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Exploring the fitness consequences of whole-genome multiplication (WGM)
is essential for understanding the establishment of autopolyploids in diploid
parental populations, but suitable model systems are rare. We examined the
impact of WGM on reproductive traits in three major cytotypes (2x, 3x, 4x) of
Pilosella rhodopea, a species with recurrent formation of neo-autopolyploids
in mixed-ploidy populations. We found that diploids had normal female
sporogenesis and gametogenesis, high fertility, and produced predomi-
nantly euploid seed progeny. By contrast, autopolyploids had highly
disturbed developmental programs that resulted in significantly lower
seed set and a high frequency of aneuploid progeny. All cytotypes, but par-
ticularly triploids, produced gametes of varying ploidy, including
unreduced ones, that participated in frequent intercytotype mating. Note-
worthy, the reduced investment in sexual reproduction in autopolyploids
was compensated by increased production of axillary rosettes and the
novel expression of two clonal traits: adventitious rosettes on roots (root-
sprouting), and aposporous initial cells in ovules which, however, do not
result in functional apomixis. The combination of increased vegetative
clonal growth in autopolyploids and frequent intercytotype mating are
key mechanisms involved in the formation and maintenance of the largest
diploid-autopolyploid primary contact zone ever recorded in angiosperms.
1. Introduction
Polyploidization, the process of acquiring one or more additional haploid sets
of chromosomes (whole-genome multiplication; hereafter ’WGM’), is a key
evolutionary mechanism in angiosperms [1] (we prefer to use the term
’WGM’ over the well-established ’whole-genome duplication’ or WGD, as
odd-ploids occur relatively frequently in nature; let our article be an example
of that). WGM leads to an increase in cell size, and additional gene copies
may affect gene expression [2]. This can result in changes in morphology and
altered physiology, potentially providing a neo-autopolyploid organism with
new phenotypic traits and adaptive functions [3–6]. Despite the widespread
occurrence of polyploidy among vascular plants, we still know little about
the direct phenotypic effects of WGM and its fitness consequences. This is lar-
gely because the majority of polyploids studied are allopolyploids, which are
formed through hybridization between two or more species. In this case,
hybridization rather than polyploidization per se leads to morphological and
physiological divergence. Therefore, the direct consequences of WGM can
only be studied in neo-autopolyploids, which arise within the same species
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[7,8]. However, because autopolyploids are morphologically
and genetically like their diploid ancestors, they often go
unnoticed [9].

Since autopolyploidization is always a sympatric process
occurring in a primary contact zone through the fusion of
reduced and unreduced gametes [10,11], the newly formed
autopolyploid (also referred to as neo-autopolyploid hereafter)
faces several developmental and density-dependent challenges
that may reduce its fitness. Reduced fitness in neo-autopoly-
ploids is often caused by multivalent chromosome pairing
during meiosis, leading to aberrant chromosome segrega-
tions into gametes that cause aneuploidy and genetically
unbalanced offspring [2,12]. In addition, minority neo-autopo-
lyploids are subjected to hybridization with the more common
parental cytotype [13,14]. Consequently, heteroploid crosses
often result in seed abortion due to a shift in the ratio of
maternal to paternal genomes in the endosperm (the triploid
block [15]). Therefore, the emergence of any new trait that
would improve the reproduction of the neo-autopolyploid or
reduce the detrimental effects of interploidy crosses would
enhance its successful establishment.

Alterations in reproductive strategies following WGM
may counteract the disadvantages of a minority cytotype,
e.g. by tolerating higher rates of autogamy [16] or by trigger-
ing/promoting asexual reproduction [17]. Asexuality can be
achieved through the production of apomictically formed
seeds, where meiosis and syngamy are bypassed [18] or
through vegetative propagation [19–21]. Many apomicts are
autopolyploids, particularly among grasses [22,23], and
WGM is the primary cause of apomixis among these species,
while hybridization seems to play a significant role in known
allopolyploid apomicts [24,25].

It has been suggested that polyploids reproduce vegeta-
tively more frequently than diploids [26–28]. Despite a
positive association between ploidy level and intensity of
vegetative propagation found in multispecies analyses
[29,30], several studies using natural polyploids have pro-
vided conflicting evidence, either supporting [31,32] or
refuting this hypothesis [33,34]. One reason for this discre-
pancy may be the fact that differences in clonal traits were
assessed in established cytotypes that have undergone long-
term post-polyploidization selection [35]. This may buffer
or even erase the direct effects of WGM on clonal traits
[4,36]. Synthetically produced neo-autopolyploids has been
proposed as a solution to this problem [37,38]. While this
approach seems straightforward [39], it also has dis-
advantages like strong directional selection towards fittest
genotypes [40], chromosomal and physiological instability
of synthetic neo-autopolyploids due to collateral effects of
mitotic inhibitors [41,42], or production of neo-autotetraploid
progeny, while natural WGM often produces autotriploids
through the fusion of reduced and unreduced gametes [10].
Although natural autotriploids are highly sterile due to
unbalanced meiosis, they are the first step of WGM, and as
such they provide a ‘triploid bridge’ in the formation of
reproductively more stable autotetraploids [10,43–45].

