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ABSTRACT 

The Role of Polyploidy in the Evolution of Gender Dimorphism: An Experimental 
Approach Using Fragaria vesca 

 

Allison Kwok                                                                                   Advisor: 

University of Guelph, 2013                                                             Dr. Brian C Husband 

 

 The evolution of gender dimorphism is associated with the incidence of 

polyploidy in several plant taxa, but the underlying causes of this relationship are not 

well understood. Here I investigate the direct and indirect effects of polyploidy on 

gender dimorphism in Fragaria vesca by synthesizing neotetraploids and comparing 

them to diploids with respect to vegetative, gender and mating system traits. 

Neotetraploids were induced by treating diploids with colchicine; comparisons between 

colchicine-treated diploids (unconverted) and untreated diploids indicate that colchicine 

has no secondary effects. In the greenhouse, diploids were 38% larger than 

neotetraploids. Neotetraploids produced fewer pollen grains and ovules, and relative 

investment in male reproduction was 70% less than diploids. In pollinator-exclusion 

experiments, diploids autonomously produced 36% greater fruit set and 69% greater 

seed set than neotetraploids. Neotetraploids had 22% lower seed set in open-pollinated 

experimental populations. Based on seed set from hand pollinations, diploids and 

neotetraploids did not differ in selfing rate or early acting inbreeding depression. These 

data suggest that polyploidy can cause an instantaneous change in gender expression, 

thereby providing the raw material for gender dimorphism.  Indirect effects of polyploidy, 

through increases in selfing, are not supported.      
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INTRODUCTION 

 Evolutionary research on reproductive systems in flowering plants is focused in 

part on the mechanisms underlying the shift from hermaphroditic to gender (sometimes 

referred to as sexually) dimorphic species. In hermaphroditic species, all individuals 

exhibit both male and female sexual organs, whereas sexually dimorphic species 

contain individuals with two different sex characteristics (Geber et al. 1999). The major 

dimorphic systems include dioecy (males and females), gynodioecy (females and 

hermaphrodites) and androdioecy (males and hermaphrodites) (Charlesworth and 

Charlesworth 1978a). Gender dimorphism occurs in approximately 10% of angiosperm 

species and has evolved independently on multiple occasions (Geber et al. 1999). 

Gynodioecy and androdioecy represent potential transition states in the evolution of 

dioecy from hermaphroditism, and in some circumstances may be stable sexual 

systems (Lloyd 1975; Charlesworth and Charlesworth 1978a). In general, evolutionary 

research on gender dimorphism attempts to understand the conditions under which 

unisexual individuals can spread and establish within populations of hermaphrodites. 

 All else being equal, unisexual individuals with nuclear controlled sterility, are not 

expected to evolve in hermaphroditic populations given the 50% loss in fitness that 

results from having only one sexual function or gender (Bailey and Delph 2007). 

However, theoretically, male-sterile mutants (females) can invade a hermaphrodite 

population (to produce gynodioecy) when their fitness is sufficiently high to overcome 

this inherent 50% fitness disadvantage. Specifically, in the absence of selfing or 

inbreeding depression, nuclear controlled male-steriles may be able to increase their 

fitness when they are able to produce at least double the number of seeds as 
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hermaphrodites to compensate for the fitness cost of not producing pollen 

(Charlesworth and Charlesworth 1978b). Darwin (1877) referred to this redistribution of 

resources to ovule production at the expense of male sex organ development as 

‘compensation’. Even with no increase in ovule production, male-sterile individuals may 

spread if hermaphrodites exhibit a high rate of selfing (s) and express strong inbreeding 

depression (δ), such that s * δ > 0.5. Similarly, female-steriles (males) can invade 

hermaphroditic populations (to produce androdioecy) if they produce at least double the 

quantity of pollen compared to hermaphrodites. Gynodioecy is considered rare, while 

androdioecy is even less likely to occur (Charlesworth and Charlesworth 1978b; Pannell 

2002).   

There are a number of genetic and ecological factors that may mediate the 

establishment of unisexuals in a population of hermaphrodites. One of the driving 

genetic mechanisms is selection against the negative fitness effects of self-fertilization 

(i.e. inbreeding depression) (Charlesworth and Charlesworth 1978a). Increased 

inbreeding depression will cause a reduction in the fitness of inbred offspring from 

partially selfing hermaphrodites, and this fitness cost may be large enough to favour the 

spread of male-sterile mutants, which cannot self-fertilize (Charlesworth and 

Charlesworth 1987; Givnish 1980; Ashman 2006). Ecological mechanisms that favour 

selection for separate sexes may include resource stress or a change in pollinators, 

both of which may increase selection for unisexuality through increased inbreeding 

depression or selfing (Givnish et al. 1980; Vamosi et al. 2003; Ashman 2006). If females 

are receiving adequate amounts of pollen, selection may favour their spread; if, 

however, females are under pollen limitation, selection will favour hermaphrodites 
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(Maurice and Fleming 1995). Harsh or stressful environments are said to lower seed 

fertility and potentially intensify inbreeding depression in hermaphrodites (Ashman 

2006), which would allow for single-sexed individuals to invade.  

The evolution of gender dimorphism may also be associated with a change in 

ploidy, or number of chromosome sets per nucleus (Jennings 1976; Baker 1984). For 

taxa where both ploidy and gender are variable, there are patterns of association. In 

Mercurialis annua, an androdioecious angiosperm species, polyploidy is suspected to 

have caused a reversion from dioecy towards hermaphroditism (Obbard et al. 2006). 

However the most common pattern, as reported for 11 genera of flowering plants, is a 

transition from diploid hermaphrodites to polyploids with sexual dimorphism (Miller and 

Venable 2000; Ashman et al. 2013). For example, in the genus Lycium (Solanaceae) all 

diploid species are hermaphroditic, whereas the polyploids are sexually dimorphic. 

Within L. californicum, ploidy and sexual system are variable among populations. The 

pattern is the same as the rest of the genus, diploids being hermaphroditic and 

tetraploids, being sexually dimorphic (Yeung et al. 2005).   

Polyploidy may be a significant driver of gender dimorphism in plants because of 

its prevalence. Based on chromosome number variation within genera, polyploidy is 

estimated to occur in ~70% of angiosperms species (Grant 1956; Masterson 1994). 

Based on comparative genomic data, up to 100% of extant species have experienced a 

genome duplication event in their evolutionary history (Wood et al. 2009). Polyploidy 

can arise through two different routes, autopolyploidy and allopolyploidy. Autopolyploids 

result from the union of two genomes from the same species, while allopolyploids are 

formed from the duplication of an interspecific hybrid (Ramsey and Schemske, 1998). 
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Whole genome duplications frequently produce changes in morphology, physiology, and 

life history as a result of the direct and indirect effects of gene copy number and 

increased cell size (Husband et al. 2008). Despite the significance of polyploidy in the 

evolution of angiosperms, there has been little empirical research on its role in the 

evolution of gender dimorphism. 

There are multiple hypotheses as to why polyploidy and gender dimorphism are 

associated. Ashman et al. (2013) categorize these hypotheses into those that are 

simultaneous (direct) and sequential (indirect). Simultaneous pathways describe 

scenarios in which a change in either ploidy or gender causes an immediate change in 

the other due to genetic correlation or pleiotropy. For example, an increase in ploidy 

may cause an instantaneous change in gender through the formation of sterility 

mutations (Michalak 2008) or changes in expression of genes controlling gender (Comai 

2000; Gaeta et al. 2007). Conversely, a gender change may cause an immediate 

increase in ploidy via chromosome doubling or pleiotropic effects on gametogenesis 

and unreduced gamete production (Ashman et al. 2013). Sequential pathways refer to 

changes in either ploidy or gender that facilitate evolutionary transitions in the other. For 

example, an increase in ploidy can cause changes in mating system, eco-physiology or 

plasticity of sex allocation, all of which may then favour selection from hermaphroditism 

to gender dimorphism (Ashman et al. 2013). Alternatively, the evolution of unisexuality 

may create conditions necessary for polyploidization if they colonize novel environments 

that are favourable to the formation of unreduced gametes (Hermsen 1984; Felber 

1991).  
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The most widely held perspective is that polyploidy is the trigger for the evolution 

of gender dimorphism, but it is unclear whether its effects are a direct or indirect 

consequence of genome duplication (Miller and Venable 2000; Ashman et al. 2013). In 

the sequential pathway, a genome duplication event might cause a number of changes 

to mating system, ecology, physiology or plasticity of sex allocation (Miller and Venable 

2004; Pannell et al. 2004; Ashman et al. 2013) that facilitate the emergence and 

establishment of unisexual individuals. In the most widely discussed hypothesis, Miller 

and Venable (2000) suggest that polyploidy can cause a shift towards unisexuality 

through the disruption of the self-incompatibility (SI) mechanism, which enhances rates 

of self-fertilization. In turn, the expression of inbreeding depression then favours the 

selection of unisexuals over hermaphrodites as a mechanism of selfing avoidance 

(Figure 1).  

