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The mentor effect increases the rate of selfing in couch grasses
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Some self-incompatible species are thought to be capable of selfing via facilitation by foreign pol-
len (induced selfing or the mentor effect), which might be a phenomenon of underestimated
importance. In addition, higher percentages of selfing are linked to polyploidy. Grasses are a very
important plant group, but the degree to which they are capable of selfing (including via the men-
tor effect) has scarcely been investigated. We selected Elymus hispidus, E. repens and their hybrid
(Poaceae tribus Triticeae) as model taxa in order to test their ability to reproduce by selfing, to
assess the significance of induced selfing, and to examine the assumed link between selfing and
ploidy level (particular cytotype). Because absolute genome size of the model species of Elymus
differs significantly, we used flow cytometry as a marker for identifying selfing as opposed to out-
crossing based on comparing parental plants with their progeny. The ability for selfing and
induced selfing was determined in two complementary crossing experiments supplemented by an
open-pollination control treatment. The results confirm that both species and their hybrid are
capable of selfing and that the percentage of selfing increased significantly in the presence of for-
eign pollen. This is especially marked in Elymus hispidus (the realized seed set in autonomous
selfing was 6.2% compared to 22.7% in induced selfing). Octoploids selfed more often than
hexaploids and heptaploids, and heptaploids produced significantly fewer seeds after selfing than
hexaploids and octoploids. The pronounced selfing ability in E. hispidus (observed in both experi-
ments) may be linked to introgression. Despite probably being a very important reproductive fea-
ture, the significance of induced selfing (i.e. the mentor effect) is definitely underestimated.
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Introduction

There are two predominant sexual reproductive pathways in plants: selfing (self-pollina-
tion, ~ autogamy) and outcrossing (cross-pollination, outbreeding, ~ allogamy; Darwin
1861, Richards 1996, Briggs & Walters 2016). A significant percentage of flowering
plants (40-60%; East 1940, Igic et al. 2008) display some degree of self-incompatibility.
Nevertheless, self-incompatibility is not necessarily followed by complete outcrossing
(Igic & Kohn 2006). Analogously, self-compatibility is far from complete selfing (autogamy).
The majority of angiosperms combine different percentages of selfing with outcrossing
and obligate outcrossers, and especially obligate selfers, are probably rare (Igic & Kohn
2006, Oakley et al. 2007).
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The percentage of selfing is related to life history traits and ecology; for example,
annual species tend to be mainly selfers because their life is very short, so they need to
produce seeds quickly and in larger amounts. One obvious disadvantage of selfing is
a higher probability of inbreeding depression, leading to decreased individual fitness
(Olmstead 1989, Charlesworth 2006). On the other hand, the main advantage of selfing is
reproduction not dependent on other individuals, the services of pollinators or some
external abiotic factors such as wind or water; the consequences of outcrossing are the
opposite (Olmstead 1989). Even though a major percentage of flowering plants display
some self-incompatibility, 40-60% of angiosperms are capable of self-pollination (Horandl
2010, Fujii et al. 2016). In principle, there are three ways of avoiding self-pollination:
heteromorphic self-incompatibility, dichogamy and homomorphic self-incompatibility
(Barrett & Cruzan 1994).

In addition to highly specific spatial isolation (dioecism), heteromorphic self-incom-
patibility (SI) could be realized at the level of direct morphological differentiation,
heterostyly (e.g. distyly in Primula or tristyly in Lythrum; Darwin 1877, Barrett &
Cruzan 1994). Reproductive elements of the same flower are frequently separated tempo-
rally (different timing of maturity), i.e. dichogamy (proterandry or proterogyny). The
second way to achieve SI is called homomorphic, a genetically determined pollen
recognition system.

Homomorphic mechanisms act at the gametophytic (GSI) or sporophytic (SSI) level.
Generally, there are two ways in which GSI is realized in angiosperms: S-RNAse-type
GSI and Papaver-type GSI, and one way in which SSI is realized: Brassicaceae-type SSI
(Hiscock & Mclnnis 2003). S-RNAse-type of GSI is widely present in many families of
angiosperms (reported from Solanaceae, Rosaceae and Scrophulariaceae; Newbigin et
al. 1993). The mechanism is based on S-RNase cross-identification of pollen tubes and
style tissue (Hiscock & Mclnnis 2003).

Papaver-type of GSI, which occurs in Papaver rhoeas seems to be restricted to
Papaveraceae (Franklin-Tong & Franklin 1992). The incompatibility is mediated by
a Ca**-based signalling system induced by exposure of pollen to a stigmatic S-protein of
the same haplotype (e.g. Kao & Tsukamoto 2004, McClure & Franklin-Tong 2006, Yang
etal. 2008). Sporophytic SI, Brassicaceae-type, is determined by the S phenotype of pol-
len (one multiallelic S locus), which is determined sporophytically by the diploid geno-
type of the paternal plant and inhibition of the growth of pollen tubes occurs on surface
of stigma (Nasrallah & Nasrallah 1993) and is reported for instance in the families
Brassicaceae, Asteraceae, Betulaceae and Convolvulaceae (Brennan et al. 2011).

The degree of selfing is usually variable, meaning that selfing and outcrossing are
combined (e.g. Stebbins 1957). Selfing is realized via a number of mechanisms (cleisto-
gamy — Violaceae, Oakley et al. 2007; geitonogamy — Orchidaceae, Johnson & Nilsson
1999; facilitated selfing — Roridula, Anderson et al. 2003) and at different floral stages
(prior — Violaceae, competing — Brassicaceae, and delayed self-pollination — Asteracae;
Lloyd & Schoen 1992). Nevertheless, only a few cleistogamous species are thought to be
obligatorily selfing (e.g. Epipactis, Pedersen & Ehlers 2000; Bulbophyllum dischidii-
folium or Dendrobium chryseum, Uphof 1938; Epipogium roseum, Zhou et al. 2012).

The mentor effect (induced selfing) is a specific type of selfing in which a self-incom-
patible plant accepts its own pollen rather than that of a different species in the mixture on
its stigma surface (Richards 1997, Krahulcova et al. 1999, Tas & van Dijk 1999, Mraz
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2003). The mentor effect is reported both in sporophytic SI plant groups (Asteraceae —
e.g. Desrochers & Rieseberg 1998, Krahulcova et al. 1999, Tas & van Dijk 1999, Mraz
2003) and in gametophytic SI (Lotus; Miri & Bubar 1966, Richards 1997).