Here, we use natural autopolyploids and explore the
direct effects of WGM on reproductive traits in Pilosella rhodo-
pea (Griseb.) Szeląg (Asteraceae). In our previous studies, we
found that: (i) the species consists of three major (2x, 3x, 4x)
and two minor cytotypes (5x, 6x) [46,47]; (ii) the major cyto-
types frequently occur in mixed-ploidy populations across
the whole species range [47]; (iii) there is no ecological and
spatial (above greater than 1 m) segregation of cytotypes
[47]; (iv) the cytotypes form morphological and genetic clus-
ters according to their population of origin [46–48]; (v) in
contrast to many polyploid Pilosella species which often
reproduce by autonomous apomixis [49], all P. rhodopea cyto-
types produce seeds sexually after double fertilization and
are self-incompatible [46]; and (vi) the three major cytotypes
produce cytotypically variable seed progeny [46]. Altogether,
the continuous production of ploidy-variable progeny and
the co-occurrence of neo-autopolyploids with their diploid
progenitors in the largest primary contact zone ever recorded
in angiosperms [47] makes P. rhodopea an ideal model for
studying the evolutionary and ecological consequences of
WGM in natural populations.

In this study, we aim to examine the impact of WGM on
reproductive traits which could determine the distributional
success of P. rhodopea autopolyploids [46,47]. To do this, we
analysed seed sets in three major cytotypes from mixed-
ploidy populations, evaluated megasporogenesis and mega-
gametogenesis in ovules, inferred the ploidy level of
developed embryos and the pathways of their formation,
and assessed the rate of vegetative growth and flowering in
a greenhouse experiment. Using these data, we answer the
following questions. (i) Does seed fertility differ between
diploids and their autopolyploid derivates? (ii) How does
WGM affect the development, viability and ploidy of
female and male gametes and embryos in autopolyploids
compared to their parental diploids? (iii) Does WGM alter
the pattern of clonal reproduction in autopolyploids?
2. Material and methods
(a) Study species
Pilosella rhodopea is a long-lived perennial herb (at least 5 years in
cultivation) with a basal rosette forming also axillary rosettes
growing from axils of rosette leaves or from axils of former
rosette leaves on rhizome, i.e. bellow the actual rosette. The
stem is 5–15 cm high and bears 1–3 inflorescences (capitula or
flower heads) [46]. Plants produce one to several stems per
rosette, and flowering takes place from July to September. This
insect-pollinated species is strictly self-incompatible [46]. The
achenes, i.e. dry single-seed fruits (hereafter ’seeds’) with
pappus, are adapted for long distance dispersal by wind. The
species occurs on subalpine and alpine grasslands on acid
bedrock in the Balkan Mountains [50].
(b) Field sampling
The plant material was collected from natural populations
during 2009–2011. To assess seed set, we sampled open and
undamaged capitula containing ripe achenes from 396 plants
occurring at several sites separated by tens of metres up to a
few kilometres along four elevational, 4–8 km long transects situ-
ated in three mountain ranges in Bulgaria in 2009 and 2010
(electronic supplementary material, table S1) [47]. Of these 396
plants, 268 plants showed complete capitula, while the remain-
ing ones had one or more incomplete capitula (in which some
seeds were missing at the time of sampling). From each plant,
we also sampled undamaged rosette leaves that were stored in
silica gel for ploidy level determination. Seeds collected in 2010
were stored at 4°C until flow cytometry analyses and the green-
house experiment. For embryological analysis, flower head buds
were sampled from several 2x, 3x and 4x mother plants at GRA
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site in 2011. Details on provenance of material used for each
analysis are given in electronic supplementary material, table S1.

(c) Ploidy level determination and flow cytometric seed
screening analyses

Ploidy level of plants was estimated from silica-gel dried leaf
tissue using a Partec ML Cyflow cytometer (Partec GmbH., Mün-
ster, Germany) equipped with a mercury lamp. Samples were
prepared in a two-step procedure using a staining buffer contain-
ing 40,6-diamidino-2-phenylindole [51,52] and Bellis perennis
(2C = 3.38 pg; [53]) as an internal standard. The DNA ploidy
level of seedlings from the greenhouse experiment was deter-
mined using a Partec CyFlow SL instrument (Partec GmbH,
Münster, Germany) equipped with an argon-ion laser. In this
case samples were prepared using a general-purpose buffer
[54] with propidium iodide (PI) as a fluorescent stain and
tetraploid Centaurea stoebe s.l. (2C = 3.0 pg; P. Mráz 2010,
unpublished data) as an internal standard.

We also used flow cytometric analyses of individual mature
seeds (hereafter FCSS) to infer the ploidy of embryos (euploid
embryos have a genome size that is an exact multiple of the haploid
genome value, while aneuploid embryos have a genome size either
greater or smaller than an exact multiple of the haploid genome
value) and reconstruct the functional reproductive pathways of
seed formation in the three major cytotypes. A total of 1500
seeds, 500 for each cytotype, were analysed (electronic supplemen-
tary material, table S1). FCSS analyses were performed with a
Partec CyFlow SL instrument using the protocol and internal stan-
dard used for ploidy level assessment in seedlings (see above).
Histograms with at least 1500 particles (nuclei) and CV of up to
6% were accepted. We considered embryos to be euploid when
the relative DNA content was within the range expected for euploid
genome (see electronic supplementary material, text S1), while
when it was either lower or exceeding threshold values, the
embryo was classified as aneuploid. Aneuploidy of selected off-
spring grown from seeds was verified by karyological approach
following [55] (electronic supplementary material, figure S4).