The Miller and Venable (2000) hypothesis rests on the assertion that polyploidy 

causes increased selfing by breaking down self-incompatibility mechanisms in diploid 

species. Self-incompatibility can be negatively affected by polyploidy, however this 

effect is not consistent across all systems and occurs primarily in gametophytic SI 

systems (Mable 2004). The general argument may still apply as polyploidy can also 

induce shifts towards increased self-fertilization through changes in floral morphology 

(Vamosi et al. 2007), pollinators (Seagraves and Thompson 1999) or inbreeding 

depression (Husband and Schemske 1997). Previous studies have indeed found 

evidence that naturally occurring polyploids are more selfing than diploids (Barringer 

2007; Husband et al. 2008). The Miller and Venable (2000) hypothesis also assumes 

that self-compatible (SC) polyploids will exhibit sufficiently high inbreeding depression to 
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trigger selection for gender dimorphism. This is not well explored, and polyploids have 

been shown to have very low levels of inbreeding depression compared to closely 

related species (Dewy 1966; Husband and Schemske 1997; Rosquist, 2001; Husband 

et al. 2008). However there is limited support that over time deleterious alleles will 

accumulate through repeated bouts of self-fertilization (Miller and Venable 2000; 

Ozimec and Husband 2011).  

As an alternative to these sequential effects, polyploidy may have an 

instantaneous effect on gender. Whole genome duplication is known to spur genetic 

and epigenetic changes to genomic architecture through rearrangements, insertions, 

and deletions, which contribute to changes in gender expression (Comai et al. 2000; 

Gaeta et al. 2007; Doyle et al. 2008; Muñoz and Sankoff 2012). A direct effect on 

gender phenotype has not been demonstrated experimentally but may have played a 

role in some species. For example in Fragaria virginiana, a subdioecious octoploid, 

there is evidence of a chromosomal translocation in the sex-determining region, which 

is absent from its progenitor F. vesca, a hermaphroditic diploid (Spigler et al. 2008).   

 

 Objectives  

 Here, I investigate the effects of polyploidy on the conditions for the spread of 

male-sterile mutants in Fragaria. By comparing the characteristics of newly formed 

(synthetic) polyploids to their diploid progenitors, I attempt to distinguish the direct and 

indirect effects of polyploidy on the evolution of gender dimorphism.  If whole genome 

duplication directly affects gender expression, then there should be an instantaneous 
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shift toward femaleness (male sterility) in neopolyploids compared to the diploid 

hermaphroditic progenitor. If whole genome duplication only affects gender expression 

indirectly through a shift in mating system, then polyploids will have similar investments 

in gender but should be more self-fertilizing compared to their diploid progenitors. These 

two hypotheses are not mutually exclusive, as polyploidy may have both direct and 

indirect effects on gender function.  

To test these hypotheses, I addressed four research objectives: 

(i) Optimize the method of synthesizing polyploids from diploids using colchicine 

and assess any unintended secondary effects of the chemical treatment. 

(ii) Compare vegetative and reproductive traits between diploid and synthesized 

polyploids of Fragaria. 

(iii) Compare the relative investment in male and female gender in diploid Fragaria to 

that in synthetic neopolyploids. 

(iv) Compare propensity to self-fertilize between diploid and synthetic neopolyploids 

in experimental populations. 

 

METHODS 

Fragaria as study system 

 Fragaria is one of several taxa that exhibit an association between gender and 

ploidy (Miller and Venable 2000; Ashman et al. 2013). It is commonly known as 
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strawberry, and is a genus of herbaceous perennials in the family Rosaceae. The genus 

consists of 22 species that are distributed across the globe (Staudt 2009) and vary in 

ploidy (Table 1). All diploid species are located across Asia and Europe, except 

Fragaria vesca, which has a holoarctic distribution (Figure 2). Species of tetraploids are 

found only in Asia, while F. moschata, the only hexaploid, is in Europe. There are three 

octoploid species, one in Japan and the other two in the Americas. Phylogenetic studies 

of Fragaria indicate that diploidy is the ancestral state (Harrison et al. 1997; Potter et al., 

2000; Rousseau-Gueutin et al. 2009; Schulaev et al. 2011). Based on Rousseau-

Gueutin et al. (2009) most polyploids of Fragaria are thought to be allopolyploids while 

some may be allopolyploids or autopolyploids.  This interpretation, however, is based on 

a phylogeny that is not well resolved at the species level.   

 In Fragaria, most diploid species have gametophytic self-incompatibility and are 

hermaphroditic, whereas polyploids are self-compatible and are gynodioecious, 

dioecious, or trioecious (Hancock and Bringhurst 1979; Hancock and Bringhurst 1980; 

Staudt 1989; Staudt 2009). Male-sterility is under the control of nuclear genes, with 

femaleness being dominant to maleness (Ahmadi and Bringhurst 1991; Ashman and 

Hitchens 2000). There are a few diploid species that are reported as exhibiting self-

compatibility, however only some have been verified experimentally. It is not known 

what specific mechanisms have driven the shift from diploid/hermaphroditic state to 

polyploid/gender dimorphic species. 

My research is based on F. vesca, a diploid hermaphrodite that is reported as 

self-compatible and one of the putative progenitors of the dimorphic allopolyploids F. 

virginiana, F. chiloensis, and F. iturupensis (Rousseau-Gueutin et al. 2009; Njuguna et 
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al. 2012). A more resolved phylogeny has revealed that subspecies F. vesca bracteata 

is the likely progenitor of the aforementioned dimorphic allopolyploids. (Njuguna et al. 

2012). F. vesca produces fruit in the form of single seeded achenes on an enlarged, 

fleshy receptacle. To avoid confusion with the lay-person terminology, I will refer to 

achenes as seeds and the enlarged receptacle with all of its achenes will be referred to 

as a singular fruit. 

Seed Sources 

Open-pollinated seeds of Fragaria vesca were obtained from two sources, a bulk 

seed supplier (Richters Herbs) and natural populations. Seeds were collected in June-

July 2011 from four natural populations located in Halton and Wellington counties, 

Ontario, Canada: Guelph Radial Line, Little Tract, Badenoch Tract and Moffat (Table 2). 

Mature fruits were collected from 11 to 28 individuals per population depending on what 

was available. Samples were located at least 5 m apart to reduce the likelihood of 

sampling more than once from the same clone.  

Creating Synthetic Tetraploids  

Tetraploids were synthesized by treating diploids with colchicine, a chromosome 

segregation disruptor (Derman, 1940). To determine the most effective method for 

synthesizing tetraploids, seedlings from bulk seed were treated with colchicine at one of 

three concentrations. Seeds were soaked in water at 4°C for 24 hours and germinated 

on moist filter paper in Petri dishes for one week at 24°C with a 12-hour photoperiod. 

Approximately 15% percent of seedlings (N=150) were used as controls and ‘treated’ 

with distilled water. Colchicine solutions of 1.5%, 2% and 3% (w/v) were used to treat 
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264, 264 and 233 seedlings respectively. When cotyledons fully emerged, a drop of 

colchicine solution (40µl) or water was applied to the apical meristem (Ahokas, 1998). 

Seedlings were rinsed with distilled water 24 hours after treatment, transplanted in 

Sunshine mix LA4 (SunGrow, Vancouver, BC) into pots, and grown in greenhouses in 

the University of Guelph Phytotron. Flow cytometry was used to determine the ploidy of 

treated plants (see below). The colchicine treatments were assessed based on percent 

survival and conversion rate after four weeks.  

To create tetraploids from field-collected material, 25 seeds from each of 102 

seed families were germinated as previously described. Approximately 20% of 

seedlings were used as untreated control 2x plants. All other seedlings from all four 

natural populations were treated with colchicine. Seeds were rinsed four times in a 

6.66% bleach solution to surface sterilize and then rinsed with distilled water. Seeds 

were germinated and, based on the colchicine trials above, seedlings were treated with 

only one concentration of colchicine (1.5% w/v), identified as the most efficient 

concentration to synthesize fully converted (i.e. non chimeric) tetraploids. A total of 402 

untreated 2x seedlings and 1655 colchicine treated seedlings were transplanted. Flow 

cytometry was used to determine the ploidy of treated plants (see below). 

