypes in sympatry, positive frequency-dependent 
mating disadvantage ultimately drives the transition to single-
ploidy populations. We quantify reproductive isolation medi-
ated by: (1) differences in flowering phenology; (2) differences 
in flower morphology that might affect pollen deposition on the 
pollinator’s body; (3) differences in pollinator behaviour and 
foraging preferences; (4) differences in self-fertilization rates; 
and (5) gametic selection against alternative cytotype pollen. 
Observations were made in natural populations and common-
garden experiments; hand-pollinations were used to assess 
self-incompatibility differences and quantify the production of 
hexaploids under single- and mixed-ploidy pollen loads, and an 
experimental mixed-ploidy population was used to quantify the 
effect of all reproductive barriers.

MATERIALS AND METHODS

Study system

Gladiolus communis flowers from mid-April to mid-July, usu-
ally producing one spike inflorescence of pink hermaphroditic 
flowers on each plant. Flowers are zygomorphic, odourless and 
are visited by numerous Hymenoptera foraging for nectar and 
pollen, of which Bombus spp. (e.g. B. hortorum, B. pascuorum 
and B. terrestris), Anthophora sp., Colletes sp. and Anthidium 
florentinum are the most important pollinators (Castro, 2018). 
The stamens are unilateral, opening downwards, such that 
pollen is deposited on the upper part of the insect’s thorax 
during a visit. The pistil has a filiform three-lobed stigma that 
is exposed between the anthers and the upper petal (Hamilton, 
1980; Alonso and Crespo, 2010).

Study populations and general experimental design

We used plants from the tetraploid–octoploid contact zone 
of central Portugal (Fig. 1), where cytotypes occur in proximity 
and occasionally in mixed-ploidy populations (Castro et  al., 
2018). We examined barriers to inter-cytotype mating using six 
single-ploidy populations (three tetraploid and three octoploid; 
Fig. 1). Plants from the same populations were also examined 
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in a common-garden study at the Botanical Garden of the 
University of Coimbra. Bulbs were collected in the field in 
2013 and placed in 2-L pots filled with commercial soil. DNA 
ploidy of these populations was originally assessed by Castro 
et al. (2018) and confirmed here using the same protocol (data 
not shown). In the common garden, the plants were used to as-
sess flowering phenology under common conditions, perform 
hand-pollinations, and build an experimental mixed-ploidy 
population to quantify the effect of all reproductive barriers. In 
the field, we assessed flowering phenology, flower morphology 
and pollinator behaviour. Reproductive isolation indexes were 
calculated based on each barrier for tetraploids and octoploids 
separately, as well as the total.

All analyses described in the following sections were per-
formed in R software version 3.0.1 (R Core Development 
Team, 2016), using the packages ‘car’ for type-III analysis of 
variance (Fox et al., 2016), ‘lme4’ for generalized linear mixed 
models (GLMMs; Bates et al., 2014) and ‘multcomp’ for mul-
tiple comparisons after type-III analysis of variance (Hothorn 
et al., 2016). Year, population, individual and/or flower position 
were introduced as random factors, when applicable.

Flowering phenology

Flowering phenology was evaluated in natural populations 
(one tetraploid and one octoploid; Pop3 and Pop4 in Fig. 1) and 
in the common garden (six populations). In the field, 45 indi-
viduals per population were randomly selected and tagged be-
fore the flowering season. The number of open flowers in these 
individuals was monitored daily for up to 20 consecutive days, 

which covers the flowering period of the selected plants. In 
the common garden, the number of open flowers per plant (39 
tetraploid and 21 octoploid plants, evenly distributed among the 
studied populations) was monitored daily for 50 d. Differences 
between cytotypes in total number of open flowers per day 
were tested using GLMMs with cytotype as fixed factor, total 
number of open flowers per day as response variable (Poisson 
distribution, log link function) and population as random factor.

A phenological reproductive isolation index (RIphenological) 
was calculated for each cytotype for natural populations and 
in the common garden separately, using the following formula 
(Husband and Sabara, 2004):

RIphenological = 1 -
no. of co-flowering days

total no. of days flowering
.

Flower morphology

Ten individuals were haphazardly selected in each of the six 
natural populations and one flower per individual was char-
acterized for distance between anther and lower tepal (which 
represents the size of pollinator entrance) and length of fila-
ment, anther, style and stigma (Fig. 2A). Differences between 
cytotypes were evaluated using GLMMs with cytotype as fixed 
factor, each flower trait as a response variable (Gaussian distri-
bution, identity link function), and population and flower pos-
ition as random factors.