Reproductive pathways were inferred by comparing the endo-
sperm to embryo ploidy ratio, and only for those euploid seeds
with sufficient number of endosperm nuclei. In the case of apomic-
tic reproduction (i.e. simultaneous omission of meiosis and gamete
syngamy), the above ratio is always equal to 2 because the embryo
sacs (hereafter ’ESs’) originating from unreduced aposporic initial
cells (hereafter ’AIs’) in Pilosella develop the embryo parthenogen-
etically from a 2n egg cell and the endosperm autonomously
from a 4n central cell [56]. By contrast, in sexual reproduction
between homoploid partners the endosperm-to-embryo ploidy
ratio is always equal to 1.5 because the embryo and endosperm
develop after double fertilization of a reduced ES by two reduced
pollen spermatic cells [57]. If the endosperm-to-embryo ploidy
ratio is between 1.5 and 2 this still indicates a sexual pathway but
with participation of an unreduced or partially reduced gamete
[46]. In addition to the differentiation between sexual and partheno-
genetic reproduction, FCSS allows to infer the ploidy of the
gametes that participate in the formation of the embryo when the
ploidy of the maternal plant is known [57].

(d) Embryology
Flower buds collected in situ were fixed in a mixture of 96% etha-
nol and glacial acetic acid (3 : 1 v/v) for 24–48 h and stored in
70% ethanol at 4°C until analyses (for further details on
sample preparation see electronic supplementary material, text
S1) Ovaries and anthers were dissected and mounted on glass
slides, and both female and male sporogenesis and gametogen-
esis were analysed with a Zeiss Axiophot microscope
with Nomarski DIC optics (Carl Zeiss GmbH). Different
developmental stages were evaluated in 19 individuals and
about 600 ovules (table 1). Images were taken using a digital
image analysis system (AxioVision 4.8.1; Carl Zeiss GmbH).

(e) Potential and realized seed set in plants from
natural populations

The potential seed set per capitulum and plant was determined as
a total number of ovules (i.e. the sum of full and empty seeds col-
lected from a plant) divided by number of sampled capitula per
plant. The realized seed set per plant was determined as a pro-
portion of full (well-developed, electronic supplementary
material, figure S1) seeds from all seeds sampled per plant.

( f ) Reproductive traits in plants from the greenhouse
experiment and field survey

We used seedlings grown from seeds collected in 2010 in two
mixed-ploidy transects (electronic supplementary material, table
S1). Germination was carried out during November and December
2011 in Petri dishes placed in a growth chamber (Sanyo, Japan) with
12/12 hour light/dark photoperiod and 20°C/10°C temperature
regime. Germinating seedlings were removed regularly and trans-
planted into 2 × 2 × 4 cm bedding cells with a mixture of nutrient-
poor TKS1 soil (Floragard, Oldenburg, Germany) and fine-grained
granite sand (in proportions 3 : 1). After transplantation, seedlings
were cultivated in the greenhouse for subsequent ploidy level deter-
mination. Euploid seedlings with known ploidy level belonging to
each of the three cytotypes were subsequently re-potted into 270 ml
pots of 9 cm diameter filled with mixture of granite sand, sterilized
compost and peat bog substrate in proportions 1 : 1 : 1. The pots
were placed on two tables (representing two blocks), and their pos-
itions within each table were changed five times during the
experiment. The experiment was performed in a greenhouse at
the University of Fribourg under controlled light (16 h day/8 h
night; EYE Clean ArcTM 400 W lamps) and temperature (22°C/
15°C, day/night) from 9 February 2012 to 6 June 2012. In total,
we used 63 plants, i.e. 3 cytotypes × 21 replicates (electronic sup-
plementary material, table S2). During the experiment, we
recorded the formation and number of flowering stems and capi-
tula (electronic supplementary material, table S2). At the end of
the experiment, we counted the number of axillary rosettes, and
adventitious rosettes originated from the adventitious root buds
(root-sprouting; electronic supplementary material, table S2).

In order to verify results related to root-sprouting from the
greenhouse experiment (see Results), in August 2021 we visited
the mixed-ploidy GRA population. Based on previous knowl-
edge on microspatial distribution of cytotypes [47], we
randomly selected 10 plants from permanent 5 × 5 m plots and
sampled leaf material for ploidy level verification using flow
cytometry. Subsequently, we carefully removed a soil layer
around each selected plant to assess the presence/absence
of root buds or adventitious rosettes formed from these buds
(electronic supplementary material, figure S2).

(g) Data analyses
All statistical analyses and plotting were performed within the R
environment, version 3.6.2 [58]. The putative effect of ploidy on
potential seed sets in plants with complete capitula was assessed
using a linear mixed-effect model (LMM) with the lme function
implemented in the nlme package, version 3.1–142 [59]. The
putative effect of ploidy on realized seed sets was assessed
using a generalized linear mixed-effect model (GLMM) using
the glmer function with binomial distribution implemented in
the lme4 package, version 1.1–23 [60]. The models included
potential and realized seed sets as a response variable, and
ploidy as an explanatory variable. Sampling site, nested in one
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of the four transects, was treated as a random factor. We used
GLMMs with binomial distribution to test the effect of ploidy
on flowering probability and root-sprouting as explanatory vari-
ables, and GLMM with quasi-Poisson distribution to test the
effect of ploidy on number of root sprouts.