Flow Cytometry 

After 4 weeks of growth, plants were large enough to be screened for ploidy 

using flow cytometry. Neotetraploids (4xneo) were identified as those plants with twice as 

much DNA compared to known diploids (2x). Young leaf tissue from treated plants was 

finely chopped using a clean razor blade along with leaf tissue of Verbena officinalis, a 
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standard with known DNA content (2C = 0.678pg), in a modified De Laats buffer (Kron 

et al. 2009) with 50 µg ml-1 propidium iodide stain and 50 µg ml-1 RNase, and passed 

through a 30mm filter. Samples were stained for at least 20 minutes and DNA content 

was estimated using a BD Biosciences FACSCalibur Flow Cytometer (BDBiosciences, 

San Jose, USA). The FL2 detector (585/42nm) was used to measure relative 

fluorescence and the parameter FL2-area (integrated fluorescence) was used to 

quantify DNA content. More than 1000 nuclei were measured per sample. Mean 

fluorescence and coefficients of variation (CV) for fluorescence histograms were 

measured using Modfit LT software (Verity Software House, Inc.). The expected 2C 

DNA content of F. vesca is reported as 0.25pg (Temsch et al. 2010); tetraploids were 

expected to have double the DNA content relative to diploids. Samples that were within 

10% of the expected value were considered tetraploid. Samples that produced peaks at 

both the diploid and tetraploid ranges were considered chimeric and were excluded 

from the experiment. 

Experimental design 

Colchicine-treated and control plants from bulk and natural populations were 

compared in separate greenhouse experiments.  From the bulk seed, I used 147 

untreated diploids, 15 colchicine treated (but not converted) diploids and 40 

neotetraploids (from all three colchicine concentrations) to compare vegetative and 

reproductive traits, investment in male and female gender and rates of autonomous self-

fertilization (autogamy). Plants were positioned in the greenhouse in a completely 

randomized design. For plants from natural populations, I used 221 untreated diploids 

and 35 neotetraploids to compare vegetative phenotypes. No reproductive traits were 



	   12	  

measured because these plants did not flower. Plants were randomized at three and 

five weeks after transplanting. From these growth experiments, three separate analyses 

were conducted, as described below: 1) evaluation of secondary effects of colchicine, 2) 

comparison of reproductive and vegetative phenotypes and gender, and 3) estimating 

autonomous self-fertilization (autogamy). 

Secondary effects of colchicine 

Phenotypic differences between diploids and neotetraploids may be the result of 

unintended effects of colchicine on growth and development in addition to the effects of 

genome duplication. To determine whether differences in growth and development 

between diploids and neotetraploids are due to ancillary effects of colchicine, I 

compared the growth and morphology of untreated diploid plants (N = 147) to diploids 

treated with colchicine but that did not convert to tetraploids (N = 15). For each plant, I 

measured five vegetative and reproductive traits: number of leaves, basal width 

measured as the maximum plant width, plant height measured from soil surface to the 

tallest point of the plant, length of the longest leaf, days to first flowering (from now on 

referred to as first flowering), and number of flowers at 2, 4, 8, and 13 weeks of growth 

after transplanting. Due to large differences in samples size, treated and untreated 

diploids were compared for all traits using a non-parametric Wilcoxon signed-rank Test. 

Comparison of diploids and neotetraploids 

To assess the direct effects of genome duplication on vegetative and 

reproductive phenotype, I measured five vegetative and seven reproductive traits on up 

to 147 diploids and 40 neotetraploid plants from bulk seed and 6 vegetative traits on up 
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to 221 diploids and 35 neotetraploid plants from natural populations (Table 3). 

Reproductive traits were not measured on wild plants because they did not flower. The 

bulk plants were measured at 2,4,8, and 13 weeks after transplanting. The wild-sourced 

plants were measured at 5 and 8 months after transplanting to see if differences 

between cytotypes were maintained over a longer growth period. Due to unbalanced 

sample sizes and data that could not be transformed for normality, a non-parametric 

Kruskal-Wallis one-way analysis of variance test was used to compared bulk 

neotetraploids from the three colchicine treatments to determine if they could be pooled. 

A Wilcoxon-signed rank test was used to compare all vegetative traits between diploids 

and neotetraploids for both bulk and wild plants. 

Based on the number of flowering individuals available, I used 24 diploid and 24 

neotetraploids to assess five reproductive traits associated with phenotypic gender 

(Table 3). I measured the size of the gynoecium as the diameter of the receptacle, 

which bears the female reproductive organs (carpels), and the size of the androecium 

as the width of the ring of anthers (Figure 3). Using a dissecting microscope, I also 

counted the number of anthers and ovules (carpels) per flower. To estimate pollen 

production per anther, pollen size was first measured manually using a brightfield 

microscope to determine the size range of viable pollen. Pollen samples were stained 

with lactophenol-aniline blue to assess viability (Kearns and Inouye 1993) and the 

diameters of 100 pollen grains were measured for a subset of five plants of each ploidy. 

Using the pre-determined size range of viable pollen, pollen number and size were then 

estimated for the remainder of plants using a Multisizer 3 Coulter Counter (Beckman 

Coulter Inc.). Five mature anthers per flower were collected and suspended in 10 ml of 
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Coulter Counter diluent. Samples were vortexed for 15 seconds to loosen pollen from 

anthers. Two 2 ml aliquots were run from each 10 ml sample. To calculate the number 

of pollen grains per flower, I first averaged the number of pollen grains per 2ml sample. 

This average number of pollen per aliquot was multiplied by the number of 2ml aliquots 

in a 10ml sample and was divided by the number of anthers used to extract pollen. This 

was then multiplied by the total number of anthers on a flower to determine the total 

amount of pollen on a flower (i.e. (([# pollen x (total volume/aliquot volume)]/ # anther ) x 

number of anthers on flower); eg. ([100 pollen x (10ml total volume/2ml aliquot)]/5 

anthers) x 12 anthers = 1200 pollen grains per flower).  

As measures of relative investment in gender I used ratios of androecium to 

gynoecium size, mean number of anthers to carpels, and mean number of pollen grains 

to ovules per flower. I compared these reproductive traits and gender ratios using a 

non-parametric Wilcoxon-signed rank test due to lack of normality. 

Autogamy 

I used anther-stigma separation and autogamous seed set to assess whether the 

ability to autonomously (in the absence of pollinators) self-fertilize was greater in 

neotetraploids than diploids (indirect hypothesis). The minimum distance between 

anthers and stigmas was measured using digital calipers. Using 23 plants each for 

diploids and neotetraploids, I made three anther-stigma separation measurements on 

three different flowers per plant. To compare measures of anther-stigma distances, I 

used an analysis of variance to determine the effect of ploidy [fixed effect], with plant 

nested within ploidy cytotypes [random effect] as an additional source of variation. 
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To assess autogamous seed set, 10 unopened flower buds were tagged on 26 

diploid and 26 neotetraploid plants. Plants were covered with bridal veil for two weeks to 

exclude potential pollinators, after which the bags were removed and any developing 

fruit were left to mature. Fruits were collected as they matured and turned red, and the 

number of mature fruit produced and seeds per fruit were counted. Fruit set was 

calculated on the proportion of tagged flowers that produced mature fruit.  Seed set was 

calculated as the number of fully developed seeds expressed as a proportion of the 

average number of ovules for that ploidy, based on ovule counts from 24 plants from 

each of diploids and tetraploids. Fruit set and seed set were √arcsine transformed for 

normality and compared between cytotypes using analyses of variance (ANOVA).  

Mating system 

To determine if there were differences in mating system between diploids and 

neotetraploids in a natural pollination environment, I compared outcrossing rates 

between the two cytotypes in experimental populations using two approaches; one 

based on genetic markers and the other on seed production. I constructed four 

experimental populations, each consisting of 20 individuals; two populations for each 

cytotype. The number of populations constructed for each cytotype was limited by the 

number of neotetraploids available from the colchicine treatment. Potted plants were 

arranged in 1.5 x 2 m arrays, with 0.5 m between pots in the University of Guelph 

Arboretum and surrounded by fencing to prevent herbivory from wildlife. The 

populations were spaced at least 150m from each other to minimize pollen transfer 

between the diploids and the neotetraploids. To increase exposure to pollinators, the 

experimental populations were located near other flowering plants (Solidago and 
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Daucus). Once plants were set up in the experimental populations, unopened flower 

buds were tagged. Previously opened flowers were not removed to ensure that the 

populations were continuously receiving pollinator visitations while the tagged buds 

matured to opening. The plants were left to be open-pollinated for 3 weeks, after which 

plants were brought into the greenhouse to allow fruit to mature away from herbivores. 