Morphological reproductive isolation (RImorphological) was 
calculated as:

4x populations
8x populations
Tetraploid areas
Octoploid areas

Santarém

Leiria

Lisboa

Castelo Branco

Aveiro

Viseu

Coimbra

Guarda

Pop1
Pop2

Pop4
Pop5

Pop6

Pop3 *
*

50 km

Fig. 1. Gladiolus communis populations (Pop1, Pop2, ...) studied in a tetraploid–octoploid contact zone. Populations marked with an asterisk were used to study 
flowering phenology in the field.
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RImorphological = 1 -

no. of flowers with morphological
overlap between cytotypes

no. of flowers with morphological
overlap within cytotypes

,

where morphological overlap represents the physical overlap 
of male and female functions in pairwise comparisons between 
cytotypes and, thus, the likelihood that pollen can be transferred 
via pollinator from one cytotype to the other. Using the number of 
flowers with morphological overlap within cytotype enabled us 
to correct for herkogamy levels occurring in natural populations.

Pollinator foraging behaviour

Pollinator foraging behaviour was studied in artificial arrays 
within the six natural populations comprising tetraploid and 
octoploid individuals. Arrays were used due to the difficulty in 
finding suitable mixed-ploidy populations to study pollinator be-
haviour. Each array comprised ten inflorescences, five from the 
own population and five from the nearest population of the other 
cytotype, each with a similar number of open flowers and height, 
alternately arranged in a circle and separated by 20  cm. Three 
replicate arrays were established per population in areas without 
flowering Gladiolus plants and monitored during one entire day 
(0900 to 1600 h GMT) by several observers (21 h of observation 
per population, on average). For each foraging bout, we recorded 
the insect species and the visitation sequence to the plants in the 
array. For the five most abundant species, the movements between 
individuals were used to assess pollinator preferences (floral pref-
erence index) and behaviour (floral constancy index).

The floral preference index was calculated as the ratio be-
tween the number of visits to a given cytotype and the total 
number of visits recorded for a given pollinator. This index 
ranges from 0 to 1, where 0.5 indicates no preference, and 0 or 
1 shows a preference for one of the cytotypes. The floral con-
stancy index was calculated as the ratio between the number of 
movements within a cytotype and the total number of flights 
of the pollinator during the visit. A floral constancy index of 0 
indicates an alternating foraging behaviour (all flights occur be-
tween cytotypes), a value of 0.5 indicates a random foraging be-
haviour, and a value of 1 indicates complete foraging constancy 
within a cytotype. Both indices were multiplied by a correction 
factor that accounts for the frequency and distances between 
plants of the same or different ploidy, following Husband et al. 
(2016), as the ratio between 0.5 (expected in random move-
ments) and 0.58 (details provided in Supplementary Data 
Appendix 1). Only visits that comprised the interaction with 
three or more individuals were considered. For both indices and 
for each pollinator species, we tested for deviations from no 
preference (0.5) and from floral constancy (0.5) using χ2 tests.

A behavioural reproductive isolation index (RIbehavioural) due 
to pollinator behaviour was calculated incorporating the correc-
tion factor using the following formula:

RIbehavioural = 1 - (
no. of movements between cytotypes

total no. movements
∗ 0.50

0.58
).

This metric ranges from 0 (all matings are between-ploidy) to 1 
(complete reproductive isolation), where 0.5 indicates random 
mating between the cytotypes.

Crossing ability under controlled conditions

Hand-pollinations were performed to assess the cross-
compatibility of tetraploids and octoploids and the ability to 
produce hexaploids. Two pollination treatments, differing 
in the composition of pollen applied to the stigma, were per-
formed: single-ploidy pollen loads and mixed-ploidy pollen 
loads (Fig. 2B, C). Three single-ploidy pollen load treatments 
were used: (1) self-pollination (anthers of the same inflores-
cence were used as pollen donor); (2) outcross within cytotypes 
(anthers of different individuals of the same cytotype were used 
as pollen donor); and (3) outcross between cytotypes (anthers 
of the other cytotype were used as pollen donor) (Fig. 2B). Two 
mixed-ploidy pollen load treatments were applied: (4) mixed-
ploidy outcross (mix of tetraploid and octoploid anthers were 
used as pollen donors); and (5) outcross between cytotypes 
and self-pollen (anthers of the recipient individual and an-
thers of individuals of the other cytotype were used as donors) 
(Fig. 2C). These treatments enabled us to assess differences in 
self-incompatibility, evaluate the effect of single- and mixed-
ploidy pollen loads on hexaploid production, and measure the 
impact of self-pollen deposition on reproductive isolation under 
mixed-ploidy pollen loads.