The mentor effect has rarely been proved experimentally [Asteraceae — Pilosella
(Krahulcova et al. 1999), Hieracium (Mraz 2003), Helianthus (Desrochers & Rieseberg
1998), Salicaceae — Populus (Vanden-Broeck et al. 2012) or in Rosaceae — Potentilla
(Dobes et al. 2018)]. Despite being potentially important, the mentor effect has not yet
been studied in the Poaceae.

Grasses (Poaceae) are a reproductively highly specific group that is primarily anemo-
gamous. The flowers of grasses are efficiently adapted to wind pollination; their stigmas are
feathery to improve pollen capture and stamens are versatile (Connor 1979). There are
exceptions, for example, entomogamous species of the genus Pariana (tribus Olyreae;
Connor 1979) and Paspalum dilatatum (Paspaleae; Adams et al. 1981).

Self-incompatibility is reported in at least 16 genera belonging to five out of the 13
subfamilies of the Poaceae (Yang et al. 2008). Selfing is widespread in the Poaceae.
Connor (1979) lists 45 self-compatible genera of grasses that combine selfing and out-
crossing (simultaneous presence of cleistogamous and chasmogamous florets; Connor
1979). Generally, the majority of grass genera include both selfing and outcrossing spe-
cies, which is probably related to perennial and annual life strategies (Baumann et al.
2000). Self-incompatible species are documented in the tribus Poeae, Aveneae, Triticeae,
Andropogeneae, Chlorideae, Danthoniae and Oryzae (Connor 1979, Li et al. 1997,
Baumann et al. 2000, Yang et al. 2008). Outcrossing could also be a result of dioecy, as is
in the case of some species of Poa and Festuca (Connor 1979).

Self-incompatibility in grasses is highly specific. Despite being functionally gameto-
phytic (S, Z loci represented by a polyallelic series), SI of the grass-type in effect acts like
sporophytic SI (tri-nucleate pollen at the time of dispersal, the short-lived pollen with
a high respiratory rate and dry stigma, rejection of pollen on stigma surface, maintenance
of SI'in polyploids, related pollen SI protein SCR/SP11 as in Brassica; Yang et al. 2008).
The precise genetic components of grass-type SI are still unknown (Yang et al. 2008,
Klaas et al. 2011).

In addition to rare cases of obligatory selfing, such as in Trichloris crinita (Kozub et
al. 2017), selfing in grasses exists mostly in mixed breeding systems, either as predomi-
nant with occasional outcrossing, such as in Oryza sativa (Nayar 1967), Triticum aestivum,
Hordeum vulgare (Frankel & Galun 1977) and Leersia oryzoides (with variable percent-
age of outcrossing; Darwin 1877, Fogg 1928), or minimal, such as in the ‘seed rescue’
plan in Zea mays (Dresselhaus et al. 2011). Analogously to the rest of the angiosperms,
annual species of grasses are also known to be extensively selfing (Smith 1944).

Even non-self-incompatible species are known among members of three grass sub-
families (Bambusoideae, Oryzidoideae and Centostecoideae), self-incompatibility appears
to be prevalent in grasses (Baumann et al. 2000). Probably because emasculation is diffi-
cult in grasses, reproductive modes are still understudied in grasses (Hanson & Carnahan
1956). Nevertheless, because they include crucial crops, several model species have been
under intensive investigation, especially members of the Triticeae (Haudry et al. 2008,
Escobar et al. 2010).

The tribus Triticeae, a key model group of grasses, includes species reproducing both
via self-pollination and cross-pollination (Frankel & Galun 1977, Dewey 1984, Escobar
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et al. 2010), spanning from obligate outcrossing due to strict self-incompatibility (Secale
cereale or Hordeum bulbosum; Yang et al. 2008) to high incidence of selfing (Hordeum
vulgare and Triticum monococcum; Escobar et al. 2010), which is dependent on each spe-
cies’ life strategy (see below, East 1940, Baumann et al. 2000).

Within the Triticeae, reproductive systems are mainly studied in crops (Triticum
aestivum, Hordeum vulgare, Secale cereale — Kruse 1973, Lu & von Bothmer 1991,
Petersen 1991, Escobar et al. 2010). Ancestral Triticeae were probably outcrossing spe-
cies and the transition between selfing and outcrossing took place in the direction out-
crossing to selfing, with annuals being predominantly selfers (Escobar et al. 2010).

To quantify the degree of selfing, we selected individuals of species of the central-
European genus Elymus (E. hispidus and E. repens), which belong to the tribus Triticeae.
The genus Elymus s.1. generally consists of both self-compatible species (e.g. diploid to
octoploid Elymus farctus; Melderis 1980, Dewey 1984) and strict outcrossers (e.g.
tetraploid Elymus gentryi; Dewey 1984, Assadi 1996). These scarce reports may indicate
that higher ploidal cytotypes tend to be capable of selfing (Dewey 1984).

Elymus hispidus (Opiz) Melderis [syn.: Elytrigia intermedia (Host) Nevski, Agropyron
intermedium (Host) P. Beauv., Thinopyrum intermedium (Host) Barkworth et D. R. Dewey]
is an allohexaploid species (2n = 6x = 42). Elymus hispidus is typical for steppe habitats
(Melderis 1980). It has repeatedly been reported to be capable of hybridization with
Triticum aestivum (wheat) and has extensively been used in wheat improvement (Verushkine
& Shechurdine 1933, Han et al. 2004, Fedak & Han 2005, Salina et al. 2015). Elymus
hispidus has been reported as a probable outcrosser (Dewey 1984).

Elymus repens (L.) Gould [syn.: Elytrigia repens (L.) Nevski, Agropyron repens (L.)
P. Beauv., Triticum repens L.] mostly occurs as an allohexaploid cytotype (2n = 6x =42).
Elymus repens is known as a troublesome weed and commonly grows in cereal crops.
Some breeding experiments with wheat as the male or female partner have been con-
ducted, but with few results (Armstrong 1936, Tsitsin & Lubimova 1959, Franke et al.
1992). As a wild relative of wheat, E. repens has at least once been used in wheat
improvement (Zeng et al. 2013). Elymus repens is also reported as a probable outcrosser
(East 1940, Dewey 1984). In contrast to the aforesaid suggestions, Smith (1944) indi-
cates an ability of selfing for E. repens and E. hispidus.