Fruit from tagged flowers were collected as they turned red and seeds were no longer 

green. To determine seed set and outcrossing rate using simple sequence repeats 

(SSR markers), mature fruit and leaf tissue were collected for each plant. Seed set data 

were √arcsine transformed for normality and an analysis of variance test was used to 

determine the effect of ploidy [fixed effect], with population nested within ploidy 

cytotypes [random effect] as an additional source of variation.  

 Population estimates of self-fertilization are conventionally estimated by 

genotyping offspring (seed) from different mothers (i.e. family structured data) and 

inferring the likelihood of these genotypes being derived from selfing versus random 

outcrossing using maximum likelihood models (Ritland 2002). In this study, I set out to 

genotype seeds using SSR markers. I extracted genomic DNA from approximately 5mg 

of dried leaf tissue or seed frozen in liquid nitrogen using a modified MN Nucleospin 

Plant II PL1 protocol, with the following changes. The lysis buffer was altered by the 

addition of 1% beta-mercapto ethanol, 20% PVP and 1mg/ml of proteinase K. Samples 

were incubated for 1 hour at 65°C at the cell lysis stage and were then put on ice for an 

additional hour allowing for additional protein precipitation. DNA concentrations were 

quantified using a Nanodrop-8000®.   
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I tested eight microsatellite markers (loci) that were designed for F. vesca and 

four markers designed for F. virginiana (Table 4). Forward primers were synthesized 

with a M13 tail to be used in conjunction with M13 fluorescently labeled primers. The 

loci EMFv 012, 013, and 015 were determined not to be polymorphic and Fvi06b-020 

did not successfully cross amplify, and were therefore excluded. The other four markers 

(EMFv022, 023, 025, 030) were found to be polymorphic in other studies, and 

consistently amplified with the addition of trehalose (Spiess et al. 2004) and 

polyethylene glycol (PEG) (Sasaki et al. 2006). 

 Polymerase Chain Reactions (PCR) were performed on F.vesca maternal and 

offspring tissue in 15.7µl volumes containing 5 ng of DNA, 1X PCR buffer, 2 mM MgCl2, 

0.8 mM of each DNTP, 1 mg/ml BSA, 0.2 uM of each primer, 2 mM of trehalose, 8 mM 

of polyethylene glycol (PEG), 0.25 U of Taq polymerase. The PCR conditions consisted 

of an initial denaturation step at 94ºC for 2 min, 35 cycles of 94ºC for 30 s, annealing 

temperature at 65ºC for 45 s, and 72ºC for 60 s, and a final extension at 72ºC for 5 

minutes. Amplification was carried out in a PTC-200 Peltier thermocycler. Product was 

first screened using gel electrophoresis; the fluorescently labeled products were scored 

using an automated sequencer (Applied Biosystems 3730 DNA analyzer) and analyzed 

using Genemapper v3.7 (Applied Biosystems 2004).  

I also estimated population selfing rates using the method of Charlesworth and 

Charlesworth (1987), as 

S = (px - pw) / (px – ps) 



	   18	  

where px = seed set from outcrossed pollinations, pw = seed set from open-pollination, 

and ps = seed set from self-pollination. An estimate of S for each maternal plant in the 

experimental arrays was generated and averaged for each population. Selfing rate was 

log-transformed for normality and I used an analysis of variance to determine the effect 

of ploidy [fixed effect], and population nested within ploidy cytotypes [random effect]. 

To estimate px and ps, I hand self- and cross-pollinated diploid and neotetraploid 

plants and estimated seed set. Three flowers per plant were pollinated for each 

pollination treatment. Fifty-three diploid plants and 40 neotetraploid plants were self-

pollinated by rubbing anthers of a mature flower against its own stigmas. Outcross-

pollinations were made by first emasculating recipient flowers prior to flower opening (at 

the white bud stage); the next day when the bud opened, anthers from another plant of 

the same ploidy from either the bulk-sourced or wild-sourced plants were used to 

pollinate the emasculated flower. Due to suspicions regarding genetic variability in the 

bulk plants, both bulk and wild pollen donors were used to ensure outcrosses were true, 

assuming that wild plants were genetically distinct from the bulk plants Twenty diploid 

plants and 16 neotetraploids were outcrossed within pollen from bulk plants, and 16 

diploids and 15 tetraploids were outcrossed between bulk and wild plants. Fruit set and 

seed set data of hand selfed crosses were √arcsine transformed for normality and a t- 

test was used to compare between diploids and neotetraploids. Fruit set and seed set 

data of hand outcrosses were √arcsine transformed for normality and an analysis of 

variance was used to determine the effect of cytotype, pollen source (bulk vs. wild) and 

interaction between cytotype x pollen source as sources of variation. I also used an 
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analysis of variance to determine the effects of ploidy, pollination treatments (selfed vs. 

outcrossed), and ploidy x pollination interaction. 

 

RESULTS 

Colchicine treatment  

Seedlings treated with 3% colchicine w/v, had a survival rate of 2.5% and 

resulted in one diploid and three chimeric (2x-4x) plants (Table 5). At 2% colchicine, 

15.5% of seedlings survived, 43.9% of which converted to tetraploidy. Seedlings treated 

with 1.5% colchicine w/v had the highest survival (32.9%), and a conversion rate of 

28.7%.  Based on these results, a concentration of 1.5% colchicine w/v was used for all 

subsequent plant treatments (i.e. natural populations).  

Ploidy testing 

Ploidy was determined using flow cytometry for 134 plants from bulk seed and 

804 plants from natural populations (wild). Fluorescence histograms for diploid and 

neotetraploid plants from bulk seed had average nuclei counts of 1813 and 1521, and 

CVs of 5.64 and 3.35 respectively. Histograms for wild diploids and neotetraploids had 

average nuclei counts of 3677 and 1575, and CVs of 5.74 and 3.59 respectively. Nuclei 

from diploids had a lower relative fluorescence (FL2-A) than V. officinalis (mean 

fluorescence of V. officinalis = 303), and the mean fluorescence ratio (sample 

fluorescence/ external standard fluorescence) was ~0.79. Nuclei fluorescence was 

higher in tetraploids compared to V. officinalis, with a mean fluorescence ratio of ~1.6. 

Diploids and neotetraploids were easy to distinguish; their peaks did not overlap and 
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were very distinct (Figure 4). Plants with fluorescence peaks in both the expected 

ranges for diploids and tetraploids (2x = 240.9 ±10%, 4xneo = 480.4±10%) were 

considered chimeric and were excluded from the experiment. Overall, there were 161 

diploid and 40 neotetraploid plants from the bulk seed, and 221 diploid and 35 

neotetraploid wild plants from natural populations.  

There were no significant differences in any traits among tetraploids generated 

from the three different colchicine treatments (number of leaves: H=0.0015, 2 df, 

P=0.99; basal width: H=0.66, 2 df, P=0.71: height: H=0.86, 2 df, P=0.64; leaf length: 

H=0.0013, 2 df, P=0.99; number of flowers: H=1.76, 2 df, P=0.41). 

Secondary effects of colchicine 

Two weeks after transplanting, untreated diploids were bigger with respect to all 

vegetative and developmental traits compared to treated unconverted diploids (2 weeks:  

number of leaves: Z=4.96 P<0.0001; basal width: Z=3.62, P<0.0003; plant height: 

Z=3.8, P<0.0001; 4 weeks: length of longest leaf Z=1.98, P=0.04) (Figure 5).  Untreated 

diploids were, on average, 38% taller and 38% wider than treated diploids and had 

more leaves per plant that were 20% longer. Most differences between treated and 

untreated diploids disappeared by four weeks after transplanting. Only length of the 

longest leaf was significantly different at that time (2xtreated = 18.03, SE = 1.9, 

2xuntreated=22.15, SE = 0.41, Z=1.98, P=0.04). At 8 and 13 weeks after transplanting, 

there were no significant differences between cytotypes for any of the measured traits 

(13 weeks: number of leaves: Z=1.44, P=0.06; basal width: Z=1.24, P=0.21; plant 
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height: Z=0.91, P=0.36; length of longest leaf: Z=1.79, P=0.07; or days to first flower: 

Z=1.03, P=0.30) (Figure 5). 