Pollination experiments were conducted during peak 
flowering (May 2014 and 2015) using 102 plants growing in 
a common garden. Before flowering, and until fruit collection, 
plants were protected with a nylon mesh to exclude pollinators. 
Except for the self-pollination treatment, all flowers used as 
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Fig. 2. Experimental designs. (A) Morphological parameters measured in 
Gladiolus communis flowers: 1, distance between anther and lower tepal (rep-
resents the size of pollinator entrance); 2, filament length; 3, anther length; 
4, style length; 5, stigma length. (B, C) Hand-pollinations performed in tetra-
ploid (white, 4x) and octoploid (grey, 8x) G. communis inflorescences involving 
single-ploidy (B) and mixed-ploidy (C) pollinations (1, self pollinations; 2, out-
cross within cytotypes; 3, outcross between cytotypes; 4, mixed outcross; 5, 
outcross between cytotypes and self-pollen). Arrows denote each pollination 

treatment, going from the donor plant(s) to the recipient one.
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pollen recipients were emasculated before their stigmas were 
receptive. In single-ploidy pollinations (other than self-pollin-
ation), anthers from three individuals (one anther per indi-
vidual) were gently rubbed directly on the stigmatic papillae 
until saturated. In mixed-ploidy pollinations, three anthers of 
each cytotype were collected in a microtube and shaken; the 
pollen mix was then applied to the stigmatic papillae with a 
needle. Pollen for within-cytotype outcrosses was collected 
from plants of the same population as the recipient plant. Only 
the first four flowers of the inflorescence were pollinated to 
avoid resource allocation limitation within the inflorescence, 
and only one replicate per treatment was performed per plant. 
Fruits were collected when mature and seeds were counted. 
Fruit set (proportion of pollinated flowers that developed into 
fruit), seed:ovule ratio (S:O ratio, proportion of ovules that 
produced morphologically viable seeds) and reproductive suc-
cess (fruit set × S:O ratio) were calculated. The S:O ratio was 
calculated using the mean number of ovules per flower (4x, 
44.2 ± 0.5; 8x, 42.4 ± 0.5; mean ± s.e.; M. Castro, pers. comm.). 
Differences in fruit set (binomial distribution, logit link func-
tion), S:O ratio and reproductive success (Gaussian distribution 
and identity link function, after arcsine and square root trans-
formation, respectively) were assessed using GLMMs, with 
cytotype and pollination treatment defined as fixed factors and 
population as random factor.

DNA ploidy of the offspring obtained from hand-
pollinations was analysed using flow cytometry. Ten seeds 
per fruit were analysed using the protocol of Galbraith et al. 
(1983) with some adjustments (Castro et al., 2018). Briefly, 
two seeds per sample were simultaneously chopped with 
0.5  cm2 of leaf tissue of a DNA standard, Pisum sativum 
(2C = 9.09 pg; Doležel et al., 1998), in woody plant buffer 
(Loureiro et al., 2007). The nuclear suspension was filtered 
and stained with propidium iodide for 5 min, and the samples 
were analysed with a CyFlow Space flow cytometer (Partec, 
Görlitz, Germany). At least 1300 nuclei in the sample and 
standard G1 peaks were analysed per sample, and only sam-
ples with coefficients of variation <5 % were accepted, other-
wise a new sample was prepared and analysed. DNA ploidy 
was inferred for each seed following Castro et  al. (2018). 
Differences in the proportion of hexaploids between treat-
ments were assessed using GLMMs with ploidy of mother 
plant and pollination treatment as fixed factors, hexaploid 
proportion as response variable (binomial distribution, logit 
link function) and population as random factor.

Pollination treatments were used to calculate reproductive 
isolation caused by: (1) self-pollination, and (2) gametic iso-
lation, reflecting differential gamete siring ability and zygote 
viability. Self-pollination is highly probable in G. communis 
as pollinators visit the flowers in sequence, from the base to 
the top of the inflorescence, and self-pollen is likely to be 
moved between flowers (M. Castro, field observations). The 
reproductive isolation index due to selfing (RIselfing) was cal-
culated using the proportion of inter-cytotype offspring from 
treatment 5 (i.e. outcross between cytotypes and self-pollen) 
as follows:

RIselfing = 1 - (Reproductive success of inter-cytotype
crosses in treatment 5)

The RIselfing value was corrected by multiplying by the pro-
portion of within-inflorescence movements among the total 
number of movements recorded.

The gametic reproductive isolation index (RIgametic) was cal-
culated as follows:

RIgametic =1 -(Reproductive success of inter-cytotype crosses)

The reproductive success of single-ploidy cross-pollin-
ations between cytotypes (treatment 3)  and of mixed-ploidy 
pollinations (treatment 4)  were used, separately, to calculate 
RIgametic under different pollen load compositions. In mixed-
ploidy pollinations, only seeds that differed in DNA ploidy 
from the mother plant were used for RIgametic calculation, since 
offspring with the same ploidy of the mother were assumed to 
result from successful within-cytotype fertilization.

Effect of all reproductive barriers

The total RI index was calculated using the product of all 
separate RI indices (Ramsey et  al., 2003). Additionally, we 
quantified the offspring produced by tetraploids and octoploids 
growing in sympatry under controlled conditions. To do this, 
we created an experimental mixed-ploidy population with 1:1 
proportions of tetraploid and octoploid plants, comprising 
250 pots, left to open pollination. In the end, 216 individuals 
flowered, including 122 tetraploids (56 %) and 94 octoploids 
(44 %). After flowering, 30 individuals per cytotype were ran-
domly selected and fruits were collected (totalling 424 fruits). 
Fruit and seed production were quantified, and the DNA ploidy 
of the offspring was assessed as described above. The results 
were analysed statistically as described in the hand-pollination 
experiments.