Elymus repens and E. hispidus hybridize frequently (incl. backcrossing; Mahelka et
al. 2005, 2007, Urfusova et al. 2021), resulting in Elymus xmucronatus (Opiz) Conert
[syn.: Agropyron mucronatum Opiz, Elytrigia mucronata (Opiz) Prokudin]. This hybrid-
ization is confirmed at the 6x level (2n = 6x = 42). Both species and their interspecific
hybrid include also rare higher ploidal cytotypes (octoploids, heptaploids, nonaploids;
Mabhelka et al. 2005, 2007, Pastova et al. 2019, Urfusova et al. 2021).

A previous investigation (Urfusovd et al. 2021) revealed extensive homoploid hybrid-
ization between hexaploid Elymus repens and E. hispidus in central Europe (based on
absolute genome sizes and morphometrics), which appears to be unidirectional towards
E. hispidus. Hybridization is reported as a way of breaking SI (Rieseberg 1997, Nasrallah
etal. 2007), which is why we hypothesize that, out of the above-mentioned taxa, E. hispi-
dus and its hybrids are more capable of selfing (compared to E. repens). Moreover,
knowledge of the reproductive modes of the model taxa is essential because they are wild
relatives of cultivated crops and there are two inconsistent opinions regarding their repro-
ductive systems (Smith 1944, Dewey 1984). A possible association of reproductive
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modes with hybridization and ploidy level (linkage to particular cytotype) has never been
tested in the Triticeae. Finally, the significance of the mentor effect in grasses has never
been investigated. Therefore, to start filling these gaps we decided to address the follow-
ing questions: (i) To what extent are model Elymus taxa capable of selfing? (ii) Does the
mentor effect (induced fertilization) increase the degree of selfing? and (iii) Is the degree
of selfing linked to particular ploidy levels?

Material and methods

We used six hexaploid plants, cloned in 24 ramets (E. hispidus, E. repens and their
hybrid, two individuals per species, each in four copies; 2n = 6x = 42) from a previous
study (Urfusovd et al. 2021) and six plants/24 ramets of higher cytotypes from the
Certoryje nature reserve (Bilé Karpaty Mts, eastern Czechia), which consisted of three
heptaploids (two E. repens individuals and one hybrid; 2n = 7x =49) and three octoploids
(two E. hispidus individuals and one hybrid; 2n = 8x = 56), see Electronic Appendix 1.
The taxonomic identity of model plants (incl. higher ploidal cytotypes) is based on their
genome size, chromosome counts and morphometrics (Urfusova et al. 2021). Thirty-seven
characters were measured in the same way as described in Urfusova et al. (2021), incor-
porated in the original matrix and then statistically evaluated by principal component
analysis (PCA), which additionally confirmed our determination (Electronic Appendix 2).

The identity of 48 ramets of 12 Elymus parental plants (used in the main pollination
experiment) was confirmed by absolute genome size analysis and chromosome counts
(Electronic Appendix 3).

Experimental design

The experiment consisted of three main treatments: 1, 2a and 2b (Table 1), for testing for
three different modes of reproduction (autonomous selfing, induced selfing via pollen of
a close relative, and induced selfing via pollen of a distant relative). Moreover, a fourth
treatment a positive control was adopted to confirm the overall seed production/fertility
of the species (open-pollination; Table 1). The control experiment was done only with
hexaploid Elymus plants. A more complete set of control treatments would have
exceeded our time and budget constraints.

The main pollination experiments were carried out in a greenhouse of an experimental
garden at the Institute of Botany of the Czech Academy of Sciences in Prihonice during
the growing seasons of 2018 and 2019. Altogether we cultivated 48 ramets of 12 Elymus
individuals of different species and ploidy levels (Electronic Appendix 1). The reproduc-
tive mode experiments involved controlled pollination of different species/cytotypes
(Table 2). To test the significance of the mentor effect (induced selfing), we pollinated
a set of model plants with pollen of different cereals, including both diploid (Triticum
monococcum, Hordeum vulgare, Secale cereale) and polyploid (Triticum aestivum and
xTriticosecale) cytotypes, in addition to different Elymus cytotypes (Electronic Appen-
dix 1). Details of the experimental set-up are presented in Table 2.

Spikes were covered by pollination bags (solid flat bag made of pergamin used
by Triticum breeders; Baumann, Saatzuchtbedarf, Waldenburg, Germany) before anther
and pistil maturity and then pollinated according to a particular treatment (Table 1).
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Table 1. — Design of greenhouse pollination experiments and methods of working with Elymus plants.

Treatment Test for Manipulation
1 autonomous selfing covering a single spike or two spikes of a plant with
a pollination bag before anther maturity
2a mentor effect caused by close covering one spike with a pollination bag before anther
relative taxa maturity, then pollinating with pollen from other Elymus sp.
b mentor effect caused by distant covering one spike with a pollination bag before anther
relative taxa maturity, then pollination with pollen from cereals
control seed production/fertility open pollination

Table 2. — Results of crossing experiments. Values in bold indicate the incidence of selfing in each species stud-
ied. The first number (N) is the number of spikes pollinated, followed by the number of pollinated florets and
the number of seeds that developed. The names of genera included in the experiments are abbreviated as fol-
lows: E. — Elymus, T. — Triticum, H. — Hordeum, S. — Secale.

