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Summary

e Fertilization involving unreduced (2n) gametes is considered the dominant mechanism of
polyploid formation in angiosperms; however, our knowledge of the prevalence of and
evolutionary mechanisms maintaining 2n gametes in natural populations is limited. We
hypothesize that 2n gametes are deleterious consequences of meiotic errors maintained by
mutation—selection balance and should increase in species with relaxed opportunities for
selection on sexual processes (asexuality), reduced efficacy of selection (asexuality, selfing)
and increased genome instability (high chromosome number).

e We used flow cytometry to estimate male 2n gamete production in 60 populations from 24
species of Brassicaceae. We quantified variation in 2n gamete production within and among
species, and examined associations with life history, reproductive mode, genome size and
chromosomal number while accounting for phylogeny.

e Most individuals produced <2% 2n male gametes, whereas a small number had >5% (up
to 85%) production. Variation in 2n gamete production was significant among species and
related to reproductive system; asexual species produced significantly more 2n gametes than
mixed-mating and outcrossing species.

e Our results, unique in their multi-species perspective, are consistent with 2n gametes being
deleterious but maintained when opportunities for selection are limited. Rare individuals with

elevated 2n gamete production may be key contributors to polyploid formation.

Introduction

Polyploidy, the possession of greater than two genomes (com-
plete chromosome sets) per nucleus, has been the focus of
much plant research since its discovery a century ago (Lutz,
1907; Miintzing, 1936; Ramsey & Ramsey, 2014; Soltis ezal.,
2016). Genome multiplication occurred early in the diversifi-
cation of flowering plants and has been occurring repeatedly
since then (Cui etal, 2006; Wood etal, 2009; Jiao etal,
2011). The population-level process by which it evolves is typ-
ically broken into two phases: formation and establishment
(Thompson & Lumaret, 1992). Establishment refers to the
mechanisms by which neopolyploids spread in a population or
colonize new populations. This stage has received considerable
research attention (Fowler & Levin, 1984; Rodriguez, 1996;
Husband & Sabara, 2004; Rausch & Morgan, 2005), particu-
larly on the factors that may overcome the frequency-
dependent disadvantage experienced by new polyploids (Levin,
1975a). In comparison, polyploid formation, the rate and
underlying mechanisms by which new polyploids arise, is less
well studied (Soltis eral, 2010) despite being necessary to
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predict which species are predisposed to genome multiplication
and under what conditions.

There is strong support for the hypothesis that polyploidy is
derived primarily from unreduced gametes, which have the
somatic (27), rather than haploid (7) chromosome number
(Harlan & De Wet, 1975). Unreduced gametes typically arise
due to environmental or genetic factors leading to meiotic (or
mitotic) failure during micro- and megasporogenesis (Bretagnolle
& Thompson, 1995; Brownfield & Kohler, 2011). Polyploids
form when two unreduced (27) gametes unite to produce, for
example, a tetraploid (27+ 27, bilateral pathway), or when 27
and reduced gametes combine to form an odd ploidy (e.g.
triploid from 27+ n, unilateral pathway), which can then back-
cross to a diploid plant (Den Nijs & Peloquin, 1977; Husband,
2004) to produce higher polyploids. All else being equal, the rate
of polyploid formation is expected to be positively correlated
with the frequency of 27 gametes in a population. The higher the
rate of polyploid formation, the more likely polyploids will over-
come the strong fitness disadvantage experienced by new poly-
ploids due to the lack of compatible mates (minority cytotype
exclusion principle: Levin, 1975a; Felber, 1991). The importance
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of 2n gametes to polyploid evolution raises two fundamental
questions: how frequent and variable are 27 gametes in natural
populations and, given that these gametes are a product of mei-
otic dysfunction, what maintains them in natural populations?

Two possible evolutionary mechanisms may favour the persis-
tence of 27 gametes in natural populations when they have some
genetic basis. First, 272 gametes may be adaptive, in that they con-
fer a direct fitness advantage that is positively selected under cer-
tain conditions. For example, the production of 27 gametes
might be favoured along with parthenogenesis during the evolu-
tion of gametophytic apomixis (Bicknell & Koltunow, 2004;
Lovell eral, 2013). Such fitness advantages should give rise to
high frequencies of 27 gametes in some species, yielding strong
differentiation among species or populations. Alternatively, 27
gamete production may be maladaptive but persist in populations
when the rate of mutations affecting meiosis exceeds the rate at
which selection can purge them. A maladaptive role may be
expected because dysfunctional meiotic processes are the basis of
most 27 gamete production (Ramsey, 2007; Mason & DPires,
2015), and individuals with elevated 27 pollen production would
likely have reduced fitness due to lower pollen viability and male
siring success in diploid populations. Assuming reproductive iso-
lation between cytotypes, a diploid individual that produces a
high proportion of 27 gametes is effectively reducing its contribu-
tion to the diploid population gamete pool, wasting the resources
that went into forming each 27 gamete. In this scenario, 27
gamete production should be relatively rare in populations, and
should be elevated only when opportunities for meiotic mistakes
are enhanced or selection to remove them is weakened.