The anova function with likelihood ratio tests (LRT), comparing
fully fitted LMMs and GLMMs to the models from which the tested
term (i.e. ploidy) was removed, were used to test the statistical sig-
nificance of ploidy. Between-cytotype differences in tested
variables were subsequently assessed by post-hoc Tukey test using
the glht function from the multcomp package [61] suitable for
mixed models, and Wilcoxon and Fischer tests. We used χ2-test to
assess the effect of ploidy on production of unreduced euploid
gametes. The proportion of explained variance of a fixed factor
(ploidy) for LMM was computed using the partR2 function [62].
(e) (g)

ac

cc

ec

sc

( f )

Figure 1. Megasporogenesis and megagametogenesis in (a,b) diploid, (c,d)
autotriploid and (e–g) autotetraploid Pilosella rhodopea cytotypes. An inter-
pretative drawing is presented for each stage. (a) Functional and aborted
megaspores at the end of female meiosis. (b) Mature embryo sac carrying
two synergid cells (sc, at the bottom), an egg cell (ec), a central cell (cc)
with a secondary nucleus (and two nucleoli) and two visible antipodal cells
(ac; at the top). (c) Chromosomes aligned in the metaphase plate during meio-
sis I (black arrow) and a vacuolized, metabolically active initial of apospory cell
(white arrow). (d ) Aborted embryo sac during megagametogenesis. (e) Func-
tional and aborted megaspores at the end of female meiosis (two nucleoli are
visible in the diploid nucleus). ( f ) Mature embryo sac carrying two synergid
cells (sc; at the bottom), an egg cell (ec), a central cell (cc) with one of the
two polar nucleus and two visible antipodal cells (ac; at the top). (g) Aborting
embryo sac during megagametogenesis (the two nuclei of the central cell are
still visible). For each cytotype the scale bar = 10 µm.

roc.R.Soc.B
290:20230389
3. Results
(a) Whole-genome multiplication distorts megaspore

and embryo sac formation and stimulates the
expression of aposporic initial cells

Diploids showed normal development of male and female
gametophytes. After male meiosis, four meiocytes (micro-
spores) were individualized and developed into pollen
grains. After female meiosis, only one meiocyte (megaspore)
remained functional (figure 1a) and developed into an ES
containing the female gametes (an egg cell and a central
cell) showing regular polarity (table 1 and figure 1b). The pro-
portion of functional megaspores and mature ESs was high in
diploids (table 1). Antipodal cells in mature ES had an
ephemeral life (they showed early signs of abortion or were
not seen). No signs of aposporic initial cells were observed.

Triploids exhibited significant meiotic irregularities in male
and female tissues, and AIs were observed in ovules by the end
of meiosis (figure 1c). However, a high proportion of ovules had
no functional megaspores (table 1), and only a low proportion
of ESs developed further and reached maturity (table 1 and
figure 1d). Two to three antipodal cells were regularly observed
in these mature ESs. Triploids showed a relatively high pro-
portion of aposporous development compared to 4x, but all
megagametogenesis was altered showing asynchronous nuclear
divisions, irregular polarity and variable ES sizes (figure 1c,d).

Tetraploids showed slightly more regular meiosis than tri-
ploids in both male and female tissues, but not as regular as in
diploids. A high proportion of apparently functional mega-
spores was observed in ovules (table 1 and figure 1e).
However, megagametogenesis was unstable in ovules of
these individuals. In addition to ESs showing signs of abortion
or aborting (figure 1g), AIs appeared at a low proportion
during this stage (table 1). These AI cells did not develop
further or, if they developed into ESs, it was not possible to dis-
tinguish them from the regular reduced mature ESs (figure 1f ).
In one ovule, we observed a pro-embryo in a mature ES. As in
triploids, functional ESs of tetraploids had antipodals cells.

(b) Whole-genome multiplication strongly reduces seed
set in autopolyploids

In the field survey, three cytotypes differed in their potential
seed sets (LMM: LRT= 73.3, p< 0.001, ploidy explained 17%
of total variance) with diploids producing more ovules per
capitulum than both triploids and tetraploids (mean ± s.d.:
2x− 57 ± 16, 3x− 41 ± 14, 4x− 49 ± 15; figure 2a). Importantly,
diploids produced a considerably higher percentage of well-
developed seeds per capitulum compared to both autopoly-
ploids (GLMM, χ2= 1288.1, p< 0.001, and post-hoc Tukey test
based on this model; mean ± s.d.; 2x: 48.8 ± 26.7%, 3x: 7.6 ±
9.5%, 4x: 26.7 ± 26.3%) (figure 2b). Furthermore, almost 42% of
triploids were completely seed sterile, while only 8.3% and
18.1% of diploids and tetraploids, respectively, produced capi-
tula without well-developed seed (χ2= 36.6, d.f. = 2, p< 0.001).