Pollen donor

Mother species

N/florets/seeds E. hispidus 6x E. hispidus 8x E. repens 6x E.repens 7x hybrid 6x hybrid 7x  hybrid 8x

E. hispidus 6x 12/676/2 1/72/2 1/72/0 1/102/0 1/60/0 1/105/0 1/33/0
E. hispidus 8x 0/0/0 19/1483/11  0/0/0 0/0/0 2/235/0 0/0/0 1/132/0
E. repens 6x 1/72/0 2/123/5 18/1222/3 1/90/0 1/100/0 1/115/0 0/0/0
E. repens Tx 3/280/1 0/0/0 0/0/0 17/1547/0 1/80/0 0/0/0 0/0/0
hybrid 6x 3/212/0 4/325/18 3/246/0 1/138/0 15/1186/0  2/170/0 0/0/0
hybrid 7x 0/0/0 0/0/0 2/58/0 0/0/0 1/72/0 11/960/3  0/0/0
hybrid 8x 1/60/0 1/95/8 0/0/0 0/0/0 0/0/0 0/0/0 24/1928/7
T. monococcum 1/85/0 1/100/2 0/0/0 0/0/0 0/0/0 1/95/0 0/0/0
T. aestivum 18/1118/17  10/742/17 6/401/0 4/321/0 25/1641/0  8/664/10  7/491/7
H.vulgare 0/0/0 1/110/15 3/144/0 1/64/0 2/134/6 1/88/0 0/0/0
xTriticosecale 2/195/4 1/76/0 3/244/0 2/246/0 3/399/0 1/100/0 0/0/0
S. cereale 0/0/0 1/105/5 3/274/0 1/120/0 3/274/0 1/80/0 1/126/0
Control (open

39/814/9 0/0/0 11/786/9 0/0/0 5/208/0 0/0/0 0/0/0

pollination)

Pollinations (induced selfing treatment) were done as follows: The upper part of the polli-
nation bag was cut, when stigmas emerged from spikelets, foreign pollen was sprinkled
on them. The pollination bag was then stapled. No embryo rescue or hormone treatment
frequently used in Triticeae experiments (e.g. Lu & von Bothmer 1991, Petersen 2008)
was applied. After pollination, the spikes stayed covered until seed maturity. We counted
the spikelets on each spike. Subsequently, we counted florets per spikelet in five selected
spikelets in the central part of the spike (the average number of florets was multiplied by
the number of spikelets). Mature seeds were counted and then allowed to germinate.
Control open-pollination was checked in the experimental garden of the Faculty of
Science at Charles University in Prague. A control set of 23 ramets of nine hexaploid
Elymus individuals was left to open-pollinate with any of the Elymus plants cultivated in
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experimental fields (Electronic Appendix 4). Plants were grown in pots in close proxim-
ity to flowering plants of different Elymus accessions, according to the study of Kozub et
al. (2017), with the aim to maximize the probability of pollination. Open-pollination was
employed to assess the overall fertility of hexaploid plants and to exclude completely
sterile plants.

Seed germination

Seeds were freed from glumes, lemmas and palaeas and then germinated in Petri dishes
on wet filter paper in a germination chamber (23°C/10°C; 12 h photoperiod). After ger-
mination, seedlings were transferred to a greenhouse (Charles University, Prague,
Czechia).

Flow cytometry

Flow cytometry was used for the determination of absolute genome size (GS) of parental
plants and progeny. In total, absolute genome size of 31 parental (average variation coef-
ficient CV = 2.04) and 128 progeny (average CV = 2.43) were analysed. Pisum sativum
L. ‘Ctirad’ (2C =9.09 pg; DoleZel et al. 1998) served as the internal standard. We followed
the protocol of DoleZel et al. (2007) with Otto buffers, only slightly modified as described
in Urfusové et al. (2021). Each sample was analysed using a Partec CyFlow SL flow
cytometer (Partec GmbH, Miinster, Germany) equipped with a green solid-state laser
(Cobolt Samba, 532 nm, 100 mW). All samples were analysed twice on different days,
and only analyses in which the variation between the two measurements did not exceed
3% were considered, provided that the coefficient of variance of individual samples was
below 5%. Isolated stained nuclei were excited with a laser beam and the fluorescence
intensity of 5000 particles was recorded. The resulting histograms were analysed using
FloMax software (version 2.4d, Partec, Miinster, Germany). Genome sizes of progeny
and parental plants are presented as graphs produced in Microsoft Excel 2010.

The distribution of GS of progeny was compared with that of their parents (Fig. 1).
The progeny GS values of the induced selfing experiment were classified into one of
three categories (selfing, outcrossing, unresolved) and of two categories (selfing, unre-
solved) for the autonomous selfing experiment. A logical step to establish categories of
progeny would be to derive a threshold for the induced selfing experiment from the
autonomous variation of the GS. Regrettably, autonomous selfing resulted in very few
seeds. That is why we defined the selfing category as the differences between absolute
GS analyses of progeny using an arbitrary threshold of 10% (i.e. the interval of +0.05
times the maternal GS) in the autonomous selfing experiment. The outcrossing category
was established as the interval of +£0.05 times around hypothetical intermediate GS value
between maternal and paternal plants. GS values that did not fit into the selfing or out-
crossing category (or fell into both) were classified as unresolved (the category also
includes other potential sources of GS variation, such as irregular meiosis).

Chromosome counting

Chromosomes were counted in 12 parental Elymus plants. Root tips of cultivated plants
were collected and pretreated according to Kopecky et al. (2005). Mitotic metaphase
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spreads were prepared from root tips following the protocol of Masoudi-Nejad et al.
(2002). Slides with chromosomal spreads were evaluated under a Zeiss PrimoStar HAL
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with phase con-
trast and an AxioCam ERc 5s Rev.2 camera (Carl Zeiss Microscopy GmbH, Jena, Ger-
many). ZEN 2.3 imaging software (Carl Zeiss Microscopy GmbH, Jena, Germany) and
Zoner Photo Studio 18 software were used for the processing of images. Ploidy level data
and chromosome counts for crops were obtained from the breeding stations Selgen, a.s.
(CZ) and Danko Hodowla Roslin Sp. z o.0. (PL).

Statistical analysis

The effect of selfing type, maternal and paternal plant ploidy level and species identity on
seed production in the entire dataset (autonomous selfing and induced selfing experiment
—treatments 1, 2a, 2b; Table 1) was tested using generalized linear mixed-effects models
(GLMM, using R 3.6.2, functions glmer, glht, anova, overdisp_fun; R Core Team 2013,
Bates et al. 2015; Tables S3, S4 and S5). We tested separately the effect of selfing type
(autonomous vs. induced selfing), the effect of the ploidy level of the maternal and pater-
nal plant, and the effect of the maternal and the paternal plant species on seed production
(number of seeds/number of florets per spike) using GLMM (using R 3.6.2, functions
glmer, glht, overdisp_fun; testing of one factor combined with random effect, binomial
distribution). We divided our dataset according to selfing type (autonomous vs. induced
selfing) and tested separately for the effect of the maternal and paternal plant species
identity and the ploidy level of maternal and paternal plants in these two partial datasets.
In addition, we tested the effect of diploid and polyploid pollen donors on induced selfing
in the induced selfing partial dataset. Maternal plant identity was entered as a random
effect in all analyses. After GLMM we performed post-hoc tests (general linear hypothe-
sis, Tukey contrasts) to assess which groups differed significantly.