RESULTS

Flowering phenology

Flowering phenology of tetraploids and octoploids was almost 
completely overlapping (Fig. 3). Consequently, there were no 
significant differences in mean number of open flowers between 
cytotypes in both natural populations (F1,38 = 0.11, P = 0.747; 
Fig.  3A) and the common garden (F1,98  =  0.12, P  =  0.735; 
Fig.  3B), although tetraploids tended to peak slightly earlier 
than octoploids in the common garden (Fig. 3B). These pheno-
logical patterns resulted in low reproductive isolation indices 
for both cytotypes under natural and common garden condi-
tions (Table 1).

Flower morphology

Tetraploid and octoploid flowers were morphologically 
similar, with no differences observed for the characters meas-
ured (Supplementary Data Table S1). Additionally, the rela-
tive positions of the sexual organs revealed a high overlap 
between tetraploid anthers and octoploid stigmas and between 
octoploid anthers and tetraploid stigmas (Fig. 4), leading to low 
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morphological RI between cytotypes (RImorphological,4x  =  0.19, 
RImorphological,8x = 0.00; Table 1).

Pollinator foraging behaviour

The main pollinator species had similar behavioural pat-
terns when visiting G. communis (Table 2). The mean number 

of plants visited did not differ significantly among pollinator 
species (F4,193  =  1.50, P  =  0.203) and ranged from 4.6 for 
B.  terrestris to 8.5 for A.  florentinum. Overall, no significant 
differences among pollinator species were found for prefer-
ence and constancy indices (Table  2). Preference indices did 
not differ statistically from 0.5, indicating a lack of preference 
for a specific cytotype by each pollinator species (Table  2). 
Constancy indices revealed that A. florentinum visited cytotypes 

Table 1. Reproductive isolation indices in Gladiolus communis polyploid complex. The isolation index for each barrier studied (RI in-
dividual barriers) is provided separately for tetraploids (RI 4x) and octoploids (RI 8x) and for the complex (RI Gc). Total reproductive 

isolation (total RI, in bold) is also provided for each scenario studied (single-ploidy inter-cytotype crosses and mixed-ploidy crosses)

Reproductive barrier RI individual barriers

RI 4x RI 8x RI Gc

Phenological Natural populations 0.05 0.00 0.05
 Common garden 0.14 0.00 0.14
Morphological 0.19 0.00 0.00
Pollinator behaviour 0.13 0.21 0.29
Self-pollination 0.59 0.39 0.49
Gametic Single-ploidy inter-cytotype crosses 0.63 0.54 0.58
 Mixed-ploidy crosses 1.00 0.96 0.98
Total RI Single-ploidy inter-cytotype crosses 0.90 0.78 0.86
 Mixed-ploidy crosses 1.00 0.98 0.99
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Fig. 3. Flowering phenology of tetraploid and octoploid Gladiolus communis cytotypes in (A) natural populations and (B) a common garden. Values are given as 
mean number of open flowers per day, starting on the day of the first flower opening.
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in an alternating foraging pattern (P  =  0.016), while the re-
maining pollinators presented a random behaviour (P > 0.05; 
Table 2). The lack of preferences and the random/alternating 
behaviour by the pollinators resulted in low RI values due to 
pollinator behaviour (RIbehavioural  =  0.29, RIbehavioural,4x  =  0.13, 
RIbehavioural,8x = 0.21; Table 1).

Crossing ability under controlled conditions

All pollination treatments produced fruits and seeds and 
significant differences were observed between cytotypes, 
pollination treatments and/or their interactions (Table  3 and 
Supplementary Data Table S2). Fruit set was similar be-
tween cytotypes and differed significantly among pollination 
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Fig. 4. Relative positions of sexual organs in tetraploid (4x) and octoploid (8x) Gladiolus communis flowers. White bars represent anther length (4x, top panel; 
8x, bottom panel) and dark grey bars represent stigma length (8x, top panel; 4x, bottom panel) for individual flowers. Light grey areas represent the range of male 

organs, meaning that a stigma inside the box could be pollinated by the donor anthers.

Table 2. Pollinator preferences and behaviour: preferences and constancy indices for the main pollinator species of Gladiolus 
communis. The mean number of plants visited per foraging flight (plants per visit), total number of flights (n) and total number of in-
dividuals visited (ni) are also given (all as mean ± s.e.). P-values for deviations from 0.5 are provided for each index and pollinator. 