(c) Whole-genome multiplication enhances the
production of aneuploid and unreduced gametes,
and high cytotypic variation in seed progenies

Out of 1500 seeds analysed using FCSS, the ploidy level of
the embryo was successfully inferred in 1420 seeds



Table 1. Results of embryological analyses in diploid, autotriploid and autotetraploid cytotypes of Pilosella rhodopea. Abbreviations used: Nor, normal; Abn,
abnormal; ES, embryo sac.

mother
ploidy

plants
(N )

ovules
(N )

male
meiosis

female
meiosis

functional
megaspores
(%)

aposporic
initials (%)

mature
ES (%)

Aposporic
activity (N )

2x 6 225 Nor Nor 92.86 0.00 84.75 0.0

3x 8 188 Abn Abn 44.44 16.67 52.38 23.81

4x 5 167 Abn Abna 92.6 3.7 43.75 0.0
aDespite the high proportion of functional megaspores, meiosis in tetraploid individuals was irregular compared to diploids (see details in the main text).
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(table 2). Euploid embryos were detected in 762 seeds (54%).
The majority of euploid embryos were diploid (63%), while
triploid and tetraploid embryos were less common (20%
and 11%, respectively), and high-ploidy cytotypes (5x, 6x,
7x, 8x) were rare (table 2). All three major cytotypes also pro-
duced seeds with aneuploid embryos, with frequencies
strongly differing among cytotypes. While 2x plants pro-
duced 11% of aneuploid seeds, this proportion exceeded
60% in both 3x and 4x plants (χ2 = 373.3, p < 0.001; table 2;
electronic supplementary material, figures S3 and S4).

Among 762 seeds with euploid embryos, a total of 234 did
not produce a visible (measurable) endosperm peak. There-
fore, the reproductive pathway could be reliably identified in
528 seeds (table 2). In all cases, the endosperm to embryo
ploidy ratio varied between 1.5 and 1.8, indicating that all
evaluated seeds were formed through the sexual pathway.

Concerning the formation of euploid cytotypes in seed
progeny (table 2; electronic supplementary material, figure
S5), diploids produced mostly diploid progenies through
the fusion of a haploid egg and a haploid pollen, as well as
a few triploid progenies through the fusion of a haploid
egg cell with a diploid male gamete, and a diploid unreduced
egg cell and a haploid male gamete. Triploids produced five
euploid cytotypes ranging from 2x to 6x, with the partici-
pation of haploid, diploid but also frequent unreduced
triploid egg cells. Tetraploids produced six euploid cytotypes
ranging from 3x to 8x, with the participation of diploid and
tetraploid egg cells. The proportion of unreduced euploid
female gametes in the evaluated seed progenies significantly
varied among ploidies: 0.24% in 2x (one unreduced egg cell
out of 391 euploid ones), 16.46% in 3x (13 out of 79), and
6.9% in 4x (4 out of 58) (χ2 = 54.79, p < 0.001).

As for the ploidy of pollen involved in formation of
euploid seeds in natural mixed-cytotype populations, we
recorded haploid, diploid, triploid and tetraploid pollen
grains (table 2).

(d) Whole-genome multiplication stimulates vegetative
clonal growth quantitatively and qualitatively

Initially, we intended to assess the production of axillary
rosettes arising from axillary meristems (figure 3a,d ). How-
ever, after approximately three months of cultivation, we
observed that certain plants formed another type of small
rosettes growing up from the soil, distant from the main
rosette to which they were not visibly connected (figure 3b).
After a detail inspection of the root systems, we found that
these rosettes originated from adventitious buds on roots
(root-sprouting; figure 3c,e) that were formed in auto-
polyploids, while they were completely missing in diploids
(GLMM, χ2 = 42.2, p < 0.001; figure 4a). Probability of root-
sprouting and the quantity of adventitious buds and derived
adventitious rosettes per individual plant were higher in
autotetraploids than in autotriploids (86% in 4x and 62% in
3x; figure 4a; 31 ± 24 in 4x and 25 ± 23 in 3x, respectively)
but these trends were statistically not significant (Fischer
test, p = 0.159; Wilcoxon test, p = 0.395, respectively).

Interestingly, we recorded the formation of adventitious
rosettes in one 3x offspring (D10-3C) derived from the 3x
mother plant (S10-D3), and in one 4x offspring (D7-5C)
derived from another 3x mother (R8-A1), while six 2x off-
spring produced by the same mothers (with three progenies
per mother, respectively) produced no adventitious root
buds or rosettes. Two neo-autotriploids derived from two
different 2x mother plants were also assessed for root-sprout-
ing. While one 3x offspring (D2_2D) from 2x mother (R6-A1)
produced numerous adventitious rosettes, the other 3x off-
spring (D3_9C) from 2x mother (S10_C3) did not produce
these structures. A field survey at the GRA mixed-ploidy
population revealed that all ten evaluated 2x plants lacked
adventitious root buds or rosettes, while seven out of ten
inspected 3x plants (70%), and all ten tetraploids (100%) pro-
duced at least one adventitious root rosette or bud (electronic
supplementary material, figure S2).

Regarding axillary rosettes, we recorded a positive but
non-significant trend between the number of axillary rosettes
per plant and the ploidy level (GLMM, χ2 = 5.71, p = 0.057;
mean ± s.d.; 2x: 1.33 ± 1.96, 3x: 1.52 ± 1.72, 4x: 2.24 ± 1.37;
figure 4b), with tetraploids producing significantly more axil-
lary rosettes than diploids (Tukey post-hoc based on the
GLMM model: z = 2.391, p = 0.05; figure 4b).