We tested overdispersion in the generalized linear mixed-effects models (GLMM,
using R 3.6.2, function overdisp_fun; R Core Team 2013, Bates et al. 2015), where the
ratio was lower than 1 and P = 1. Generalized mixed-effect model (GLMM) with bino-
mial distribution was used to explain the effect of ploidy, maternal species, paternal spe-
cies and type of selfing as fixed factors and maternal plant identity as a random factor on
seed production. The same model was used to explain the percentage of germination. The
statistical significance of terms was inferred using a likelihood ratio test (LRT), which
compared a fully fitted model to the model from which the tested term was removed
(Bretz et al. 2016).

Results

We tested whether the Elymus species under study were capable of autonomous selfing
(self-fertilization) or induced selfing (via the mentor effect) and whether there was any
correlation with ploidy level or hybrid origin. For the plants used in the crossing experi-
ments, we checked 19,721 florets (keeping in mind that the number was partially derived)
from 261 spikes and found that 51 spikes contained 143 seeds (Table 2, 3, 4, Fig. 1, Elec-
tronic Appendix 5). Control seed production in nine individuals/23 ramets yielded 50
seeds from 23 spikes and 1808 florets.
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Absolute genome size of progeny plants

Absolute genome sizes of plants were determined in order to assess the origin of the prog-
eny. The genome sizes of 128 seedlings originating from 143 seeds (a few died at the 2-
leaved seedling stage, Table 4) were measured and compared with the genome sizes of
both parental species (Fig. 1).

Autonomous selfing

The autonomous selfing treatment of both hexaploids and higher cytotypes yielded 26
seeds (23 germinated) from 7272 florets, and the GS of 11 fell within the +5% interval of
the selfing category (Table 2, Fig. 1). Whereas both hexaploid Elymus species had low
percentages of autonomous selfing (E. hispidus 0.3%; E. repens 0.25%), hexaploid
hybrid plants did not yield any progeny, despite a relatively high number of selfed spikes
among the fifteen spikes and 1186 florets (Table 2).

In the cases of selfed (autonomous selfing) hexaploid Elymus plants, the GS of the
progeny reached the values of the maternal plants: Two seedlings of E. repens, which
developed from 18 spikes with 1222 florets, and two seedlings of E. hispidus, which
developed on 12 spikes with 676 florets, fell within the arbitrary +5% interval of the
selfing category (Table 2, Fig. 3).

The progeny of heptaploid and octoploid cytotypes was markedly heterogeneous (see
Table 2 and Fig. 3). Octoploid cytotypes were capable of autonomous selfing that
resulted in 18 seeds from 43 spikes of three individuals and 3411 florets. Nevertheless,
the GS of a significant part of their progeny markedly differed from that of their maternal
plants (by up to 30%) and five of the 16 seedlings exceeded the arbitrary + 5% interval of
selfing, thus they fall into the unresolved category (Fig. 1). In contrast to even ploidies,
heptaploid E. repens did not produce any viable progeny from 17 spikes and 1547 florets.
Heptaploid hybrid produced three seedlings from 11 spikes and 960 florets, and their GSs
again reached very high values (up to 10% difference) compared to the GS of maternal
plants; no seed from the three seedlings fell within the arbitrary +5% interval of the
selfing category (Fig. 1).

Induced selfing

Induced selfing of hexaploid E. repens did not result in any seedlings from 21 spikes and
1439 florets. By contrast, the response of hexaploid E. hispidus was markedly stronger
and its progeny was categorized as selfed: 22 seeds and 22 seedlings from 29 spikes and
2022 florets. The genome size of the progeny corresponded to the selfing category, even in
cases of hexaploid hybrid maternal plants: six seedlings from 39 spikes and 2995 florets.
Heptaploid E. repens did not produce any seed in the induced selfing experiment,
which involved 11 spikes and 1081 florets (treatments 2a, 2b in Table 1), similar to that in
the autonomous selfing treatment (Table 2, 3, 4). By contrast, heptaploid hybrid plants
(from 16 spikes and 1417 florets) produced progeny that fell within all three arbitrary cat-
egories: three seedlings in the selfing category, three seedlings in the outcrossing cate-
gory and two in the unresolved category, because of being in the overlap between selfing
and outcrossing intervals of categories (categories defined above, Table 2—4, Fig. 1).
Octoploids, both hybrid and E. hispidus, again, produced progeny of all three categories,
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Table 3. — Numbers of spikes pollinated, seeds and florets in autonomous selfing, induced selfing and control
open-pollination experiments. Induced selfing involved using pollen from Elymus hispidus, E. repens, hybrids,
Hordeum vulgare, Secale cereale, Triticum aestivum, T. monococcum or xTriticosecale.

Mother Mother  Type of reproduction No. of No. of Seed per  Fertile/total nr. of spikes
species ploidy seeds florets floret [%]

E. hispidus 6x induced selfing 22 2022 1.09 10/29 (34%)
E. hispidus 8x induced selfing 72 1748 4.12 15/22 (68%)
E. repens 6x induced selfing 0 1439 0 0/21 (0%)
E. repens 7x induced selfing 0 1081 0 0/11 (0%)
hybrid 6x induced selfing [§ 2995 0.20 1/39 (3%)
hybrid 7x induced selfing 10 1417 0.71 2/16 (13%)
hybrid 8x induced selfing 7 782 0.90 2/10 (20%)
E. hispidus 6x autonomous selfing 2 676 0.30 2/12 (17%)
E. hispidus 8x autonomous selfing 11 1483 0.74 7119 (37%)
E. repens 6x autonomous selfing 3 1222 0.25 3/18 (17%)
E. repens 7x autonomous selfing 0 1547 0 0/17 (0%)
hybrid 6x autonomous selfing 0 1186 0 0/15 (0%)
hybrid 7X autonomous selfing 3 960 0.31 2/11 (18%)
hybrid 8x autonomous selfing 7 1928 0.36 7124 (29%)
E. hispidus 6x open pollination control 39 814 4.79 5/9 (56%)
E. repens 6x open pollination control 11 786 1.40 719 (78%)
hybrid 6x open pollination control 0 208 0 0/5 (0%)

Table 4. — Seed germination and seedling survival; N — total number of spikes with developed seed.