Estimates of the frequency and variation of 27 gametes in nat-
ural populations are limited. Most published values come from
ornamental or agricultural cultivars and from hybrid crosses
grown in controlled environments (Veilleux ez al.,1985; Dewitte
etal., 2011; Younis et al., 2014), which are not necessarily repre-
sentative of 27 gamete formation in natural populations. Never-
theless, these studies have found variation in 27 gamete
production among individuals (Eenink, 1975), flowers (Matsuda,
1936; Lebedeff, 1940; Heyn, 1977), and anthers (De Mol,
1929), suggesting that it can be a highly labile trait. There are
few quantitative studies of 27 gamete production in natural pop-
ulations (e.g. De Haan ez al,, 1992; Maceira ez al., 1992; Bretag-
nolle, 2001; Ramsey, 2007; Sheidai ezal, 2009; Kovalsky &
Solis-Neffa, 2012). Based on a limited number of populations in
a small number of species, these studies suggest that the fre-
quency of 27 gametes is low. However, to date there have been
no attempts to compare this variation within and among taxa or
to relate that variation to relevant ecological and genetic
attributes under natural conditions.

Here, we examine the frequency and correlates of variation in
27 male gamete production among several ecologically and chro-
mosomally diverse species in the family Brassicaceae using flow
cytometry. Flow cytometry, which assesses ploidy directly by
evaluating the DNA content of pollen nuclei, is a high-
throughput alternative to traditional morphological methods
(Costich etal., 1993; Ramsey & Schemske,1998; Bretagnolle,
2001; Ramsey, 2007), which limit sample size and are subject to
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inaccuracies due to natural variation in, for example, pollen size
(Jansen & Den Nijs, 1993; Van Laere ez al., 2009; Dewitte et al.,
2011). Historically, quantifying 27 gamete formation using flow
cytometry has been limited by technical difficulties, but recent
developments in the technique enable population sampling of 27
male gametes on a scale rarely achieved before (Van Tuyl ezal,
1989; Bino ez al., 1990; Kron & Husband, 2012, 2015).

We sampled multiple species and populations to address the
following questions: What is the overall rate of 27 male gamete
production in natural plant populations?; Does 27 gamete pro-
duction differ among populations within a species and among
species?; To what extent is 27 gamete production related to the
genomic and ecological characteristics of species such as chromo-
some number, ploidy, genome size, life history and reproductive
mode?

As a first step in investigating the evolution of 27 gametes, we
tested the hypothesis that 27 gametes are maladaptive in natural
populations and thus are maintained at low frequencies through
mutation—selection balance. If this is true, we expect population
frequencies to be consistently low, overall, and to increase in pop-
ulations where selection on sexual function is either rare (due to
infrequent sex) or inefficient (due to low effective population size,
N, and low recombination). Specifically, we predict that 27
gamete production will be higher in perennials compared to
annuals. In any given year, perennial plants can forego sexual
reproduction in favour of vegetative perennation or clonal repro-
duction, which may reduce the opportunity of selection on sexual
function (Weismann, 1889; Levin, 1975b; Barton &
Charlesworth, 1998) compared to annuals, which are obligately
sexual. We also predict that 2 gametes will vary as a function of
reproductive system (asexual vs selfing vs outcrossing) because
selection against meiotic mutations will be weaker in predomi-
nantly asexual species due to infrequent sexual reproduction, and
less efficient in asexual and selfing species because of lower N,
and effective recombination than in sexual, outcrossing species
(Crow & Kimura, 1965; Orive, 1993; Charlesworth & Wright,
2001; Glémin, 2007). Alternatively, aspects of genome size, such
as higher chromosome number (Snoad, 1955), polyploidy
(Gottschalk, 1959; cited by Thompson, 1962; Britton & Hull,
1957; Selmecki etal, 2015) and hybridization (Ramsey &
Schemske, 1998), may increase the likelihood of 27 gamete for-
mation by increasing chromosomal instability, chromosomal
misalignments and unbalanced chromosomal segregation in pre-
meiotic or meiotic cells.

Materials and Methods

Study system

The family Brassicaceae (formerly Cruciferae) comprises ¢. 325
genera and 3740 species (Stevens, 2016) that vary widely in
life history, reproductive system, ploidy, genome size and
chromosome number. Warwick & Al-Shehbaz (2006) have
shown haploid chromosome numbers to vary among species of
Brassicaceae, and even within genera (ranging from n=7 to
n=19 in Brassica). Ploidy in Brassicaceae ranges from 2X to
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>30x and genome size (1C) ranges from 0.15 and 4.73
picograms (pg) (Bennett & Leitch, 2012), with the family
having undergone at least three whole genome duplication
events in its history (Bowers eral, 2003). Mating system
ranges from obligately outcrossing, due to a widespread sporo-
phytic self-incompatibility system, to predominantly selfing
(Dickinson etal., 1998). Asexual reproduction dominates in
some species due to gamete sterility and vegetative reproduc-
tion; although apomictic seed production has been reported in
three genera (Boechera, Draba and Arabis; Bocher, 1951;
Mulligan & Findlay, 1970; Naumova ez al, 2001; Schranz ez
al., 2005), it has not been substantiated in any of the genera
we studied. The ecological and genetic variation within Brassi-
caceac make it an ideal family for a comparative study, and
pollen nuclei characteristics in this family make it a good can-
didate for flow cytometric estimation of 27 male gametes
(Kron & Husband, 2015).