Comparison of diploid and neotetraploid phenotypes 

There were significant differences between 2x and 4xneo plants for all vegetative 

traits for plants from bulk and wild seeds (Table 6). Diploids from bulk seed were taller 

(2x = 83.37mm, SE= 1.2, 4xneo= 60.30mm, SE= 3.2, Z=6.28, P<0.0001) and wider (2x = 

161.2mm, SE= 2.3, 4xneo= 104.6mm, SE= 8.6, Z=7.1, P<0.0001, with longer (2x = 

42.8mm, SE= 0.39, 4xneo= 28.6mm, SE=2.5, Z=7.39, P<0.0001) and more numerous 

leaves (2x = 22.5, SE= 0.34, 4xneo= 13.8, SE= 1.03, Z=6.69, P<0.0001), than 

neotetraploids across all measurement periods. On average, diploids flowered 30 days 

earlier than neotetraploids (2x = 53.7, SE= 0.47, 4xneo= 82.5, SE= 5.1, Z=5.33, 

P<0.0001). For plants from natural populations, basal width and leaf length were not 

significantly different between cytotypes 5 months after transplanting (Table 7). 

However, by 8 months diploids were significantly greater in all vegetative traits (number 

of leaves: Z=5.39, P<0.0001; basal width: Z=5.26, P<0.0001: height: Z=4.01,P<0.0001; 

leaf length: Z=4.26, P<0.0001). 

Gender  

Neotetraploids had approximately 17% larger gynoecium (Z = 3.72, P< .0002) 

than diploids, but cytotypes did not differ in the width of the androecium (Table 8). 

Tetraploids produced significantly fewer anthers and ovules. Pollen grains of tetraploids 

were larger (2x = 23µm, SE= 0.15, 4xneo = 26µm, SE= 0.15), but fewer in number (2x = 

22570.5, SE= 4048.0, 4x = 5269.7, SE= 2940.0) compared to diploids. Diploids had a 
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maximum of 87966 and a minimum of 873 pollen grains per flower, while tetraploids had 

a maximum and minimum of 59546 and 39 pollen grains per flower, respectively. Nine 

of 24 tetraploid plants had pollen counts of less than 500 pollen grains per flower. 

There was no statistical difference between diploids and neotetraploids with 

respect to relative gender investment measured as androecium size / gynoecium size 

ratio (Z= 0.28, P = 0.76) or anther number / carpel number ratio (Z = 1.1, P = 0.26). 

Neotetraploids had a significantly lower mean pollen / ovule ratio than diploids (2x mean 

= 159.8, SE= 28.0, 4xneo mean = 54.2, SE= 33.0, Z= 4.09, P<0.0001).  

Autogamy  

Anthers were significantly closer to stigmas in tetraploids compared to diploids 

(stigma-anther distance: 2x = 0.74mm, SE= 0.01, 4xneo = 0.47 mm, SE= 0.01; 

F1,138=100.24, P<0.0001), with a significant random effect of plant (F1,138=2.05, 

P<0.0002).   

In the test of autogamy, all plants produced at least one fruit with one seed. Fruit 

and seed set means are presented non-transformed. Diploids produced more fruit / 

flower (2x = 0.57, SE= 0.03, 4xneo = 0.37, SE= 0.04, F1,58 = 13.7, P<.0005) and more 

autogamous seeds / carpel (2x = 0.33 , SE= 0.04, 4xneo = 0.1, SE= 0.02 F1,61=28.2, 

P<.0001) than neotetraploids. 

Open pollinated seed set 

In the experimental populations, 39 of 40 diploid plants and 23 of 40 

neotetraploids produced fruit through open pollination. At one of the tetraploid sites, 
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eight plants were damaged by herbivores and fruit could not be collected.  Seed set 

means are presented non-transformed. At the first site, mean seed set was 0.75, SE= 

0.04 for diploids and 0.36, SE= 0.05 for neotetraploids. At the second site, diploids and 

neotetraploids had mean seed sets of 0.77, SE= 0.1 and 0.46, SE= 0.07, respectively. 

Overall, there were no significant differences between diploid and neotetraploids in 

mean open pollinated seed set (2x = 0.78, SE= 0.04, 4xneo = 0.43, SE= 0.07, F1,62 = 

4.87, P = 0.12) and no random effect of population within cytotype (F1,62 = 0.95, P = 

0.39) (Table 9). 

Genetic analysis 

Three microsatellite loci exhibited insufficient genetic variation for estimating 

mating systems (Table 10). One additional locus, EMFv023, appeared to be variable, 

however the alleles did not segregate in a Mendelian fashion and were not consistently 

amplifying in samples. Due to lack of useful variability at all loci, an outcrossing rate 

could not be determined with genetic markers.  

Hand pollination 

All fruit and seed set means for both hand selfed and outcrossed pollinations are 

presented non-transformed. Of the self-pollinated plants, 41 of 53 diploids and 28 of 40 

neotetraploid plants set at least one fruit, with diploids having greater mean fruit set per 

plant (2x = 0.77, SE= 0.04, 4x = 0.57, SE= 0.05, F1,69 = 7.67, P = 0.0075). There was a 

significant difference in seed set per fruit upon selfing between diploids (0.64, SE= 0.04) 

and neotetraploids (0.54, SE= 0.08)(t = 2.4, P = 0.01) (Figure 6). For outcross-

pollinations, 21 of 36 diploids and 9 of 31 tetraploids produced at least one fruit but 



	   24	  

there was no significant difference in mean fruit set per plant (2x = 0.41, SE= 0.04, 4x = 

0.50, SE= 0.07, F1,30= 0.99, P = 0.32). In some cases, flowers that had been pollinated 

were aborted or plants dried out due to inconsistent watering and therefore did not 

produce fruit. Diploids and neotetraploids did not differ in outcrossed seed set (2x = 

0.45, SE= 0.06; 4xneo = 0.39, SE= 0.08, F1,30 = 0.27, P = 0.60) and there was no 

interaction between cytotype and pollen source (F1,30 = 0.06, P = 0.80) (Table 11).   

Overall, there was no significant difference in seed set between cytotypes (F1,81 = 

3.5, P = 0.06); there was a significant difference between selfed and outcrossed 

pollinations (mean selfed seed set = 0.62, SE= 0.05 ; mean outcrossed seed set = 0.46, 

SE= 0.04 ;F1,91 = 4.63, P = 0.02), no significant interaction between cytotype and 

pollination treatment  (F1,91 = 0.17, P = 0.67) and a significant random effect of plant 

(F1,91 =4.37, P <0.0001) (Table 12).  

Selfing rate estimate 

There was no significant difference between diploids or tetraploids in mean 

selfing rate (2x = -0.166, SE= 1.75, 4xneo = 2.44, SE= 2.58, F1,30 = 95, P=0.38) and 

there was no effect of population within ploidy (F1,30= 0.37, P=0.69)(Table 14).  

DISCUSSION 

The association between polyploidy and gender was first noted in 1984 (Baker 

1984) and has been explored more fully in recent years (Miller and Venable, 2000; 

Ashman et al. 2013); however there has been little empirical investigation of the 

mechanism by which polyploidy may affect gender. In this study I test for the direct and 

indirect effects of polyploidy on gender, using diploids and synthesized tetraploids 
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(neotetraploids) in Fragaria vesca. Specifically I evaluate differences in vegetative and 

reproductive traits, gender expression and likelihood of self-fertilization between ploidy 

cytotypes. There were no differences between colchicine treated and untreated diploids 

(Figure 5); therefore any differences between cytotypes can be attributed to differences 

in ploidy and not secondary effects of colchicine. Diploids were found to be larger than 

neotetraploids for all vegetative traits (Figure 6) and they produced more pollen grains 

and ovules (carpels). Based on pollen / ovule ratios, neotetraploids were phenotypically 

more female than diploids, and some plants were nearly male-sterile. Diploids had 

higher rates of autogamy, but selfing rates in experimental populations were not 

significantly different. These results suggest that genome duplication can have marked 

effects on phenotype and reproductive function.  

Evidence for direct hypothesis 

The direct hypothesis from Ashman et al. (2013) argues that a change in gender 

expression occurs instantaneously with genome duplication due to heritable changes 

such as gene dosage or genomic rearrangements affecting sterility or sex determination 

(Comai, et al. 2000; Lai et al. 2005; Gaeta et al. 2007; Lim et al. 2008; Buggs, et al. 