Mother Mother Type of reproduction N No.of  Germinated Percentage Surviving Percentage

species ploidy seeds of seed that of seedlings
germinated that survived

E. hispidus 6x induced selfing 10 22 22 100 21 95.5

E. hispidus 6x autonomous selfing 2 2 2 100 2 100.0

E. repens 6x autonomous selfing 7 3 3 100 2 66.7

hybrid 6x induced selfing 1 6 6 100 6 100.0

hybrid 7x induced selfing 3 10 8 80 8 100.0

hybrid 7x autonomous selfing 1 3 3 100 3 100.0

E. hispidus 8x induced selfing 2 72 66 92 63 95.5

E. hispidus 8x autonomous selfing 2 11 10 91 10 100.0

hybrid 8x induced selfing 2 7 7 100 6 85.7

hybrid 8x autonomous selfing 7 7 6 86 6 100.0

21 seedlings in the selfing category, 12 seedlings in the outcrossing category and 36 seed-
lings in the unresolved category (16 of those in the unresolved category were again due to
overlap), from a total of 32 spikes and 2530 florets (Table 2—4, Fig. 1). The selfing of the
progeny of octoploids in the induced selfing experiment was mainly facilitated by pollen
from cereals (15 out of 21 seedlings), whereas for outcrossing it was predominantly
Elymus (11 of 12 seedlings).

Open pollination: control experiment

Hexaploid Elymus repens produced 11 seeds from of 786 florets and E. hispidus pro-
duced 39 seeds from 814 florets in the control experiment. The percentage of seed per flo-
ret was generally greater than in the experimental pollinations (see Table 3).
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Elymus hispidus

Whereas E. repens and its hybrids did not yield any progeny in some of the treatments,
the results for E. hispidus were positive in all treatments (including the control open-pol-
lination experiment: 39 seeds from 814 florets; Table 2, 3, Fig. 1), so we selected their
partial dataset for further statistical comparison.

To relate the results from the open-pollination control experiment (realized seed set
4.8% per floret for hexaploid E. hispidus) to those of both the autonomous and induced
selfing treatments, the realized open pollination seed set was set at the maximum seed
production (100%), and then expressed as a relative value. The recalculated realized seed
set (i.e. expressed as a percentage of the control seed set) of hexaploid E. hispidus was
6.2% of the maximum realized seed set in the autonomous selfing treatment and 22.7% of
the maximum realized seed set in the induced selfing treatment. The mentor effect
resulted in a 3.7-fold greater percentage of selfing.

Total fertility (seed production)

The entire dataset (autonomous selfing and induced selfing experiment and treatments 1, 2a,
2b; Table 1) was analysed statistically as described above. Whereas up to this point the
dataset consisted only of the values (genome size) of germinated seeds, in further analy-
ses we considered the number of seeds produced per particular cross (number of seeds/
number of florets expressed as a percentage for each pollinated spike). Nevertheless, the
percentage of germination was generally very high: that of hexaploid plants was 100%
and that of higher ploidies (7x, 8x) 91.5% on average (for more details see Table 4).

Elymus hispidus plants (octoploid and hexaploid) produced significantly more seeds
[x*(2) = 17.474 Df resid = 257, P = 0.00016; Electronic Appendix 6] than the other taxa,
whereas hexaploid E. hispidus plants did not differ significantly from the rest of the
plants in seed production (analysis of maternal plant species identity combined with its
ploidy level, Electronic Appendix 6). Particularly, octoploid E. hispidus produced signif-
icantly more seeds than hexaploid E. repens and hexaploid hybrid plants [y (2) = 14.884,
Df resid = 257, P = 0.00059; Electronic Appendix 6] and also hexaploid E. hispidus
plants [x* (1) = 4.407, Df resid = 79, P = 0.03579; Electronic Appendix 6].

Hexaploid hybrids produced significantly lower percentages of seeds than octoploid
hybrids [separate analysis of hybrid plants, x> (2) = 6.0933, Df resid = 108, P = 0.04752;
Electronic Appendix 6].

If only ploidal groups are considered, octoploids (regardless of their taxonomic identity)
produced significantly more seed than hexaploids [both treatments: %> (2) = 14.884, Df
resid = 257, P = 0.00059; induced selfing: ¥* (2) = 8.2165, Df resid = 141, P = 0.01644;
Electronic Appendix 6] and heptaploid plants [both treatments: % (2) = 14.884, Df resid
=257, P = 0.00059; autonomous selfing: ¥ (2) =7.2812, Df resid = 112, P = 0.02624;
induced selfing: x? (2) = 8.2165, Df resid = 141, P = 0.01644; Electronic Appendix 6].

Next, the ploidy levels and taxonomic categories were considered and their seed pro-
duction compared within partial datasets. There was significant difference between
hexaploid hybrids and hexaploid E. hispidus in seed production [hybrids produced
alower number of seeds, 12 (2) =9.7565, Df resid = 126, P = 0.00761; Electronic Appen-
dix 6], but there was no significant difference between 6x hybrids and 6x E. repens and
also 6x E. repens and 6x E. hispidus in seed production [3? (2) = 9.7565, Df resid = 126,
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P =0.00761; Electronic Appendix 6]. Elymus hispidus plants (both ploidies) produced
significantly more seeds than E. repens plants (both ploidies) in the autonomous selfing
dataset [y* (2) = 6.407, Df resid = 112, P = 0.04062; Electronic Appendix 6] and more
seeds than hybrid plants in the induced selfing dataset [¢* (2) = 17.269, Df resid = 141,
P =0.00018; Electronic Appendix 6].

In addition, the influence of paternal plant species and ploidy level were separately
tested in the induced selfing experiment and no significant influence of diploid vs.
polyploid paternal plant was found [} (1) = 1.941, Df resid = 142, P = 0.1636; Electronic
Appendix 6], but there are significant differences in seed production in the induced
selfing experiment between 6x and 2x and 8x and 6x paternal plants [¢* (3) = 15.142,
Df resid = 140, P = 0.0017; Electronic Appendix 6]. An influence of paternal plant spe-
cies on induced selfing was also recorded [x* (7) = 29.389, Df resid = 136, P = 0.00013;
Electronic Appendix 6].