Experimental design

During the summers of 2014 and 2015, we sampled 1647 indi-
viduals from 60 populations of 24 species (Table 1). These collec-
tions represented 15 genera, occupying environments ranging
from open and disturbed to forested and relatively undisturbed,
predominantly in Wellington County, Ontario, Canada (Sup-
porting Information Table S1). To assess the variation in 27
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gamete production within species, we sampled up to seven popu-
lations per species, ranging from 4 to 97 individuals per popula-
tion (mean individuals per population=28). Species were
identified using Alex & Switzer (1988), Gleason & Cronquist
(1991) and Reznicek & Voss (2012).

Within each population, individuals were sampled along a
transect. For vegetatively reproducing species, individuals were
sampled ¢. 2 m apart to maximize the number of genets sampled.
We collected whole individuals or flowering stems from the field,
placed them in water, and kept them in the lab overnight. This
method allowed for the anthers of each individual to dehisce fur-
ther overnight, allowing for cleaner collections of more pollen.
We harvested pollen from each individual the day after it was col-
lected by removing anthers (if large enough) or whole flowers
and placing them into 1.5-ml plastic tubes to be dehydrated with
silica gel for storage. A leaf sample was also collected, dehydrated
and stored to estimate plant 2C DNA content (pg). For each
population, a voucher individual was collected and deposited in
the BIO Herbarium, University of Guelph, Canada (accession
nos. 98259-98298).

Cytometry

We prepared pollen samples following the filter bursting method
outlined by Kron & Husband (2012). Pollen samples were sus-
pended and vortexed in LBO1 buffer (Dolezel eral, 2007),

Table 1 Summary statistics of the proportion of unreduced gamete production for 24 species in Brassicaceae sampled in southern Ontario, Canada

Reproductive Min s? within ~ Max s? within

Species mode n(Pop) n(Ind) Mean Median Min Max 5% within species  pops pops
Alliaria petiolata M 7 253 0.016 0.014 0 0.128 1.20E-04 1.86E-05 6.69E-04
Barbarea vulgaris O 3 81 0.008 0.007 0.001 0.031 3.40E-05 1.37E-05 1.37E-05
Brassica napus S 3 91 0.01  0.009 0.003 0.041 3.34E-05 7.84E-06 8.90E-05
Capsella bursa-pastoris S 2 42 0.019 0.017 0.003 0.048 1.38E-04 6.70E-05 2.14E-04
Cardamine bulbosa O 2 62 0.015 0.013 0 0.035 5.52E-05 3.62E-05 5.55E-05
Cardamine concatenata (L) A 3 44 0.102 0.035 0 0.71 9.60E-03 1.562E-02 5.37E-02
Cardamine concatenata (M) A 1 25 0.054 0.014 0 0.398 3.46E-02 ~ ~
Cardamine concatenata (H) A 2 23 0.088 0.024 0.005 0.856 2.28E-02 3.40E-02 6.22E-02
Cardamine diphylla A 3 55 0.062 0.057 0.022 0.141 7.32E-04 4.10E-04 7.35E-04
Cardamine pensylvanica S 2 62 0.017 0.013 0 0.073  2.19E-04 1.93E-04 2.07E-04
Descurainia sophia S 2 50 0.09 0.09 0.01 0.19 2.46E-03 1.97E-03 2.87E-03
Diplotaxis tenuifolia O 3 88 0.006 0.004 0.001 0.028 2.83E-05 1.75E-05 3.59E-05
Erucastrum gallicum S 3 80 0.004 0.003 0.001 0.018 8.18E-06 1.68E-06 1.45E-05
Erysimum cheiranthoides S 3 81 0.01 0.007 0 0.044 6.17E-05 7.29E-06 9.82E-05
Erysimum hieraciifolium S 3 66 0.007 0.006 0 0.031 5.79E-05 1.32E-05 1.05E-04
Hesperis matronalis M 3 91 0.012 0.011 0.007 0.083 6.71E-05 1.68E-05 1.18E-04
Lepidium campestre S 2 85 0.009 0.007 0 0.039 3.71E-05 1.87E-05 1.11E-04
Nasturtium microphyllum M 3 79 0.016 0.013 0 0.06 1.28E-04 8.39E-05 1.76E-04
Nasturtium officinale M 1 18 0.01 0.009 0.004 0.02 2.06E-05 ~ ~
Sinapis arvensis O 3 101 0.006 0.004 0.001 0.026 2.24E-05 1.26E-05 3.36E-05
Sisymbrium altissimum S 1 31 0.017 0.014 0.003 0.069 1.69E-04 ~ ~
Sisymbrium loeselii M 3 71 0.01 0.008 0 0.153  3.24E-04 2.89E-06 8.71E-04
Sisymbrium officinale S 2 55 0.01 0.007 0.004 0.06 9.20E-05 9.21E-05 9.65E-05
Thlaspi arvense S 3 62 0.007 0.006 0 0.041 5.46E-05 3.91E-06 6.86E-05