2012). Based on pollen/ovule ratio, genome duplication caused an immediate shift in 

gender expression in neotetraploid F. vesca. Pollen production in neotetraploids was 

highly variable, with some individuals producing equivalent quantities of pollen to 

diploids while others were virtually male sterile. On average, however, neotetraploids 

produce fewer pollen grains per ovule, compared to diploids. This supports the 

hypothesis that a genome duplication event can cause an increase in femaleness 

(based on the relative investment into pollen and ovules), and near male-sterility in 
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some cases (Ashman et al. 2013). Based largely on crop research, neopolyploids are 

known to have reduced pollen and ovule fertility compared to their diploid progenitors 

(Randolph, 1941; Parthasarathy and Rajan, 1953; Ross and Chen, 1962). On average, 

neopolyploids have a 50% reduction in ovule fertility and a 20% loss of pollen fertility; 

thus they are generally more male, although fertility can be quite variable (Ramsey and 

Schemske, 2002). My study finds reduced fertility; however ovule fertility (based on 

outcrossed seed set) was reduced to a lesser degree (13%) than pollen fertility (77%).  

The mechanism by which polyploidy causes a change in gender is not explored 

here, but is necessary to understand if one is to predict when polyploidy will affect sex 

expression. The possible mechanisms through which a gender shift occurs is not well 

understood but may fall into two general categories. First, loss of maleness may be 

associated with increased chromosomal mispairing and segregation in polyploids, 

leading to odd numbers of chromosomes (aneuploidy) in gametes and thus gamete 

dysfunction (Ramsey and Schemske, 2002). This process is well documented but, 

would be expected to occur similarly in pollen and ovules and thus would have no 

systematic effect on gender. Alternatively, the additional genome copies in polyploids 

may affect genes coding for gender expression through genomic rearrangements, gene 

loss and gene interactions associated with increased ploidy. For instance, Spigler et al. 

(2008) found evidence of a translocation near the sex-determining region in 

subdioecious octoploid F. virginiana that was not present in the hermaphroditic diploid 

genome of F. vesca. A genomic analysis of neotetraploids will be important to determine 

if this same translocation is present and if it is the direct result of genome duplication.  
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Although there is a direct effect of polyploidy on gender, a partial loss of male 

function does not immediately result in a stable gender dimorphic sexual system. Loss 

of male function may initiate the transition from hermaphroditism to gender dimorphism.  

On the other hand, reduction of fertility in neopolyploids may be short-lived. In fact, 

restoration of both male and female fertility has been observed in neopolyploids in 

generations after initial genome duplication (Ramsey and Schemske 2002). In some 

instances, if a loss of male function is the result of meiotic dysfunction, fertility could 

potentially be restored through selection against chromosomal instability (Zhiyong et al. 

2011). Under this mechanism, male sterility may be eliminated from populations unless 

there is strong counter selection to favour unisexuality. If, however, sterility is the 

product of genomic changes that affect sex genes, for example the translocation in the 

sex-determining region of F. virginiana (Spigler et al. 2008; Zhang et al. 2011), then 

unisexuality may persist. Male-steriles will still be at a selective disadvantage compared 

to hermaphrodites unless there are fitness benefits to compensate for the loss of male 

function (Bailey and Delph 2007).  

Evidence for indirect hypothesis 

The indirect hypothesis postulates that polyploids will be more selfing than 

diploids, which will in turn select for unisexuality to avoid increased inbreeding 

depression (Charlesworth & Charlesworth 1978a; Baker 1984; Miller & Venable 2000; 

Ashman et al. 2013). Several results of this study indicate that induced neotetraploids 

are not more selfing compared to diploids. The mating system estimates in Fragaria, 

which were based on seed production, did not indicate any shift in mating between 

diploids and neotetraploids. Moreover, measures of autogamous seed set indicate that 
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diploids are more likely to self-fertilize than neotetraploids (Figure 7). The result that 

neotetraploids were not more selfing than diploids was in contrast to a study by Griffin et 

al. (2012), who grew synthetic neotetraploids and diploids of Acacia in an open-

pollination environment, and used genetic markers to determine outcrossing rates. They 

found that synthetic neotetraploids in Acacia had higher rates of self-fertilization 

compared to diploids, with diploids having outcrossing rates of 0.96 and neotetraploids 

at 0.019. In other studies, not involving synthetic polyploids, comparative analyses of 

extant species find greater selfing in polyploids (Barringer 2007; Husband et al. 2008), 

although this difference may have evolved after the genome duplication event.  

In this study, I was not able to estimate mating system using genetic markers. 

Genetic diversity was too low and allelic variation in one locus was not segregating in a 

Mendelian fashion. The absence of useful variation was unexpected but could reflect a 

high rate of selfing and low genetic diversity in the open-pollinated plants used to 

generate the bulk seed. Although there is no means to test this, there are reasons to 

believe that these genetic attributes are not atypical for F. vesca populations. If the bulk 

seed population was unusual, one might expect outcrossed pollinations using bulk 

plants as pollen donors would have different effects of seed set than donors from 

natural populations, yet there was no detectable difference between outcrosses made 

from the two kinds of pollen donors in either diploid or tetraploids. In addition, previous 

estimates of selfing rates for F. vesca using allozymes corroborate that it is a highly 

selfing species (Arulsekar and Bringhurst, 1981). In the absence of genetic estimates, 

mating estimates were calculated using seed production (Charlesworth and 

Charlesworth 1987). Tetraploid populations did not have a higher mean selfing rate than 
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diploids.. The estimates had high variances, making it difficult to detect differences 

among diploids and neotetraploids. More population replicates would be required to 

improve the power of this test. In addition, these estimates rely on the existence of 

differences in seed set between self and outcross pollinations, due to inbreeding 

depression. While there was a difference in seed set, there was no indication that plants 

were experiencing inbreeding depression (Figure 7). As a result, the difference in mean 

selfing rate between diploid and neotetraploids was not significant.  

The indirect hypothesis predicts not only higher selfing, but that there is 

sufficiently strong inbreeding depression in polyploids for selection to favour unisexuality 

(Miller and Venable 2000; Ashman et al. 2013). I did not measure inbreeding 

depression throughout the life cycle, but a comparison of self and outcrossed 

pollinations indicated that there is no inbreeding depression at seed maturation for 

either diploids or tetraploids. In fact, selfed seed set was significantly greater than 

outcrossed seed set for both cytotypes. Therefore, with no hint of inbreeding 

depression, this does not support the indirect hypothesis of Miller and Venable (2000). 

Other studies of inbreeding depression in both synthesized and extant polyploids 

indicate that polyploids do not experience inbreeding depression as severely as diploids 

(Lande and Schemske 1985; Husband and Schemske, 1997; Rosquist 2001; Husband 

et al. 2008). With neopolyploids having little inbreeding depression compared to diploids 

(Husband et al. 2008) there should be no selective pressure for outbreeding. However, 

the results of my study were based on seed set, so there is no evidence concerning 

inbreeding depression in later life stages (Charlesworth and Charlesworth 1978a). One 

nuance of the indirect hypothesis is that neopolyploids may have no inbreeding 
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depression initially, but may experience inbreeding depression after repeated 

generations of self-fertilization (Miller and Venable 2000). In the case of Acacia 

mangium, the shift in mating system appears to be the result of inbreeding depression 

being masked in the neopolyploids (Griffin et al. 2012). While theory (Lande and 

Schemske 1985) would suggest that inbreeding depression decreases in polyploids, 

there is some evidence that inbreeding increases with subsequent generations of 

selfing (Ozimec and Husband 2011); however further study is needed. 

Implications  

In this study, polyploidy causes an instantaneous change in gender expression, 

supporting the direct hypothesis. Alternatively, there was no evidence for the indirect 

hypothesis, that polyploidy increases self-fertilization or inbreeding depression. Taken 

together, these results have important implications for the dynamics of unisexuality in 

natural populations. While polyploidy may result in the formation of male sterile (or 

nearly sterile) genotypes, all else being equal, male-sterile neotetraploids may still not 

be able to persist due to their reduced fertility, lack of increased selfing or inbreeding 

depression (Charlesworth and Charlesworth 1978b; Bailey and Delph 2007). In order for 

unisexuals to be maintained, one or more of ovule fertility, selfing or inbreeding 

depression have to increase (Charlesworth and Charlesworth 1978b). Restoration of 

fertility in neopolyploids has been observed in generations after initial genome 

duplication (Ramsey and Schemske 2002). While polyploidy has little effect on mating 

system or inbreeding, previous studies do indicate that neopolyploids (both synthesized 

and extant) are more selfing than their diploid progenitors (Barringer 2007; Husband et 

al. 2008; Griffin et al. 2012). There is also some evidence that over time deleterious 
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alleles can accumulate through repeated bouts of self-fertilization (Ozimec and 

Husband 2011). Under these conditions unisexual neopolyploids may be able to persist. 