Finally, the comparison of the results of the two experiments in the entire dataset
revealed that induced selfing (mentor effect) produced significantly more seeds than auto-
nomous selfing [x* (1) = 8.3748, Df resid = 258, P = 0.00381; Electronic Appendix 6].
The same pattern as in the test of the entire dataset was also found in a partial dataset anal-
ysis of E. hispidus maternal plants [x*(1)=0.0007, Df resid = 79, P = 0.00176; Electronic
Appendix 6].

In addition, we determined (by fitting generalized linear mixed-effects model) the
characters that contributed most to seed production, using the entire dataset. There was
no overdispersion in our models. Paternal plant species [¢* (6) = 26.31, Df resid = 250,
P =0.00019; Electronic Appendix 7] and maternal species [x*(2) = 12.247, Df resid = 246,
P =0.00219; Electronic Appendix 7] were identified as the most significant factors, fol-
lowed by the ploidy level of the maternal plants [x? (2) = 5.3194, Df resid = 246, P =
0.06997; also confirming the significance of E. hispidus seed production indicated by
GLMM with one factor tested; Electronic Appendix 6]. Furthermore, it supported the
results of the two step GLMM analysis. The first step, analysis of successful vs. unsuc-
cessful crosses confirmed the importance of the maternal plant species [¢* (2) = 19.401,
Df resid = 246, P = 6.127-107%; Electronic Appendix 8] followed by maternal plant ploidy
level [¥* (2) = 4.7052, Df resid = 246, P = 0.09512; Electronic Appendix 8]. Subse-
quently, analysis of only successfully pollinated spikes confirmed the importance of
paternal plant species [¢* (6) = 16.055, Df resid = 41, P = 0.01346; Electronic Appendix 8]
and type of selfing [¢* (1) = 7.6176, Df resid = 36, P = 0.00578; Electronic Appendix 8].
The generalized linear mixed-effects model did not reveal any factors that significantly
influenced the percentage of germination (Electronic Appendix 7).

Discussion

Despite being reported as outcrossers (Dewey 1984), the results presented indicate that
Elymus hispidus, E. repens and their hybrids are capable of selfing. Although selfing remains
a minor reproductive pathway in E. repens, in E. hispidus a significant percentage of the
progeny may be produced via autogamy. Induction by foreign pollen (mentor effect)
increased the percentage of selfing significantly, especially in hexaploid E. hispidus.
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Fertility rate

Overall seed production by Elymus hispidus and E. repens was very low. The open-polli-
nation control experiment of euploid plants resulted in a 3.1% increase in seed production
per floret (compared to both selfing experiments: 0.5%). Nevertheless, our results are
congruent with the pollination experiments of Smith (1944). In autonomous selfing
experiment Smith (1944) reports 0.5% seeds per floret in E. repens (respectively 0.7% in
E. hispidus) compared to our results of 0.2% in E. repens and 0.3% in E. hispidus. How-
ever, the design of Smith’s (1944) and our experiments were different. Smith’s study was on
many individuals of each species whereas we used ramets of two genotypes per species.

Comparison of seed production in both selfing experiments with an open-pollination
control may be affected by the different abiotic and biotic conditions in the greenhouse
and experimental garden (different temperature fluctuations, light radiation, air flow,
pathogens etc.) as well as between bagged and open-pollinated inflorescences. We are
aware that temperature, light and humidity, time of the flowering season and age of
a flower are relevant and generally accepted factors affecting the percentage of selfing
(e.g. Lloyd & Schoen 1992). Finally, a factor, which may have influenced the results of
the pollination experiments directly is the way they were pollinated (artificial vs. natu-
ral). Artificial pollination could positively affect seed production, especially by placing
a sufficient amount of mature pollen grains directly on receptive stigmas (e.g. King et al.
2007).

In addition to the various limitations of the reproductive experiments, the low produc-
tion of seed may also be linked to the clonality of both species of Elymus (Szab6 1979,
1981), as there is a trade-off between clonality and sexual reproduction (Herben et al.
2015, Van Drunen et al. 2015). The limited sexual reproduction of clonal plants is proba-
bly manifested by a lower pollen production (Vallejo-Marin et al. 2010).

In both selfing experiments, seed production was significantly greater in E. hispidus
plants. The higher percentage of selfing in Elymus hispidus could be linked to ongoing
introgressive hybridization (Urfusova et al. 2021), meaning that the hybrid origin may
facilitate selfing (Snyder 1951, Rieseberg 1997, Petit et al. 1999, Nasrallah et al. 2007).
Hybridization between E. hispidus and E. repens is asymmetrical towards the former spe-
cies (Mahelka et al. 2007, Urfusova et al. 2021). By contrast, the majority of E. repens
populations appear to be unaffected (Urfusové et al. 2021). Moreover, the greater per-
centage of self-compatibility in E. hispidus may be a consequence of its specific ecologi-
cal preferences (Melderis 1980, Conert 1998) because steppe localities in central Europe
are usually rare, small in area and isolated. As a result, its populations are smaller and
consist of low numbers of genotypes, so a greater selfing ability could be advantageous
under such conditions (Szczepaniak et al. 2009).

Evidence for a positive correlation between ploidy and the degree of autogamy is
reported repeatedly (self-compatibility; Baker 1955, Thompson & Lumaret 1992, Otto &
Whitton 2000), but our results do not support such link in the genus Elymus. Elymus
plants of higher ploidy levels probably do not support the trend, because they are excep-
tional, abnormal cytotypes probably of hybrid origin and their natural abundance is very
low (compared to the predominant hexaploids; Urfusova et al. 2021).
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Percentage of germination

The evaluation of percentage of germination divided our maternal plants into two major
groups: hexaploid plants (E. hispidus, E. repens and their homoploid hybrids) and aber-
rant cytotypes (heptaploids and octoploids). Whereas 100% germination was recorded
for hexaploids, in higher polyploid cytotypes it was generally lower (80-100%, Table 4).
The significant percentage of sterile/non-vigorous seed was probably a consequence of
their hybrid origin and especially of an unbalanced composition of the subgenomes
(Mason-Gamer 2008, Mahelka et al. 2011, Pastova et al. 2019). Higher ploidy cytotypes
of Elymus species are reported to be less fertile or even sterile (Mahelka et al. 2007), as
has been reported for other plant groups (Richards 1997, Padmanaban et al. 2017).