Comparisons between pollinators are also presented

Taxa Plants per visit Preference index Constancy index n (ni)

Mean ± s.e. P Mean ± s.e. P 

Anthidium florentinum 8.4 ± 1.3 0.41 ± 0.0 0.384 0.14 ± 0.0 0.016 17 (142)
Anthophora sp. 5.2 ± 0.3 0.40 ± 0.0 0.545 0.28 ± 0.0 0.370 39 (203)
Bombus pascuorum 5.1 ± 0.2 0.39 ± 0.0 0.417 0.27 ± 0.0 0.334 106 (543)
Bombus terrestris 4.6 ± 0.3 0.36 ± 0.0 0.371 0.26 ± 0.0 0.194 20 (91)
Colletes sp. 6.5 ± 0.9 0.43 ± 0.1 0.731 0.28 ± 0.1 0.462 16 (104)
F4,193; P-values 1.50; 0.203 0.31; 0.869 0.75; 0.557  
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treatments (Supplementary Data Table S2), with self-pollinations 
producing significantly lower fruit set than the remaining treat-
ments, which presented similar values (Supplementary Data 
Fig. S1A). Reproductive success was similar to the S:O ratio 
(Supplementary Data Table S2 and Fig. S1B). Reproductive 
success differed significantly between cytotypes for two pollin-
ation treatments, selfing and inter-cytotype + selfing (Table 3), 
with octoploids having significantly higher reproductive suc-
cess than tetraploids (P < 0.05; Fig. 5A). Within each cytotype, 
significant differences were observed among pollination treat-
ments (Table  3). For tetraploids, treatments involving self-
pollinations (treatments 1 and 5) resulted in significantly lower 
values and outcross within cytotype (treatment 2) significantly 
higher values than the remaining treatments (P < 0.05; Fig. 5B). 
For octoploids, self-pollination (treatment 1) had significantly 
lower values than the remaining treatments (P < 0.05; Fig. 5A).

The analyses of the DNA ploidy of the offspring (Fig. 5A) 
revealed that pollinations within the same cytotype (i.e. selfing 
and outcross within cytotypes) produced mostly offspring with 

the same ploidy as the parents. The production of a few hexa-
ploid seeds after selfing of tetraploid individuals suggests the 
production of unreduced gametes.

For pollinations between cytotypes (treatments 3–5), the pro-
duction of hexaploid seeds differed significantly between treat-
ments for each cytotype (tetraploids, χ2

2,186 = 23.50, P < 0.001; 
octoploids, χ2

2,355  =  91.80, P  <  0.001). Outcrossing between 
cytotypes (treatment 3) resulted in a high production of hexa-
ploid seeds by both cytotypes, with no significant difference 
between them (χ2

1,187  =  0.08, P  =  0.77), although octoploids 
produced more hexaploid seeds than the tetraploids (Fig. 5A). 
This pollination treatment revealed, once again, the production 
of unreduced gametes by tetraploid individuals, via both female 
and male gametes, detected by the production of octoploid 
seeds in both tetraploid and octoploid individuals.

The mixed-ploidy pollen load treatments (treatments 4 and 
5) produced offspring with ploidy compositions that varied ac-
cording to the ploidy of the maternal plant (Fig. 5A). In mixed-
ploidy outcross pollinations (treatment 4), the offspring mostly 
had the ploidy of the mother, revealing a higher siring success 
of its own pollen. When the mixed-ploidy pollination involved 
the mother’s own pollen (treatment 5), octoploids produced 
mostly hexaploids, while tetraploids produced a few tetraploids 
through selfing and a few hexaploid seeds (resulting either 
from the fusion of self-unreduced gametes and/or from crosses 
between cytotypes). Octoploids produced significantly more 
hexaploid seeds than tetraploids in both treatments (treatment 4, 
χ2

1,186 = 4.20, P = 0.04; treatment 5, χ2
1,168 = 25.31, P < 0.001). 

Several aneuploid seeds were also observed, in particular when 
octoploids were involved (Fig. 5A).

The differences obtained in the inter-cytotype crosses (treat-
ments 3–5) led to different reproductive isolation levels de-
pending on the composition of the pollen loads (Table  1). 
Reproductive isolation caused by selfing differed between 
cytotypes: tetraploids presented an RIselfing higher than 
octoploids (RIselfing,4x = 0.59, RIselfing,8x = 0.39; Table 1). When 
the mother plant received a single-ploidy pollen load from the 
other cytotype, RIgametic of tetraploids continued to be slightly 
higher than that obtained for octoploids (RIgametic,4x  =  0.63, 
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(5) 118, 78; (experimental mixed-ploidy population) 313, 313.