The probability of flowering within six months after ger-
mination significantly differed among cytotypes (GLMM,
χ2 = 18.4, d.f. = 2, p < 0.001), with almost one half of diploids
showing an induction of flowering (9 plants; 43%), while
only one triploid (5%) and no tetraploid showing flowering
shoots during that period (figure 4c).
4. Discussion
We studied the effect of WGM on reproductive traits in Pilo-
sella rhodopea—a species in which coexisting diploids and
autopolyploids share the same genetic background and
they are exposed to the same environment. The results of
our study show that, compared to diploids, WGM disturbs
female sporogenesis and gametogenesis with considerably
lowered seed set and a high proportion of aneuploid
seeds. We further show that free intercytotype mating that
includes reduced, unreduced and aneuploid gametes results
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Figure 2. (a) Potential seed set (i.e. total number of ovules per capitulum)
and (b) realized seed set (i.e. percentage of well-developed seeds per capi-
tulum) in diploid (2x), autotriploid (3x) and autotetraploid (4x) plants of
Pilosella rhodopea assessed in primary contact zones. Statistically significant
differences ( p = 0.05) between cytotypes indicated by different lower case
letters were assessed using Tukey post-hoc tests applied on LMM and
GLM model, respectively. Number of analysed plants per cytotype: 2x−
122, 3x− 110, 4x− 37.
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Figure 3. Vegetative clonal organs in diploid (2x) and autotriploid (3x) plants
of Pilosella rhodopea. (a) Axillary rosettes formed from rosette leaf axils. (b)
Adventitious root rosettes around main rosette. (c) Root system of diploid (2x)
and autotriploid (3x) plants. (d ) Axillary rosettes at the base of main rosette.
(e) Adventitious root bud of cultivated autotriploid plant.
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in cytotypically variable progenies. Reduced fertility in
autopolyploids is, however, compensated by enhanced vege-
tative propagation through axillary rosettes and the novel
expression of two asexual traits never observed in diploids,
i.e. aposporous initial cells in ovules and adventitious
rosettes on roots (figure 5). While the former trait does not
result in functional apomixis, the latter one is translated
into substantially increased clonal growth of autopolyploids.

(a) Whole-genome multiplication and sexual
reproduction

Natural autopolyploids of P. rhodopea showed substantially
lower seed set when compared to coexisting diploids. Our
results suggest that there are at least two possible factors con-
tributing to this pattern. First, the predominant multivalent
pairing of homologous chromosomes during meiosis (instead
of bivalent pairing in diploids or allopolyploids), which leads
to abnormal chromosome segregation and the production of
aneuploid gametes and zygotes with reduced viability
[2,3,11,62]. Using FCSS, we found that P. rhodopea autopoly-
ploids produced aneuploid seed progeny approximately six
times more often than diploids. This pattern suggests that
unbalanced meiosis is likely responsible for the observed
developmental abnormalities and abortion of ESs in autopo-
lyploids. Although we observed relatively high frequency of
aneuploid seeds also in diploids (ca 11%), this pattern can be
easily explained by the fertilization of normal euhaploid ES in
diploids by aneuploid pollen from co-occurring autopoly-
ploids, since diploids showed normal female meiosis with a
high proportion of mature ESs. Second, in addition to multi-
valent paring, the odd chromosome number of autotriploids
causes also unbalanced meiosis, further exacerbating the det-
rimental effect on seed production in this cytotype. Such
abnormal meioses are likely the main cause for the 40–50%
reduction in ES formation observed in autopolyploids com-
pared to diploids. In addition, crosses involving gametes of
different ploidy levels may negatively affect seed fertility
through the triploid block [15]. This process may explain
the absence or rarity of interploid hybrids in various
diploid-polyploid contact zones [63–65], or in controlled het-
eroploid crosses [63–68]. In contrast to the above examples,
the triploid block seems to be relatively weak in Pilosella rho-
dopea since we recorded frequent formation of functional
seeds from heteroploid crosses. Similarly, the absence of a
strong triploid-block effect was found in artificial crosses
between synthetic 4x Arabidopsis lyrata and 2x A. arenosa,
but not in the reciprocal crosses suggesting species-specific
sensitivity to endosperm-based hybridization barrier [69].

In the greenhouse experiment, we also recorded signifi-
cantly reduced rates of flowering in autopolyploids when
compared to diploids. Because all cytotypes in natural popu-
lations produce flowering heads and show overlapping
flowering, our results suggest a delayed flowering in young
autopolyploid plants. Cultivation of seedlings for a longer
period would be needed to test this hypothesis. In any
case, the observed delayed induction of flowering is likely a
direct effect of WGM, which may be caused by slower cell
division due to a larger cell size [26], or by an antagonistic
interaction of phytohormones involved in regulation of
sexual and vegetative reproduction [70]. This interaction
could temporarily inhibit the allocation of resources into
flowering stems in P. rhodopea autopolyploids.



Table 2. Cytotype structure, ploidy of euploid gametes, and reproduction pathways of seed progenies produced by diploid, autotriploid and autotetraploid
plants of Pilosella rhodopea co-occurring in mixed-ploidy populations.

ploidy mother
plants

ploidy embryo
(euploid)

euploid
embryo [N ] pathway

endo
[N ]

ploidy embryo
(aneuploid)

aneuploid
embryo [N ]

2x 2x 420 x+x 380 <2x 18

3x 14 x + 2x 10 2x− 3x 24

2x + x 1 3x− 4x 13

total 2x 434 [89%] 55 [11%]

3x 2x 59 x + x 45 <2x 8

3x 28 x + 2x 6 2x− 3x 51

2x + x 6

4x 43 x + 3x 4 3x− 4x 54

3x + x 5

2x + 2x 5

5x 12 3x + 2x 3 4x− 5x 124

6x 23 3x + 3x 5 5x− 6x 79

>6x 8

total 3x 165 [34%] 324 [66%]