Number of populations and individuals, mean, median, minimum, and maximum columns represent values taken among individuals within species. s
within species represents variance among individuals within species, which incorporates within and between population variation. s> within populations
represents variance within populations among individuals. Reproductive mode abbreviations: O, predominantly outcrossing; M, mixed-mating; S, predomi-
nantly selfing; A, predominantly asexual.
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filtered through a coarse filter to exclude any large debris, and
then filtered through a fine filter that effectively captured all pol-
len grains. To determine the appropriate size for the coarse and
fine filters, we measured pollen diameter range from at least 100
pollen  grains stained with DAPI (4',6-diamidino-2-
phenylindole) for each species using OPENLAB v.4.0.3 (Improvi-
sion Inc., Waltham, MA, USA) and a Leica DMR microscope
(Leica Microsystems, Wetzlar, Germany). We crushed the pollen
against the fine filter using a plastic rod to release the pollen
nuclei and then rinsed the free nuclei through the filter using
0.5 ml LBO1 buffer with 100 pgml™" of a DNA selective dye,
propidium iodide, and 50 pgml™" of RNAse. Samples were
allowed to stain for 20 min to 2 h and were then tested for DNA
content and nuclei number using a FACSCALIBUR flow cytometer
(BD Biosciences, San Jose, CA, USA) and CELLQUEST ProO v.6
(BD Biosciences, San Jose, CA, USA).

In order to estimate the 2C pg DNA content of each species,
leaf samples of at least two individuals per population were tested
along with an internal DNA content standard. Because ploidy
varied within populations of Cardamine concatenata, 2C DNA
content was measured for every individual. We chopped leaf sam-
ples in ¢. 700 pl of LBO1 buffer with the same concentrations of
propidium iodide and RNAse as above, and passed the suspended
nuclei solution through a 30 um filter. The DNA content stan-
dard was Verbena officinalis L. (2C pg DNA content=0.678,
Martin ez al., 2014) except for species with higher DNA contents:
Sisymbrium loeselii, Brassica napus and Descurainia sophia were
tested with Raphanus sativus L. ‘Saxa’ (2C pg DNA con-
tent = 1.11), Hesperis matronalis was tested with Pisum sativum L.
‘Ctirad’ (2C pg DNA content=9.09), Cardamine concatenata
was tested with Secale cereale L. ‘Dankovské’ (2C pg DNA con-
tent = 16.19) and Cardamine diphylla was tested with Zea mays L.
‘CE-777' (2C pg DNA content=5.43) (Dolezel eral., 2007).
The calculation of 2C pg DNA content for each species was
based on the fluorescence of the sample species’ 2C peak mean
relative to that of the standard, where fluorescence area (FL-A,
485 nm) peak means were measured using MopFir LT v.3.3.11
(Verity Software House, Topsham, ME, USA).

2n gamete calculations and quality assessment

For each sample we calculated the proportion of 27 gamete
nuclei (#) as:

2Cnuclei
H=———
1Cnuclei + 2Cnuclei

Methods for gating debris and doublets, as well as for estimat-
ing numbers of 1C (reduced gamete) and 2C (27 gamete) nuclei,
followed Kron & Husband (2015). Debris was excluded by gat-
ing on a fluorescence area (FL-A, 485 nm) by fluorescence height
(FL-H, 670 nm) scatterplot to eliminate particles with distinctly
different fluorescence properties than nuclei. In some cases, we
gated additional debris using a FL-A (485 nm) by side scatter-
plot. We applied pulse analysis (Sharpless & Melamed, 1976;
Kron & Husband, 2015) to differentiate between 27 gametes
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and aggregates (two or more adhering nuclei). Specifically, we
eliminated doublets by removing 2C events that had a distinctly
lower FL-H per FL-A relative to that of single 2C nuclei. We
manually gated the 1C and 2C nuclei clusters after excluding
debris and doublets and calculated # To minimize the error for
estimates of rare (2C) events, we excluded samples with fewer
than 3000 total nuclei. We corrected for possible somatic tissue
contamination using the method described in Sora ez al. (2016),
and we performed our analyses (see Life history, reproductive
and genomic associations with 27 gamete production) using both
uncorrected and corrected estimates.

Species-level traits

We characterized each species by five characteristics: reproductive
mode, life history, genome size (2C DNA content measured in
pg, as mentioned above), somatic chromosome number (27) and
ploidy level (Table S2). The sources used differed among vari-
ables from plant databases and floras to primary literature. We
classified mode of reproduction as predominantly selfing, mixed
mating, predominantly outcrossing and predominantly asexual
(pollen sterility, vegetative reproduction) for each species. Species
were classified using a range of information, listed in order of pri-
ority: genetic estimates of selfing, flower morphology and pollina-
tor interactions, and incidence of self-compatibility (for details
see annotations to Table S2). We used flow cytometry to assess
the 2C pg DNA content of each species as described above.
Ploidy and chromosome number were inferred from a combina-
tion of the 2C DNA content and published species descriptions
as described in the annotations to Table S2 (Methods S1).

Quantifying variation in 2n production

We quantified variation in 27 production among species, among
populations within species, and among individuals within popu-
lations using a nested ANOVA implemented in the STATS pack-
age in R (R Core Team, 2014). The population term was nested
within species and the residual represented variation among indi-
viduals. Genus was not included in the analysis because in our
sample only four genera comprised more than one species. To
improve the fit of the data, we log-transformed the proportion of
27 gametes produced.