Table 3. Effects of ploidy and pollination treatment in repro-
ductive success after hand-pollinations. Statistically significant 

differences at P < 0.05 are highlighted in bold

Factor Reproductive success

d.f. F P

Effect of ploidy and pollination treatment
 Ploidy 1, 289 4.87 0.027
 Pollination treatment 4, 289 222.76 <0.001
 Pollination treatment × ploidy 4, 289 10.80 0.029
Differences between cytotypes within pollination treatment
 Selfing 1, 107 4.74 0.032
 Outcross (between cytotypes) 1, 107 0.53 0.467
 Outcross (within cytotypes) 1, 61 0.37 0.543
 Mixed outcross (4x + 8x) 1, 43 0.95 0.330
 Outcross between cytotypes + selfing 1, 48 18.92 <0.001
Differences among pollination treatments within cytotype
 Tetraploids 4, 256 212.50 <0.001
 Octoploids 4, 110 32.35 <0.001
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RIgametic,8x  =  0.54; Table  1). When the mother plant re-
ceived a mixed-ploidy pollen load, RIgametic increased in both 
cytotypes (RIgametic,4x = 1.00, RIgametic,8x = 0.96), which resulted 
in almost complete reproductive isolation between cytotypes 
(RIgametic = 0.98; Table 1).

Effect of all reproductive barriers

Combining the effects of all reproductive stages resulted 
in total RI values ranging from 0.86 to 0.99 depending on the 
ploidy composition of pollen loads, with reproductive isola-
tion indices caused by selfing and gametic selection having the 
highest contribution (Table 1).

The experimental mixed-ploidy population produced similar 
results (Fig.  5B) in comparison with mixed-ploidy outcross 
pollinations (treatment 4), resulting in high RI values for both 
cytotypes (RI4x = RI8x = 0.99). No statistical differences were ob-
served in fruit set between cytotypes (z1,409 = −0.08, P = 0.938; 
Supplementary Data Fig. S1C), and, although octoploids had 
significantly higher S:O ratios than tetraploids (z1,409 = −2.26, 
P = 0.02; Supplementary Data Fig. S1D), there were no sig-
nificant differences in final reproductive success (z1,409 = −1.34, 
P = 0.173; Fig. 5B). Most of the offspring produced had the 
ploidy of the mother plant (Fig. 5B). A  few hexaploids were 
produced, but only by octoploid plants. Finally, we observed the 
production of octoploids by tetraploid mothers and decaploids 
by octoploid mothers, which suggests that unreduced gametes 
are occasionally produced. Some aneuploids were also pro-
duced by both cytotypes.

DISCUSSION

We quantified the contribution of several reproductive barriers 
to isolation between tetraploid and octoploid G.  communis, 
which co-occur in several contact zones (Castro et al., 2018). 
Our results revealed weak pre-pollination and strong post-
pollination barriers. No differences in flowering phenology and 
flower morphology were observed between cytotypes, and both 
were visited predominantly by generalist pollinators without 
cytotype foraging preferences. In contrast, post-pollination iso-
lation, resulting from gametic selection, was a strong barrier 
to inter-cytotype mating, although inter-cytotype cross-ability 
was fairly high. Additionally, selfing could play an important 
role in mediating RI. Overall, the total RI likely weakens mi-
nority cytotype disadvantage, allowing cytotype coexistence.

Pre-pollination reproductive isolation

Our results show complete overlap in flowering between 
tetraploids and octoploids in the contact zone and when grown 
in a common garden. Thus, flowering phenology by itself 
cannot prevent inter-cytotype crossing. Previous studies have 
documented significant differentiation in flowering time be-
tween cytotypes, from total flowering divergence (Petit et al., 
1997) to variable degrees of segregation (e.g. Felber, 1988; 
Bretagnolle and Thompson, 1996; Husband and Schemske, 
2000; Ramsey, 2011; Laport et  al., 2016). Complete overlap 

in flowering phenology is less common but has been ob-
served in Aster amellus (Castro et al., 2011) and Gymnadenia 
conopsea (Jersáková et al., 2010). Similar flowering times can 
result from different processes; for example, recent or recur-
rent formation of octoploids from tetraploids, where tetraploid 
flowering alleles are recurrently introgressed into octoploids at 
contact zones (Laport et al., 2016), or environmental selection 
in similar habitats.

Floral traits can affect inter-cytotype mating by influencing 
pollinator preferences (e.g. Segraves and Thompson, 1999; 
Roccaforte et  al., 2015) and by causing differential pollen 
deposition on the insect body (Grant, 1994). The main pol-
linators showed no preference for a specific cytotype and ran-
domly visited inflorescences in mixed-ploidy arrays, revealing 
that pollinators do not discriminate between tetraploids and 
octoploids. This behaviour promotes pollen exchange between 
cytotypes and thus it does not prevent inter-cytotype crosses, 
resulting in low levels of RI. Research to date reports a diver-
sity of pollinator foraging patterns, ranging from divergent 
cytotype pollinator communities to common flower visitors 
and asymmetrical visitation frequencies (e.g. Segraves and 
Thompson, 1999; Kennedy et al., 2006; reviewed in Segraves 
and Anneberg, 2016), and a lack of preferences by generalist 
pollinators or even by specific pollinator guilds (e.g. Jersáková 
et al., 2010; Castro et al., 2011; Borges et al., 2012). Together 
with a high overlap between the relative positions of sexual 
organs in tetraploid and octoploid flowers, the low differenti-
ation of pollinators contributes to an absence of RI between 
G. communis cytotypes.