4x 3x 107 2x + x 33 2x− 3x 51

4x 41 2x + 2x 17 3x− 4x 44

5x 8 2x + 3x 4 4x− 5x 173

6x 3 4x + 2x 3 5x− 6x 8

7x 3 – 6x− 7x 1

8x 1 4x + 4x 1 7x− 8x 2

total 4x 163 [38%] 280 [62%]

total 762 528 658

Euploid embryo [N ], number of euploid embryos (seeds) in particular ploidy group within each cytotype; Pathway, egg ploidy + pollen ploidy; unreduced egg
cells, i.e. female gametes, are in italics; Endo [N ], number of seeds showing also peaks corresponding to endospermatic tissue necessary for accurate evaluation
of reproduction pathway; Aneuploid embryo [N ], number of aneuploid embryos (seeds) in particular ploidy group within each cytotype.
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(b) Whole-genome multiplication and asexual seed
reproduction (apomixis)

Among natural apomicts (approx. 1500 species with docu-
mented apomixis [71]), the occurrence of both diploid
sexual and polyploid apomictic cytotypes is frequently
observed. In such agamic complexes, to which Pilosella
genus belong [49], diploid sexuals may (or may not) show
potential for apomixis through the rare formation of AIs or
unreduced ESs, while polyploids exhibit high proportions
of AIs and unreduced ESs. However, in all cases (except for
some Boechera species [72]), apomixis is only functional in
polyploids where the unreduced egg cell develops partheno-
genetically and produces a seed with a clonal embryo [71].
Our embryological observations agree with this pattern of
diploid sexuals, but revealed a new feature in P. rhodopea
autopolyploids. While enlarged AIs originating from somatic
tissues were not observed in diploids (as expected), those
frequently observed in ovules of 3x and 4x cytotypes were
unexpectedly non-functional, as revealed from our flow cyto-
metric analysis. Unlike other apomictic systems where the
formation of AIs and unreduced ESs are functional and pro-
duce apomictic seeds in polyploids [but see 73], in P. rhodopea
autopolyploids the apomictic pathway is not functionally
established. Consequently, relatively few developed seeds
found in autopolyploids were of sexual origin. These results
support the view that apomixis in natural populations
can be transiently activated during polyploidization and
established (or not) in the new polyploids depending
upon a combination of genetically controlled reproductive
components that are individually non-functional [74]. In
P. rhodopea, WGM induced the formation of AIs as an
evolutionary novelty in autopolyploids, but the other com-
ponents of apomixis, particularly the parthenogenetic
competence needed for fertilization-free development of the
egg cell into an embryo, aremissing (inPilosella apomicts, endo-
sperm development is independent from fertilization [75–77]).
This pattern corroborates the independence of apomeiotic and
parthenogenetic components of apomixis in the genus [78],
agrees with the theorized dynamics of the establishment of
apomixis in natural populations [74,79], and represents
(together with P. brzovecensis [73]) a rare case of species within
an apomictic genus that fails either to functionally establish
polyploid apomixis or to restore sexuality.

(c) Whole-genome multiplication and vegetative
reproduction

Our greenhouse experiment revealed that autopolyploids
invest significantly more to vegetative reproduction than
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Figure 4. Vegetative clonal traits and probability of flowering in diploid (2x), autotriploid (3x) and autotetraploid (4x) plants of Pilosella rhodopea assessed in the
greenhouse experiment. (a) Probability of adventitious root buds formation (root-sprouting). (b) Variation in number of axillary rosettes. (c) Probability of flowering.
Number of analysed plants (N ) was 21 per each of the cytotypes. Bars in (a) and (c) represent 95% confidence intervals of means derived from GLM models.
Statistically significant differences ( p = 0.05) between cytotypes indicated by different lower case letters were assessed using Tukey post-hoc tests applied on
GLM models.

2x 3x 4x

AXB

sexual reproduction

vegetative clonal
reproduction

whole genome

AXB

ADB

multiplication

Figure 5. Graphical summary of qualitative and quantitative effects of WGM on sexual and vegetative reproduction in natural Pilosella rhodopea autopolyploids in
the largest primary contact zone among polyploid lineages ever recorded in angiosperms. This summary integrates the results on realized seed set assessed in
natural populations (figure 2b) and vegetative propagation assessed in the greenhouse experiment and one natural population (figure 4a,b; electronic supplemen-
tary material, figure S2). AXB—axillary buds which are formed on rhizomes (shown) and in the axils of rosette leaves (not shown), and from which axillary rosettes
are formed. ADB—adventitious buds on roots from which adventitious rosettes (root-sprouting) are formed. Note that the expression of aposporous initial cells in
ovules of autopolyploids (figure 1)—a novel trait, when compared to ancestral diploids, but non-functional—is not depicted in this figure.