Autonomous and induced selfing

Despite the low degree of autonomous selfing in hexaploid plants of E. hispidus, mark-
edly increased seed production was recorded in the induced selfing experiments (3.7-
fold, Table 3), which is also mirrored by the GLMM analysis of the entire dataset.
Because pollen of related taxa is ubiquitous under natural conditions, especially that of
anemogamous taxa, the true significance of induced selfing (i.e. the mentor effect) is
likely to be underestimated and may have numerous consequences. Desrochers &
Rieseberg (1998) suspect that the mentor effect increases the probability of the establish-
ment of hybrid species. In addition, the mentor effect could induce selfing of otherwise
sterile hybrids and enhance invasiveness (Vanden-Broeck et al. 2012). Koutecky et al.
(2011) suggest that the mentor effect is an important mechanism preventing heteroploid
hybridization. Therefore, the better ability of Elymus hispidus and the octoploid cytotype
to reproduce via autonomous and induced selfing is probably linked to hybridization and
isolation of their populations or clones (see above).

The majority of the selfing experiments (mainly on SI species) conducted so far indi-
cate a merely theoretical value of autonomous selfing, which could be markedly greater
because of the mentor effect even among entomogamous species under natural conditions
(see Hieracium — Mraz & Paule 2006; Pilosella — Krahulcova et al. 1999; Taraxacum —
Tas & van Dijk 1999; Helianthus — Desrochers & Rieseberg 1998; Populus — Vanden-
Broeck et al. 2012; Potentilla — Dobes et al. 2018; Centaurea — Koutecky et al. 2011).

Moreover, Shibaike et al. (2002) indicate the possible importance of phylogenetic
relatedness in inducing selfing (higher rates of induced selfing in crosses of Taraxacum
sect. Mongolica and Ruderalia than in crosses among species within the sect. Mongolica).
Our data indicate a similar trend because the mentor effect induced by cereals in
hexaploid E. hispidus is five-fold greater (1.5% seeds per florets) than when induced by
other Elymus cytotypes and species (0.3% seeds per florets). Nevertheless, the tribus
Triticeae is not a suitable model group for such an analysis, because its complex reticulate
evolution does not enable us to determine phylogenetic relatedness (Escobar et al. 2011,
Bernhardt et al. 2017). That is why we do not present this trend in the Results section.

The results of both our selfing experiments with higher polyploids can be interpreted
in multiple ways because the genome size of their progeny is frequently variable com-
pared to that of their parents (exceeding the arbitrary interval of £5%; see Fig. 1). Never-
theless, based on our results of comparing autonomous selfing and induced selfing, we
hypothesize that despite being variable in GS, the majority of the seeds produced actually
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arose via selfing and their variation was caused by unstable meiosis (Grandont et al.
2013, Kopecky et al. 2017). Generally, although the mechanisms of chromosome pairing
are described in allopolyploids, they are not identical (reviewed in: Cifuentes et al. 2010,
Yousafzai et al. 2010, Grandont et al. 2013, Svacina et al. 2020). Moreover, in a single
case the genome size of the progeny of an octoploid maternal plant was markedly smaller
(by up to more than one-third; see Fig. 1). The decrease in genome size could be explained
by irregular meiosis enforced by selection leading to a standard hexaploid genomic con-
stitution. An analogous way out of abnormally high polyploid composition is also docu-
mented in Pilosella (Krahulec et al. 2008, Krahulcova et al. 2009, 2011, Rosenbaumova
& Krahulec 2015).

Conclusions

Despite being supposedly allogamous, Elymus hispidus, E. repens and their hybrids are
capable of selfing (especially E. hispidus). Furthermore, the percentage of selfing
increased significantly if it was induced by foreign pollen. The mentor effect is therefore
an indisputable evolutionary force facilitating selfing in the Elymus taxa studied.
Octoploids were significantly better at selfing than hexaploids, and heptaploids charac-
teristically had a significantly lower ability to reproduce via selfing (both autonomous
and induced). Whereas the progeny of hexaploids remain stable (based on genome size),
that of higher polyploid cytotypes (heptaploids and octoploids) is characterized by
marked variation in genome size, genomic downsizing and lower percentages of germi-
nation, probably a result of irregular meiosis.

See www.preslia.cz for Electronic Appendices 1-8
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Souhrn

Neékteré autoinkompatibilni druhy jsou schopny samoopyleni indukovaného cizim pylem (indukovand autoga-
mie, mentor efekt), jehoZ vyznam je pravdépodobné podhodnocen. VEtsi mira selfingu byla také opakované
spojovéna s polyploidii. PestoZe jsou lipnicovité (Poaceae) rostlinnou skupinou zdsadniho vyznamu, nebyla
u nich mira autogamie, v¢etné mentor efektu, dosud podrobné studovana. V naSem vyzkumu jsme se zaméfili na
druhy Elymus hispidus, E. repens a jejich hybridy (tribus Triticeae) a testovali jsme u nich schopnost autogamie,
vyznam indukované autogamie a jejich vazbu na polyploidii. Reprodukéni zptsoby (alogamii, autogamii
a mentor efekt) jsme testovali ve dvou opylovacich experimentech doplnénych kontrolou (volné spraSeni)
a identitu rodi¢ovskych rostlin a jejich potomki jsme potvrzovali prostfednictvim analyzy absolutni velikosti
genomu. Vysledky experimentt potvrdily schopnost autogamie studovanych druhi i jejich hybridt. Mira auto-
gamie se vyrazné zvySsila pfi indukci cizim pylem (mentor efekt), coZ bylo patrné zejména u Elymus hispidus
(produkce semen po korekci hodnotami z kontrolniho volného spraSeni u autonomni autogamie: 6.2 % vs. men-
tor efektu: 22.7 %). Oktoploidni rostliny tvofily potomky prostiednictvim autogamie vice neZ hexaploidi
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i heptaploidi, zatimco heptaploidi tvofili signifikantné méné semen autogamii neZ hexaploidi a oktoploidi.
Schopnost vy$si miry autogamie E. hispidus (v obou experimentech) mohla byt zptsobena introgresivni hybri-
dizaci. PrestoZe je mentor efekt zjevné dulezity reprodukéni zpisob, je mu dosud piekvapivé vénovana jen
malé pozornost.
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