Altogether, when growing in sympatry, pre-pollination bar-
riers (phenology, pollinator and morphology) in G. communis 
are very weak. In several polyploid complexes, pre-pollination 
barriers work in combination to generate RI (e.g. Van Dijk and 
Bijlsma, 1994; Segraves and Thompson, 1999; Nuismer and 
Cunningham, 2005; Roccaforte et al., 2015). However, when 
these barriers are weak or absent, as in G. communis, cytotypes 
are vulnerable to minority cytotype disadvantage.

Post-pollination reproductive isolation

Inter-cytotype crosses. Our hand-pollinations revealed RI 
levels dependent on the pollen load composition delivered to 
the stigmas. While single-ploidy inter-cytotype crosses re-
vealed fairly high cross-ability between cytotypes and the 
production of hexaploid offspring, mixed-ploidy pollen loads 
revealed high levels of RI. G.  communis occurs in mixed-
ploidy populations with variable cytotype proportions (Castro 
et  al., 2018). In these cases, mixed-ploidy pollen loads are 
expected (due to lack of pre-pollination barriers) and both 
tetraploid and octoploid mothers mostly produce offspring 
of their own ploidy. This result indicates pollen competition 
and gametic selection against alternative cytotype pollen, 
with higher siring success of pollen from the mother’s ploidy. 
Pollen competition is considered a key reproductive bar-
rier for interspecific hybridization (Carney et  al., 1996; Diaz 
and Macnair, 1999), being also observed in polyploid com-
plexes. Different pollen tube growth rates have been observed, 
for example, in Cucumis melo (Tanaka and Mukai, 1955; 
Susiacue and Álvarez, 1997) and Chamaenerion angustifolium 
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(Husband et  al., 2002; Baldwin and Husband, 2011),  
while a mentor effect was observed in Centaurea crossing ex-
periments (Koutecký et al., 2011), both affecting the fitness of 
inter-cytotype crosses. Overall, when growing in mixed-ploidy 
populations with similar cytotype proportions, post-pollination 
(and pre-zygotic) interactions are strong and lead to high RI 
between tetraploid and octoploid G.  communis, ameliorating 
minority cytotype disadvantage.

Although siring success of inter-cytotype crosses was re-
duced by pollen–pistil interactions (as detected by Baldwin and 
Husband, 2011) and possibly also by post-zygotic processes 
(Müntzing, 1933; Van Dijk et al., 1992; Burton and Husband, 
2000; reviewed in Lafon‐Placette and Köhler, 2016), single-
ploidy inter-cytotype pollinations produced hexaploid offspring 
by both tetraploids and octoploids. Under these pollen loads, the 
levels of cross-ability recorded resulted in moderate RI between 
tetraploid and octoploid G. communis. Post-pollination barriers 
were shown to be weak in some diploid–tetraploid complexes, 
with triploids being observed in mixed-ploidy populations (e.g. 
Baack, 2004; Ståhlberg, 2009). More recently, post-zygotic iso-
lation was also suggested to be weaker in higher-order ploidies 
than in diploids and tetraploids (Sutherland and Galloway, 
2017) due to lower parental genomic imbalance (Sonnleitner 
et al., 2013). Our results suggest moderate post-pollination bar-
riers for the rarer cytotype in the population (regardless of the 
cytotype), i.e. the rare cytotype will receive mostly pollen from 
the dominant cytotype, producing mostly hybrids. Under this 
scenario, pre-pollination reproductive barriers, although very 
weak, may act in concert with gametic barriers to ameliorate 
minority cytotype disadvantage.

Selfing. Pollinators can promote reproductive isolation by 
increasing self-pollination when moving among flowers of 
the same plant and reducing intermediate ploidy production 
(Husband and Sabara, 2004; Baack, 2005). In G.  communis, 
pollinators frequently visit the bottom flower and then move 
upwards, visiting all open flowers sequentially. This behaviour 
promotes pollen transfer among the flowers of the same inflor-
escence (Jordan and Harder, 2006; Jordan et  al., 2016) and, 
thus, most G. communis plants may experience self-pollination. 
Our hand-pollinations show that the presence of self-pollen 
significantly affected the fitness and offspring composition 
of G. communis cytotypes. In tetraploids, siring success after 
inter-cytotype outcrossing plus selfing was low, and the re-
sulting seeds were composed of a few tetraploid and hexaploid 
seeds, whereas octoploids produced a significant number of 
hexaploid offspring (similar to that of inter-cytotype crosses). 
Thus, in octoploids, selfing does not reduce the production of 
hexaploids. Although octoploids are more self-compatible than 
tetraploids, 2x gametes (from tetraploids) are more successful 
in fertilizing ovules when competing against 4x gametes from 
octoploid self-pollen. Contrarily, in tetraploids, self-pollen 
deposition significantly reduced the development of hexa-
ploid offspring when compared with inter-cytotype crosses, 
and consequently the cost associated with its production. The 
decrease in hexaploid offspring by tetraploids might have re-
sulted from ovule blocking by self-pollen, producing a stronger 
post-pollination barrier than the one observed in octoploids. 
This resulted in higher RI through selfing in tetraploids than in 

octoploids. From our study, post-pollination interactions are de-
termined by the origin and composition of the pollen delivered 
to stigmas and will govern the levels of reproductive isolation.