Life history, reproductive and genomic associations with 2n
gamete production

We tested for an association between 27 gamete proportion and
the four species-level traits (life history, reproductive mode, chro-
mosome number, genome size (2C), and no interaction terms)
while accounting for nonindependence due to phylogeny with
phylogenetic generalized least squares (PGLS) using a single
model that included all predictors. Ploidy was dropped from the
analysis as it was highly correlated with chromosome number
(and because our estimate of ploidy was often calculated from
chromosome number; see Methods S1). We used the corRPAGEl
option in the R package NLME (v.3.1-128) to estimate the PGLS
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correlation structure, which evaluates the phylogenetic signal in
the character and 27 gamete dataset by estimating Pagel’s A
(0=rno signal, 1=complete phylogenetic dependence). Propor-
tion of 27z gametes and chromosome number were log-
transformed to improve normality of residuals (based on Q-Q
plots) and ensure homoscedasticity of the data (Levene’s test for
reproductive mode: F=0.8649, P=0.4755). We calculated the
likelihood ratio chi-square values (LR x?) of each predictor vari-
able, and for any significant predictor variable examined all PGLS
pairwise rtests between treatment levels.

We used a modified version of Huang eral’s (2016) Brassi-
caceae chronogram to control for phylogeny, which originally
estimated divergence from the concatenation of 113 nuclear
markers. Huang eral’s (2016) phylogeny comprises 55 species,
29 out of 51 tribes, and 11 of 15 genera for which we had data.
We added four missing genera to the tree using the bind.tip func-
tion in the R package pHYTOOLS v.0.5-39 (Revell, 2012). This
function adds a new tip to the tree by positioning the new branch
at a randomly generated position below the specified node. How-
ever, we constrained this position according to known taxonomic
affiliations (Carlsen ez al., 2009; Couvreur et al., 2010). We also
used the add.species.to.genus function in PHYTOOLS v.0.5-39
(Revell, 2012) to add congeners at a random position along the
genus branch. We then pruned the phylogeny to include only
our 24 species of interest. We accounted for uncertainty from the
addition of missing species by repeating our analysis using a set
of 1000 random-addition trees (for example tree see Fig. S1).
This approach was modified from Algar & Mahler (2015).

Results

The 24 species sampled differed greatly in reproductive mode,
life history and genomic characteristics (Table S2). With respect
to life history, 11 species were annual, five biennial, and eight
perennial. It terms of reproductive mode, 11 species were pre-
dominantly selfing, five were mixed-mating, four were predomi-
nantly outcrossing, and four were predominantly asexual
(Table S2). 2C pg DNA content ranged from 0.41 to 17.03,
exceeding the previously reported range for this family (0.3—
9.47; Bennett & Leitch, 2012). Chromosome number and
ploidy ranged from 27=2x=14 to 2n=30x =240. There was
discrete variation in 2C DNA content within populations of
the asexual Cardamine concatenata, leading us to tentatively
identify three chromosomal species by clustering DNA contents
of low (7.13-8.37 pg/2C, putative 20x), medium (8.42—
10.22 pg/2C, putative 24x), and high (11.41-14.96 pg/2C,
putative 30x) DNA content (see Table S2 annotations; Meth-
ods S1, for details).

Frequency and variation of 2n gamete production

The distribution of 27 male gamete frequencies among all indi-
viduals sampled was positively skewed (skewness=9.8) (Fig. 1).
The proportion of 27 gametes per plant ranged from 0 to 85.6%,
where the average was 1.93% (SE=0.001; median=0.97%)
among all plants and 2.52% across species means (SE=0.006;
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Fig. 1 Distribution of the proportion of unreduced gametes produced by
all 1696 sampled individuals. Individuals are representative of multiple

populations in 24 species of the family Brassicaceae (see Table 1 for list of
species).

median =1.10%; Table 1). Of the 1696 individuals sampled,
51.4% of individuals produced <1% 27 gametes, whereas 6.7%
produced > 5% 27 gametes. Individuals with >5% 27 gametes
were primarily from the species Descurainia sophia, Cardamine
diphylla and Cardamine concatenata.

2n gamete production varied greatly among and within species
(Table 1). Based on the nested ANOVA analysis, species
explained almost double the variation in 27 gamete production
compared to populations within species (30.5% compared to
17.3%) and both were significant (species: F=2.9, P=0.0013;
Population: F=13.85, P<2 x 1076). The majority of variation
in 27 gamete production was among individuals within popula-
tions (residual) (52.2%). Variance in 27 gamete production
among individuals within populations ranged from 2.89 x 10~°
in Sisymbrium loeselii to 6.22 x 107 in Cardamine concatenata
(H) (Table1). The highest three variances within populations
occurred in Cardamine concatenata (20x, 30x) and Descurainia
sophia, corresponding to their high mean production of 27
gametes.