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

290:20230389

8

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

26
 J

un
e 

20
23

 

diploids. On average, autotriploids produced ca 14% and auto-
tetraploids ca 68% more axillary rosettes per plant than
diploids. Autopolyploids also produced adventitious rosettes
from root buds, a trait that has never been observed in diploids.
While many Pilosella species can propagate vegetatively
through axillary rosettes, or underground or aboveground sto-
lons [80], root-sprouting seems to be rare in the genus [81]. The
fact that all natural P. rhodopea diploids, including those pro-
duced by autotriploids, lack adventitious root buds unlike
autopolyploids strongly suggests that this trait is a direct con-
sequence of WGM. Theoretically, it could also be a trait
introgression from other Pilosella species, but this scenario is
highly unlikely because root-sprouting has only been observed
in polyploid P. piloselloides [81], and P. rhodopea does not
co-occurs with this species. Furthermore, our published
[47,48] and more recent studies (B. Šingliarová, J. Lihová & P.
Mráz 2016, unpublished results) using a wide range of multi-
locus molecular markers rule out any sign of interspecific
hybridization, with parental diploids being genetically identi-
cal with autopolyploids.

In addition to this qualitative difference, we also observed
quantitative differences in the extent of vegetative production
of both axillary and adventitious rosettes, which were
positively associated with increasing ploidy level. These mul-
tiple lines of evidence suggest that the quantitative and
qualitative shifts in vegetative growth observed in P. rhodopea
autopolyploids are triggered by WGM. While there are sev-
eral examples of quantitative shifts in clonality among
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diploids and autopolyploids (e.g. [36,38]; reviewed in [82]), to
our knowledge, there is no other example of a similar quali-
tative novelty in autopolyploids, such as the emergence of
adventitious root sprouts. We hypothesize that the altered
patterns in vegetative growth are likely caused by the dereg-
ulation of genes involved in metabolic pathways of
phytohormones responsible for plant organogenesis and
development. Our data show that the novel expression of
root-sprouting can happen in one generation only, but the
extent of its manifestation likely depends on the level of
gene-deregulation. Root-sprouting is principally regulated
by cytokinins and their interaction with auxin [83–86]. There-
fore, the deregulation of such metabolic pathway as a direct
effect of WGM is probably playing a central role in enhancing
vegetative propagation in P. rhodopea autopolyploids. In
agreement with this view, our pilot analyses assessing con-
centration of phytohormones and the expression of genes in
roots revealed striking differences among diploids and autop-
olyploids (P. Mráz, Y. Betrand, I. Dobrev, A. Soukup & B.
Šingliarová 2021, unpublished results).

(d) Origin, establishment and coexistence of
autopolyploids in a primary contact zone

Neo-autotriploids can be formed on diploids through the
fusion of one reduced and one unreduced gamete. Although
the rate of unreduced female gamete formation in diploids
was low, the cumulative importance of neo-autopolyploidiza-
tion could be substantially higher when accounting also for
unreduced male gametes, and relatively large population
sizes of P. rhodopea.

Once formed, autotriploids will benefit from reproductive
assurance throughWGM-driven root-sprouting and enhanced
production of axillary rosettes. The vegetative propagation
of autotriploids, in turn, will have a cumulatively positive
effect on sexual reproduction through enhanced production
of flowering stems and seeds. Over time, axillary rosettes,
but especially rosettes from adventitious root buds, could
detach from maternal plant and form independent individual
ramets. Because there is a variation in root-sprouting in autop-
olyploids, we suppose that the phenotype with adventitious
formation of rosettes on roots, thus assuring higher survival,
will be favoured. This could be a reason of higher incidence
of root-sprouting in the field when compared to the green-
house experiment (3x: 70% in the field versus 62% in the
greenhouse; 4x: 100% versus 86%, respectively). As auto-
triploids produce gametes of different ploidies, these can
participate in within- and among-cytotype gene flow resulting
in a variety of new cytotypes, mostly autotetraploids as
observed in our study. Since autotetraploids are also ‘armed’
with an enhanced capacity for vegetative propagation, and
as their sexual reproduction via seeds is more stable, they
further contribute to the span of the cytotype diversity
observed in the field. We assume that autopolyploidization
through unreduced gametes and subsequent reproductive
stabilization through vegetative propagation occurs in
every diploid population of P. rhodopea, and that this inter-
play between sexual and vegetative reproduction in
autopolyploids allows cytotype coexistence and explains the
present-day cytogeographical pattern [46–48].
5. Conclusion
Our study provides empirical evidence for a strong, WGM-
induced trade-off between sexual and vegetative reproduction
in Pilosella rhodopea. The direct effect of WGM on phenotype
and fitness of natural autopolyploids is still poorly explored
owing to the scarcityof suitablemodel systems.Given the recur-
rent formation of autopolyploids holding the same genetic
background and environmental context, P. rhodopea is an
ideal species to study the impact of WGM on plant phenotype,
fitness and cytotype coexistence in the wild. Although WGM
strongly reduces fertility in autopolyploids, this negative effect
is compensated by enhanced vegetative growth through
increased production of axillary rosettes and production of
adventitious rosettes from roots—a trait never observed in par-
ental diploids. Although quantitative differences in vegetative
reproduction among cytotypes have already been reported
[32,33,36,38], our study is the first one showing the novel
expression of a vegetative clonal trait in autopolyploids. This
qualitative and quantitative shift to enhanced clonality literally
changes ‘the game’ by giving autopolyploids the chance for
their establishment and maintenance with putatively strong
impact on their spatial clonal structure and ramets’s age.
Altogether, our study shows how WGM may immediately
and substantially alter the phenotype of a plant and provides
a perspective for further in-depth exploration of underlying
(epi)genetic and physiological mechanisms of this fascinating
phenotypic change.
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