Cytotype co-existence in contact zones

When growing in sympatry under similar frequencies, post-
pollination interactions were the strongest barrier leading to 
high reproductive isolation in both tetraploid and octoploid 
plants. These interactions were corroborated in an experi-
mental mixed-ploidy population, in which resource availability 
and cytotype frequencies were controlled. Tetraploids and 
octoploids presented similar sexual reproductive success and 
produced offspring mainly of their own ploidy, supporting strong 
gametic selection. Strong RI may thus enable cytotype coexist-
ence in mixed-ploidy populations. Still, it is worth noticing that 
some levels of gene flow might occur through the production 
of hexaploids and/or through unreduced gametes produced by 
tetraploids (however, genetic studies are necessary to confirm 
this). The coexistence of cytotypes has been observed in nat-
ural contact zones, such as in the Tripleurospermum inodorum 
diploid–tetraploid secondary contact zone (Čertner et al., 2017) 
or in the Knautia arvensis diploid–tetraploid primary contact 
zone (Hanzl et al., 2014), with mixed-ploidy populations being 
found and cytotypes being reproductively isolated. Still, al-
though we attempted to quantify the contribution of multiple 
factors to assortative mating, the dynamics of the populations 
depend on several other factors. Factors such as patchy distri-
bution generated by small-scale niche differentiation, differ-
ences in competitive abilities or vegetative reproduction that 
may confer an advantage to a given cytotype or promote inter-
cytotype crosses due to plant clustering (e.g. Baack, 2004; Kao, 
2007; Kolář et al., 2009; Collins et al., 2011), or differences 
in population dynamics parameters (e.g. Münzbergová, 2007), 
such as seed germination or seedling survival, may all have the 
potential to influence plant fitness and drive cytotype frequen-
cies within the population.

Octoploid fitness advantages

Our study suggests that octoploids may experience fitness 
advantages over tetraploids. We detected the production of 
unreduced male and female gametes by tetraploid plants in nat-
ural populations, as supported by the occurrence of hexaploid 
individuals within tetraploid populations outside the tetraploid–
octoploid contact areas (Castro et al., 2018). Unreduced gamete 
production causing recurrent octoploid formation may signifi-
cantly contribute to the establishment of octoploid plants within 
tetraploid populations (Felber, 1991; Husband, 2004; Suda and 
Herben, 2013). Additionally, hexaploids produced after inter-
cytotype crosses may serve as bridges (‘triploid bridge’ as de-
fined by Ramsey and Schemske, 1998), contributing also to 
recurrent octoploid formation. The presence of flowering hexa-
ploids in natural populations demonstrates that some hexaploid 
seeds are viable and that hexaploid plants can reach reproductive 
maturity (Castro et al., 2018). Finally, octoploids show higher 
reproductive success after selfing than tetraploids, which could 
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represent a reproductive assurance under scenarios of low mating 
availability (Barringer, 2007; Borges et al., 2012; Siopa et al., 
2018). Altogether, the levels of RI observed, combined with the 
contribution of unreduced gamete formation, hexaploid produc-
tion and selfing, may provide suitable conditions for octoploids to 
emerge and increase their number within tetraploid populations.

The dynamics of contact zones of the polyploid G. communis 
complex is far from being completely understood and add-
itional information on unreduced gamete formation, pollen tube 
growth rates, later-acting barriers and life-history traits, such 
as seed viability, dispersal capacity and asexual reproduction, 
need to be evaluated to understand the entire picture.

Conclusions

In sympatry, post-pollination gametic barriers are the most 
important reproductive barrier in the polyploid G.  communis 
complex. However, the composition of the pollen delivered by 
pollinators will determine the magnitude of reproductive iso-
lation and the production of hexaploids. Because the compos-
ition of the pollen load determines both cytotype fitness and 
offspring ploidy, and contact zones are characterized by dif-
ferent mixed-ploidy spatial arrangements, the interactions be-
tween cytotypes are expected to be complex in natural contact 
zones. Strong gametic selection against alternative cytotype 
pollen under mixed-ploidy pollen loads could maintain mixed 
tetraploid–octoploid populations. Additionally, the relative fit-
ness of octoploids may increase with unreduced gamete for-
mation, hexaploid production and higher selfing success than 
tetraploids. edna
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