In the most intensively sampled species, Alliaria petiolata
(n=253 individuals, »=7 populations), the distribution of 27
gametes among individuals was less positively skewed (skew-
ness = 4.7) than the distribution for all species pooled, but had a
similar mean value of 1.59% and a median of 1.39% (Fig. 2).
The distribution of 27 gamete production within populations of
A. petiolata varied widely, from a somewhat normal distribution
in the highly sampled Preservation Park population to positively
skewed in the Speed River population (Fig. 2). Additionally, the
minimum value of 27 gamete production in the Water Rd popu-
lation (1.74%) was elevated relative to other populations and
species, which typically show lower minimum values (mean mini-
mum across A. petiolata populations =0.46%; mean across
species = 0.27%).

The predominantly asexual species, Cardamine concatenata,
composed of three chromosomal species (20x, 24x, 30x), had the
highest 27 gamete production (Table 1). The distribution of all
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individuals combined across C. concatenata cytotypes was the
least positively skewed out of all the species (skewness=2.9).
Only 27.2% of individuals produced <1% 27 gametes, whereas
35.9% of individuals produced >5% 27 gametes with levels of
production up to 82.6% (Fig. S2). The average frequency of 2n
gamete production across cytotypes was 8.57% (2=92), more
than four times greater than the mean frequency of 27 produc-
tion across all samples and species (means for each chromosomal
species were 10.18%, 5.38%, and 8.80%, for 20x, 24x and 30x
taxa, respectively). Despite the high means, the shape of the dis-
tribution was similarly leptokurtic to other species, with a strong
peak at the low end of production, <5% (Fig. 3).

Life history, reproductive and genomic associations with 2n
gamete production

We found a significant effect of reproductive mode on 272
gamete production (PGLS: A=0.8716, LR y>*=4.67, LR y°
SE=0.028, P=0.019; for distribution of Xz and P values see
Fig. §3). PGLS pairwise comparisons across reproductive cate-
gories showed that predominantly asexual species had signifi-
cantly more 27 gametes compared to mixed-mating species
(t=—2.246, P=0.0292) and predominantly outcrossing
species (r=—3.3175, P=0.007), and was nearly significantly
different from predominanty selfing species (r=—2.104,
P=0.0542) (Fig.4). The mean PGLS predicted value of the
back-transformed proportion of 27 gamete production was
lowest in outcrossing species (0.0096) out of all reproductive
modes (0.0129, 0.0144 and 0.05193 for mixed mating, pre-
dominantly selfing and predominantly asexual species, respec-
tively; Fig.3). We found no significant effect of life history,
chromosome number or DNA content on 27 gamete produc-
tion. Annual species had the smallest predicted value (0.0158,
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compared to 0.0191 and 0.0178 for biennial and perennial
species, respectively). Chromosome number had a slightly posi-
tive association (slope =0.103) with log 27 gamete production;
DNA content had a weak linear dependence (slope=0.0017).
The full analysis (four factors) conducted on data before cor-
recting for somatic nuclei gave quantitatively the same results,
in that mating system remained the only significant predictor
of 2n gamete production. Because pollen was sampled over
2 yr, we tested for a difference among years using four species,
sampled in both years, and found no difference (2-way mixed-

model ANOVA; year effect, F=1.49, P=0.31).

Discussion

The union of 27 gametes is considered to be the primary mech-
anism of polyploid formation, yet we understand little about
how common such gametes are and how they persist in natural
populations. These questions are of particular interest given that
2n gametes likely arise due to meiotic dysfunction and are gen-
erally expected to have negative effects on male fitness in diploid
populations. Here, we estimated male 27 gamete production in
a large number of individuals and populations from 24 species
of Brassicaceae using flow cytometry. The multispecies approach
and intensive sampling is unique among existing studies of 27
gametes in natural populations. We found marked variation in
2n gamete production among individuals, populations and
species. Reproductive mode was a significant predictor of the
proportion of 27 gametes per species. Specifically, asexual
species produced more 27 gametes than self-fertilizing, mixed-
mating and outcrossing species (the latter two, statistically
more). This pattern can be explained by weaker selection against
deleterious mutations expressed during gametogenesis in asexual
species.
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distribution, with individuals producing unreduced gametes up to c. 75%.

Distribution of 2n gametes

The distribution of 27 gamete production among individuals was
similar to that reported in other natural plant populations (Bre-
tagnolle, 2001; Ramsey, 2007), in that the majority of individu-
als produce low frequencies of 27 gametes, whereas a minority
produce higher frequencies. For example, in our study, 75.1% of
individuals produced between 0.1 and 2.0% 27 gametes, the typ-
ical range described by Ramsey (2007) for population mean pro-
duction in nonhybrid species. Further, we found 6.8% of all
individuals produced > 5% 27 gametes (range among species, 0—
70%), which was similar to 6.3% in Anthoxanthum alpinum
(n=174; Bretagnolle, 2001) but greater than the 1.6% in
Achillea borealis (n=250; Ramsey, 2007). Along with the skewed
distributions, we also observed significant variance attributed to
populations within species (17.3%) and among species (30.5%).
We could not, however, compare these variances for the Brassi-
caceac to other plant families because of the lack of among-
population and among-species data in the literature.