From the perspective of polyploid establishment, the overall reduced fertility of 

neotetraploids would negatively affect their persistence and spread within diploid 

populations. Under the minority cytotype exclusion principle, polyploids will experience a 

strong mating disadvantage since most matings will be with diploids, resulting in hybrid 

offspring of low fitness. Polyploids will not be able to establish unless they experience 

either a strong fitness advantage or strong assortative mating, which will minimize 

intercytotype mating (Levin 1975; Husband 2000). The shift in flowering time of 

neotetraploids compared to diploids would be beneficial in the establishment of 

neopolyploids as it reduces opportunities for intercytotype mating. However, due to 

reduced pollen fertility, neopolyploids would likely experience pollen limitation as there 

would not be enough viable polyploid pollen to fertilize polyploid ovules (Ramsey and 

Schemske 2002) and would have to rely on inter-cytotype mating for sexual 

reproduction. Also, reduced ovule fertility would contribute to lower fitness compared to 

diploids. With polyploids being the minority cytotype, selection would therefore be 

against polyploid establishment (Levin 1975), and with the addition of strong selection 

against male sterile polyploids, this would represent a substantial barrier against the 

evolution of polyploids and gender dimorphism. 

  To more fully address how polyploidy might affect the evolution of gender 

dimorphism, tests for both the direct and indirect hypotheses need to be explored more 

thoroughly. While polyploidy can cause an instantaneous change in gender towards 

femaleness, there is no guarantee that fertility is stable or that fertility might not be 
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restored in later generations as seen in other studies (Ramsey and Schemske, 2002). 

Therefore investigation of male and female fertility in subsequent generations after initial 

polyploidization would be beneficial in determining how transient this shift in gender 

might be. Additionally, genomic analysis of neotetraploids would be imperative to 

determine if a translocation is causing male-sterility and if it is the direct result of 

genome duplication. Finally, the key components of the indirect hypothesis concern 

levels of selfing and inbreeding depression (Miller and Venable 2000; Ashman et al. 

2013), both of which need to be explored further. Determining reliable selfing rates of 

diploid and synthesized polyploid plants from natural populations using genetic markers 

would be beneficial. Using wild sourced plants would be more representative of a 

natural system and genetic markers are a more accurate tool for estimating mating 

systems. Inbreeding depression was explored here based on seed set, however a more 

thorough investigation through later life stages may be more informative. Additionally, 

there is some evidence that inbreeding depression will increase after repeated 

generations of selfing (Ozimec and Husband, 2011), this may give reason to believe 

that selective pressure for outbreeding might develop over time in neopolyploids. 

Another potential direction would be to investigate the effects of allopolyploidy on 

gender as well as autopolyploidy, to see if the genomic contribution from an additional 

parental species may have an affect on gender or mating system. Further research on 

how polyploidy causes a change in gender expression and on whether genome 

duplication can affect mating systems and inbreeding depression will be imperative to 

fully realize how polyploidy and gender dimorphism are associated.  
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Table 1. List of Fragaria species and their geographic distribution, ploidy, sexual system (H= 
hermaphrodite, G= gynodioecious, D = dioecious, T= trioecious and mating system *(SI) (self-
incompatible = 1, self-compatible = 0). 

 

 

 

 

 

 

 

 

 

Species Distribution Ploidy Sexual System SI (1/0)* 
Fragaridaltoniana Himalayas, Punjab-N.Burma  

2x H 1 
Fragaria mandschurica E. Siberia, outer Mongolia, 

Manchuria, Korea 2x H 1 
Fragaria nilgerrensis N.India and SW/central 

China 2x H 1 
Fragaria nipponica Honshu and Yakushima, 

Japan 2x H 1 
Fragaria nubicola E, SE Asia 2x H 1 
Fragaria vesca W.Europe- Siberia, W. N. 

Am Rocky Mtns-Mexico 2x H, G 0 
Fragaria viridis Europe 2x H 1 
Fragaria yezoensis Japan 2x unknown 1 
Fragria iinumae Hakkaido, Honshu, Japan 

2x H 0 
Fragaria bucharica Uraasia-America 2x H 1 
Fragaria chinensis E and SE Asia 2x H 1 
Fragaria hayatai Urasia-America 2x H 0 
Fragaria pentaphylla E and SE Asia 2x H 1 
Fragaria corymbosa N. China 4x D 0 
Fragaria moupinensis SW China 4x D 0 
Fragaria oreintalis Siberia, Outer Mongolia, 

Manchuria 4x T 0  
Fragaria gracilis E and SE Asia 4x D/G 0 
Fragaria tibetica E and SE Asia 4x D/G 0 
Fragaria moschata Europe to Ural Mts 

6x D/T 0  
Fragaria iturupensis Iturup, S. Kuriles 8x H 0 
Fragaria virgininiana Across N. Am 8x D 0  
Fragaria chiloensis West Coast N.Am, S.Am  

8x D/H 0  
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Table 2. Location and number of seed families collected from natural populations of F. vesca in Halton 
and Wellington Counties, ON. 2011 

Population Latitude Longitude 

Number of seed 

families 

Starkey Hill 43°32'43.90"N 80° 9'22.11"W 11 

Badenoch 43°28'22.80"N 80° 4'48.24"W 24 

Little Tract 43°26'47.12"N 80°14'51.09"W 18 

Guelph Radial Line 43°32'59.50"N 80°13'8.43"W 25 

Moffat 43°29'35.54"N 80° 2'29.56"W 27 
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Table 3. List of phenotypic traits measured on both diploids and neotetraploids. Dots indicate whether 
seed from bulk collections or natural population (wild) was used.  
 

Trait Bulk Wild Type of trait 

Basal width ● ●	   Vegetative	  

Height ●	   ●	   Vegetative	  

Number of leaves ●	   ●	   Vegetative	  

Length of the longest leaf ●	   ●	   Vegetative	  

Days to first flowering ●	    Vegetative 
 

Gynoecium size ●	   	   Reproductive (gender) 

Androecium size ●	   	   Reproductive (gender) 

Number of anthers per 
flower 

●	   	   Reproductive (gender) 

Number of ovules per 
flower 

●	   	   Reproductive (gender) 

Size of pollen ●	   	   Reproductive 

Number of pollen per 
flower 
 

●	   	   Reproductive(gender) 

Anther-stigma distances ●	    Mating system 
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Table 4. List of Fragaria microsatellite (SSR) markers that were tested, the expected size of the fragment, 
and source. The fragment size includes the expected size of the fragment with the addition of the 18bp 
attributed to the M13 tail. 
 
Loci Fragment size Species Source 
EMFv012 254 F. vesca Handonou et al. 2000 
EMFv013 221 F. vesca Handonou et al. 2000 
EMFv015 214 F. vesca Handonou et al. 2000 
EMFv022 208 F. vesca Handonou et al. 2000 
EMFv023 207 F. vesca Handonou et al. 2000 
EMFv025 221 F. vesca Handonou et al. 2000 
EMFv030 205 F. vesca Handonou et al. 2000 
Fvi6b 303 F. virginiana Ashley, et al. 2003 
Fvi9 193 F. virginiana Ashley, et al. 2003 
Fvi11 155 F. virginiana Ashley, et al. 2003 
Fvi20 180 F. virginiana Ashley, et al. 2003 
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Table 5. Effect of different colchicine concentrations (1.5%, 2%, and 3% w/v) on survival and ploidy of 
Fragaria vesca seed. Chimeric individuals were a mix of ploidies (2x/4x and 4x/8x). Survival was 
measured up to 4 weeks after transplanting.  

Treatment 
Number of 

Seedlings treated 

Number of 

Survivors 

Number  of 

2x 

Number of 

4x 

Number of 

8x 

Number of 

chimeric  

Control (water) 148 147 147 0 0 0 

1.5% colchicine 264 87 12 25 4 19 

2% colchicine 264 41 2 18 4 5 

3% colchicine 233 6 1 0 0 3 
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Table 6. A comparison of means for 12 vegetative and reproductive traits between 2x and 4xneo Fragaria 
vesca (bulk seed) using Wilcoxon signed-ranked test.  Traits were significantly different across all 
measurement intervals (2,4,8,13 weeks after transplanting), only first and last sets of measured traits are 
shown. 