Despite the similarities we found to previous reports, our
species mean (2.5% 27 gametes) is high compared to other
reports. Even if we exclude Cardamine concatenata as an outlier,
bringing our mean down to 1.7%, our estimate is almost four
times higher than the mean estimate of 0.465% found by Ramsey
& Schemske (1998) based on published reports for nine nonhy-
brid species. Several reasons may explain this discrepancy, includ-
ing the fact that the Ramsey and Schemske mean included no
Brassicaceae, a majority of diploid species (with no ploidies
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higher than 4x), and no predominantly asexual species. Also,
more than a third of the estimates were based on realized 27
gamete production rates (i.e. post seed production rather than
direct measures of 27 gamete production), as well as a small num-
ber of female 27 gamete estimates, which averaged lower than
males. These differences highlight the need for more empirical
data from natural populations using comparable methodologies
while suggesting that 27 gamete production in natural popula-
tions may be higher than previously assumed.

The literature often describes individuals as 27 gamete pro-
ducers’ and ‘non-producers’ (e.g. Parrott & Smith, 1986; De
Haan et al., 1992; Maceira et al., 1992; Kovalsky & Solis-Neffa,
2012). Typically, 27 pollen are identified using pollen size or
other traits as indicators; ‘producers’ are identified by the ‘pres-
ence’ of large pollen, based on sampling some limited number of
pollen grains, whereas ‘absence’ indicates nonproducers. This cat-
egorization implies a simple bimodality that may reflect the limi-
tations of sample size in early studies using pollen size (and other
traits) as indicators of 27 gametes (Bretagnolle & Thompson,
1995). For example, using pollen size, Bretagnolle (2001)
observed 10% and Ramsey (2007) found that 44% of individuals
have 27 gametes. By contrast, using flow cytometry and somatic
correction, we found that 95.9% of individuals had some
detectable 272 gametes. This suggests that as nuclei sample size
increases (ranges up to 10 000 nuclei with flow cytometry) we
can better detect rare events and quantify their frequency.
Although we cannot exclude the possibility that this is a method-
ological artifact (background noise inflating very low estimates;
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Fig. 4 Violin plots of 1000 iterations of phylogenetic generalized least
squares (PGLS) model predicted values for the back-transformed
proportion of unreduced gamete production by four reproductive modes
(O, predominantly outcrossing; M, mixed-mating; S, predominantly
selfing; A, predominantly asexual; see Table 1 for reproductive mode
annotations for species). Asexual species have significantly higher
predicted unreduced gamete production compared to outcrossing and
mixed mating species, and marginally significantly higher production
compared to selfing species. For each reproductive mode, colored
distributions represent the kernel density distribution of predicted values,
white circles represent the median predicted values, black boxes represent
the interquartile range, and the tails represent the minimum and maximum
predicted values.

Kron & Husband, 2015), it raises the possibility that 27 gamete
frequencies in many natural populations may best be described as
continuous, at least in Brassicaceae. Although previous studies
have shown a relationship between flow cytometric 27 gamete
estimates and measures of large pollen frequency (Van Tuyl ez al.,
1989) or average pollen size (Sora etal., 2016), future studies
comparing these methods more directly could shed light on how
methodology may have influenced our understanding of 2
gamete frequency and variation in natural populations.

Our evolutionary hypotheses of how 27 gametes are main-
tained in natural populations are based on the premise that 27
gamete production has a strong genetic component. However, it
is possible that low rates of production in the majority of individ-
uals may be the result of environmental effects. Studies have sug-
gested that 27 gamete production is usually controlled by a
monogenic recessive allele whose expression and frequency is
modified by other genes (Bretagnolle & Thompson, 1995). In
Arabidopsis, 2n gamete formation has been observed in several
mutants acting in different pathways, including AtPS1 (d’Erfurth
et al., 2008), JASON (Erilova et al, 2009) and OSD1 (d’Erfurth
etal., 2009). Interacting genes are especially likely, considering
Bretagnolle & Thompson (1995) showed that there are at least
11 cytological abnormalities that lead to 27 gamete production.
Nevertheless, extreme environments such as fluctuating tempera-
ture have been shown to interact with genotype to elevate the fre-
quency of production (Belling, 1925; De Mol, 1929; Sax, 1936;
Lewis, 1943; McHale, 1983; Ramsey & Schemske, 1998; Mason
etal., 2011). Thus, despite the underlying genetic basis of 2x
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gamete production playing a key role in its evolution, environ-
mental factors are sure to explain a portion of the variation seen
within and between populations and species, as are other factors,
such as the ages or developmental stages of plants. Unfortunately,
litele is known about the relative contributions of genetics and
environment to 27 gamete production in natural populations
(but see Ramsey, 2007), and future studies incorporating both
spatial and temporal variation in environmental conditions will
hopefully fill this gap in our understanding. This could help
determine whether polyploids tend to form more often in lin-
eages genetically predisposed to produce 27 gametes, or whether
environmental conditions are better predictors of polyploid
formation.