 2x 4xneo   

Trait N Mean SE N Mean SE Z-value P-value 

Number of leaves 2 weeks 147 3.0 0.04 39 1.7 0.12 9.33 <.0001 

Number of leaves 13 weeks 147 22.5 0.48 40 13.8 1.03 6.69 <.0001 

Basal width (mm) 2 weeks 147 16.1 0.34 39 6.1 0.38 8.91 <.0001 

Basal width (mm) 13 weeks 147 161.2 2.29 40 104.6 8.69 7.1 <.0001 

Height (mm) 2 weeks 147 11.8 0.27 39 4.6 0.29 8.83 <.0001 

Height (mm) 13 weeks 147 83.4 1.26 40 60.3 3.27 6.28 <.0001 

Longest leaf (mm) 2 weeks 147 21.8 0.41 38 6.7 0.63 9.03 <.0001 

Longest leaf (mm) 13 weeks 147 42.8 0.39 40 28.6 2.51 7.39 <.0001 

Number of flowers 147 5.1 0.21 40 0.9 0.26 8.14 <.0001 

First flowering (days) 147 53.7 0.47 22 82.5 5.1 5.33 <.0001 
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Table 7. Comparison of vegetative traits between 2x and 4xneo F. vesca (field collected seed) at 5 and 8 
months after transplanting using Wilcoxon signed-rank test. All traits were significantly different 8 months 
after transplanting. 

 2x 4xneo   

Trait N Mean SE N Mean SE Z-value P-value 

Number of leaves 5 months 218 31.9 0.94 29 18.5 1.93 5.57 <0.0001 

Number of leaves 8 months 221 45.9 1.40 35 29.6 3.50 5.39 <0.0001 

Basal Width (mm) 5 months 218 92.5 3.08 29 85.9 5.15 0.73 0.46 

Basal width (mm) 8 months 221 169.5 2.42 35 136.0 5.66 5.26 <0.0001 

Height (mm) 5 months 218 226.6 4.79 29 191.9 8.82 3.15 0.0016 

Height (mm) 8 months 221 374.8 4.89 35 333.3 12.41 4.01 <0.0001 

Longest leaf (mm) 5 months 218 33.2 0.61 29 35.1 1.17 1.72 0.08 

Longest leaf (mm) 8 months 221 68.7 0.68 35 61.4 1.66 4.26 <0.0001 
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Table 8. Comparison of gender-related reproductive traits between 2x and 4xneo F. vesca (bulk seed) 
using Wilcoxon signed rank tests. With the exception of androecium size, all traits were significantly 
different between cytotypes. 

 2x 4xneo   

Trait N Mean SE N Mean SE Z-test P-value 

Gynoecium size (mm) 24 3.6 0.09 24 4.4 0.14 3.72 <0.0002 

Androecium size (mm) 24 1.38 0.06 24 1.3 0.30 1.33 0.18 

Number of ovules 24 145.9 5.74 24 117.5 6.23 2.877 0.004 

Number of anthers 24 18.6 0.44 24 16.3 0.54 2.71 0.006 

Pollen size (µm) 5 23.0 0.15 5 26.0 0.16 10.91 <0.0001 

Number of pollen per flower 24 22570.5 4048.0 24 5269.7 2940.0 4.29 <0.0001 
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Table 9. Analysis of variance of open-pollinated seed set from four experimental populations, two 
populations each of diploids and neotetraploids with N=20 plants per population. Model includes the 
effects of cytotype (diploid vs. neotetraploid) and the random effect of population nested within cytotype.  

Source of variation df MS F P 

Cytotype 1 0.536 4.87 0.12 

Population [cytotype] 
random 

2 0.109 0.95 0.39 

Error 26 0.114   
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Table 10. Allele frequencies of the maternal plants and offspring from the experimental mating system 
study.  

Locus Nmaternal Noffspring # Alleles Alleles Maternal Allele 
Frequency 

Offspring Allele 
Frequency 

EMFv022 111 40 2 222-224 0.99 1 
    226 0.01 0 
EMFv023 104 33 3 209 0.08 0.91 
    221-223 0.92 0.3 
    226-230 0 0.18 
EMFv025 112 38 2 205 1 0.99 
    209 0 0.01 
EMFv030 106 38 1 216 1 1 
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Table 11. Analysis of variance of hand outcrossed seed set (N=30 plants). Model includes effects of 
cytotype (diploid vs neotetraploid), pollen source (bulk vs wild plants) and the interaction of cytotype and 
pollen source. 

Source of variation df MS F P 

Cytotype 1 0.035 0.27 0.606 

Pollen source 1 0.057 0.44 0.512 

Cytotype x pollen source 1 0.007 0.06 0.808 

Error 26 3.377   
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Table 12. Analysis of variance of seed set on diploids and neotetraploids from hand pollination treatments 
(N=91 plants). Model effects include cytotype, pollination treatment (self-pollinated vs outcross 
pollinated), the interaction between cytotype and pollination treatment, and plant as sources of variation. 

Source of variation df MS F P 

Cytotype 1 0.225 3.95 0.056 

Pollination treatment 1 0.339 5.94 0.021 

Cytotype x pollination treatment 1 0.001 0.02 0.885 

Plant 59 0.249 4.37 <0.0001 

Error 28 1.596   
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Table 13. Analysis of variance of selfing rate on diploids and neotetraploids from four experimental 
populations (N=30 plants). Sources of variation include cytotype, and population nested within cytotype 
as a random effect. 

Source of variation df MS F P 

Cytotype 1 29.315 0.95 0.38 

Population [Cytotype] 
random 

2 24.595 0.37 0.69 

Error 29 66.155   
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Figure 1. Schematic of the direct (green) and indirect (blue) hypotheses for the evolution of gender 
dimorphism as mediated by polyploidy. The direct pathway arises from genetic (dosage, genome 
rearrangement) effects of ploidy on gender dimorphism. In the indirect effect, genome duplication creates 
conditions (e.g. increased selfing, inbreeding depression) favouring the subsequent formation or spread 
of unisexuality.  
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Figure 2. Geographic distribution of Fragaria vesca. From Hancock and Luby, 1993. 
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Figure 3. Photograph of F. vesca flowers showing reproductive traits used to estimate gender. The 
diameter of the receptacle (A) was used as a measurement of the gynoecium size; the width of the ring of 
anthers (B) was used as a measure of androecium size; the shortest distance between stigmas and 
anthers (C) was used as a measure of autogamy.  
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Figure 4. Distribution of DNA content (ratio of nuclei fluorescence of sample relative to standard) for 
colchicine treated diploids (N=15) and neotetraploids (N=40). Blue peaks consist of diploid plants and the 
red peaks consists of neotetraploid plants.  
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Figure 5. Means (+/- SE) of five vegetative traits for colchicine treated diploid (unconverted) and untreated 
diploids at 2 weeks (longest leaf at 4 weeks) (top) and 13 weeks (bottom) after transplanting. All traits 
were significantly different with regards to number of leaves, width, height (at 2 weeks), and length of 
longest leaf (at 4 weeks). At 8 and 13 weeks there were no significant differences in any traits, only 13 
weeks shown. 
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Figure 6 Mean (+/-SE) values for six vegetative and reproductive traits compared between diploid 
(N=147) and neotetraploid (N=40) F. vesca (bulk seed) 13 weeks after transplanting using Wilcoxon 
signed-rank test. Diploids and neotetraploids differed (P < 0.05) in all traits. *(First flowering, 4xneo N=22) 
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Figure 7 Mean (+/-SE) seed set from four different pollination treatments. Diploids had significantly 
greater mean autogamous seed set compared to neotetraploids (F1,46 = 28.2, P<0.0001) and no 
significant differences in mean open pollinated seed set between cytotypes (F1,30=4.87, P=0.12). Mean 
seed set of selfed and outcrossed plants were analyzed separately using ANOVA, with cytotype and 
pollination treatment as sources of variation. There was no significant differences between cytotype (F1,91 
= 3.5, P = 0.06), pollination treatment (F1,91 = 4.63, P = 0.03), or cytotypes x pollination treatment (F1,91 = 
0.17, P = 0.67) 

 