Reproductive mode & the evolution of 2n gametes

Reproductive mode was the only factor we examined that was
associated with 27 male gamete production. Species that are pre-
dominantly asexual (in the genus Cardamine) produced signifi-
cantly higher frequencies of 27 gametes than mixed-mating or
outcrossing species and weakly higher frequencies than self-
fertilizing species. The effect of reproductive mode remained after
phylogenetic correction, despite predominantly asexual species
being confined to one genus. The significant effect of reproduc-
tive mode can be explained even if the fitness effects of 27 gamete
production are deleterious due to variation in the opportunity
and efficiency of selection. Selection against deleterious muta-
tions is expected to be less efficient in predominantly asexual
species and selfing species compared to outcrossing species owing
to their reduced effective population size and reduced effective
recombination (Crow & Kimura, 1965; Orive, 1993; Nordborg,
2000; Charlesworth & Wright, 2001; Hartfield ez al, 2016). As
a result, neutral or mildly deleterious mutations will have an
increased probability of spreading or fixation due to genetic drift.
However, this mechanism doesn’t explain the similarity in 27
gamete production between selfing and outcrossing species. This
result may primarily reflect the difference in opportunity for
selection among reproductive modes. Predominantly asexual
species are distinct from selfing and outcrossing modes of repro-
duction, because sexual reproduction occurs less often or not at
all, thus reducing the exposure of sexual function to selection.
Although our results can be explained without invoking an
adaptive effect of 27 gamete production, we cannot exclude the
possibility that 27 gamete production is positively selected in
some asexuals. For example, 27 gametes may result from selection
to reduce investment in meiosis and gametogenesis in organisms
that rely on vegetative reproduction. However, this circumstance
could only operate in obligately asexual species. In those with
occasional sexual reproduction, selection would quickly restore
meiotic function. In addition, the reduced male fitness due to 27
gametes would further outweigh the benefits of reduced invest-
ment in meiosis. Selection for 27 production in asexuals might
also be expected in gametophytic apomict species, which require
the joint occurrence of 27 gametes and parthenogenesis (Bicknell
& Koltunow, 2004). Our study organisms, however, do not
include any apomicts of which we are aware. Rather, asexual

© 2017 The Authors
New Phytologist © 2017 New Phytologist Trust



New
Phytologist

reproduction results strictly from gamete sterility and vegetative
reproduction. Therefore, it is unlikely that 27 gamete production
in our study reflects selection for 27 gamete production in
apomictic species. Given the evidence, we argue that it is more
parsimonious to conclude that 27 production is elevated due to
relaxed selection, as opposed to positive selection.

We observed no differences in 27 gamete production among
species with different life histories, genome size or chromosome
number. With respect to life history, perhaps any differences in
the opportunity for selection between annuals and perennials is
small compared to differences between asexuals and sexuals,
which was readily detectable. Furthermore, our annual species are
most often selfing (only 1 was biennial), which may have the
opposite effect on 27 gamete production due to reduced effi-
ciency of selection, and likely counter any effect of being annual.
The association between life history and mating system may thus
explain the lack of difference in 27 gamete production among life
histories. The expected effect of chromosome number, ploidy
and genome size was based largely on the premise that chromo-
some instability will increase with bigger genomes. We have not
observed this directly in our species; however, it is likely to be
most important in odd-numbered ploidy levels, which are not
represented in our study. Moreover, where instability exists, unre-
duced gametes are only one of an array of possible meiotic out-
comes; thus their effect on rates of 27 gametes may be
undetectable with our sampling. Clearly additional study, using
comparative and experimental approaches are required to fully
understand the genetic and ecological circumstances favouring
the origin and persistence of 27 gametes in natural populations.
In particular, this should involve replication in other families that
include predominantly asexual (agamospermous and vegetatively
clonal) species.

Conclusions

2n gametes are largely regarded as the primary mechanism of
polyploid formation, despite the lack of investigations into fre-
quency and occurrence of 27 gametes across a large sample
size, multiple populations and species. The results of this
study underscore that 27 gametes are remarkably widespread
among individuals at low frequencies and can be particularly
high in select individuals of a population, despite 27 gametes
being previously thought of as relatively rare. If autopolyploids
form through bidirectional sexual polyploidization via the
union of two 27 gametes, and assuming completely random
mating with equal 27 pollen and ovule population mean rates,
then the likelihood that an autopolyploid forms is equivalent
to the squared rate of 27z gamete production (Husband,
2004). Based on the mean proportion of 27 gamete produc-
tion across species in this study (0.0252) the rate of autote-
traploid formation should be 6.35 x 107 This is one order
of magnitude higher than predicted by Ramsey & Schemske
(1998). Even when asexual C. concatenata, which produced an
exceptionally high proportion of 27 gametes, is excluded from
this calculation, the rate of autotetraploid formation remains
high (2.96 x 10). Thus, 27 gametes may be more common
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than previously thought, accounting for the discrepancy
between what is considered to be their foremost role in poly-
ploid formation and perceived rarity. Moreover, the mean rate
of 27 gamete production may underestimate the rate of poly-
ploid formation; individuals with high rates of 27 gamete pro-
duction (i.e. the 6.7% of individuals producing >5%) can
enhance the probability of polyploid formation under certain
conditions (e.g. positively correlated male and female rates and
some selfing). The relatively high rates of polyploid formation
predicted by the rates of 27 gamete production found in this
study may help explain the frequent recurrence of polyploidy
in plant lineages. Future studies directly comparing 27 gamete
production to rates of neopolyploid formation in natural pop-
ulations would be a useful next step in expanding our under-
standing of polyploid evolution.
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