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Abstract

The genetic mechanisms causing seed development by gametophytic apomixis in plants are
predominantly unknown. As apomixis is consistently associated with hybridity and polyploidy,
these confounding factors may either A) be the underlying mechanism for the expression of
apomixis, or B) obscure the genetic factors which cause apomixis. To distinguish between these
hypotheses, we analyzed the population genetic patterns of diploid and triploid apomictic lineages
and their sexual progenitors in the genus Boechera (Brassicaceae). We find that while triploid
apomixis is associated with hybridization, the majority of diploid apomictic lineages are likely the
product of intra-specific crosses. We then show that these diploid apomicts are more likely to sire
triploid apomictic lineages than conspecific sexuals. Combined with flow cytometric seed screen
phenotyping for male and female components of apomixis, our analyses demonstrate that
hybridization is an indirect correlate of apomixis in Boechera.
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Sexual, outcrossing reproduction is the ancestral state of embryo development in flowering
plants (Karron et al. 2012). This breeding system has generated much of the biodiversity on
earth and provides species with the potential to adapt to changing conditions, thus improving
the chance for long term survival. Despite these advantages, many groups of plants have
independently evolved asexual methods to produce seed (van Dijk and Vijverberg 2005;
Carman 1997). Among these mechanisms, gametophytic apomixis (hereon “apomixis”) is
one of the most common (Horandl and Hojsgaard 2012). The expression of apomixis
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requires the coordination of several independent phenotypes including the formation of an
unreduced embryo sac (female apomeiosis) and embryo development from an unfertilized
and unreduced egg cell (parthenogenesis). Other traits, including the production of
unreduced pollen (male apomeiosis) and the development of functional endosperm (e.g.
pseudogamy) are typical of apomictic genotypes (Mogie 1992; Bicknell and Koltunow
2004). Considering that apomixis evolves from sexuality, the expression of any one of these
traits alone would be deleterious. For example, female apomeiosis without parthenogenesis
would lead to ploidy increases after each generation (although see Van Dijk & Vijverberg,
2005). The evolutionary mechanism causing the simultaneous establishment of these traits is
the foremost debate in the apomixis literature.

Many authors have suggested that the genome-wide affects of hybridization and polyploidy
may induce apomixis (Carman 1997; Comai et al. 2003; Madlung et al. 2002; Sharbel et al.
2010; Wang et al. 2004) as evidenced by the nearly uniform pattern of hybridity and
polyploidy in apomictic lineages (Pongratz et al. 1997; Bicknell and Koltunow 2004; Mogie
1986; Asker and Jerling 1992; Nelson-Jones et al. 2002). However, this correlation may be
indirect: since apomictic lineages are expected to accumulate mutations through time (Hopf
et al. 1988; Kondrashov 1985), hybridity and polyploidy may be beneficial as states in
which deleterious mutations are hidden by multiple allelic variants of most genes.

To assess the causes of apomixis, it is necessary to separate the effects of ploidy and
interspecific hybridization. This is possible in only a handful of taxa that exhibit diploid
apomixis. The emerging model genus, Boechera (Brassicaceae) is such a system (Rushworth
et al. 2011). Boechera is characterized by diploid sexuals, and diploid and triploid apomicts
which are distributed throughout North America (Al-Shehbaz 2003; Bécher 1951;
Alexander et al. 2013).

Asexual seed production in Boechera is exclusively through gametophytic apomixis (Bocher
1951). Through population genetic (Roy 1995; Schranz et al. 2005; Beck et al. 2012) and
phylogeographic (Dobes et al. 2004a; Dobes et al. 2004b; Dobes et al. 2007; Kiefer et al.
2009a; Kiefer et al. 2009b; Kiefer and Koch 2012) analyses, several authors have concluded
that apomictic lineages have arisen recurrently from hybridization. However, this strong
association between hybridity, polyploidy and apomixis has not been directly linked.
Crossing experiments have shown that newly-formed triploid Boechera may be infertile
(Schranz et al. 2005) and interspecific hybridization can produce sexual, diploid individuals
(Schranz et al. 2006); therefore, polyploidy and hybridization are not de facto requirements
for the phenotypic expression of apomixis in Boechera. Other studies have proposed that
apomixis is caused by the inheritance of discrete genetic factors (e.g. Het chromosomes
(Kantama et al. 2007) or altered genetic architecture (Carman 1997)); here, we explore this
alternate, but not mutually exclusive, mechanism for the cause of apomixis. We first test if
apomictic lineages are uniformly hybrids, then analyze the population genetic patterns of
triploid hybrid formation. Finally we discuss the patterns of endosperm ploidy in apomictic
diploids and present a conceptual model which fits the data presented here.
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Does hybridization cause apomixis in Boechera?

A study focusing on a few species (Dobes et al. 2004b) and the recent genus-wide study of
Beck et al. (2012) showed that apomixis (as defined by unreduced pollen production) is
strongly associated with increased heterozygosity. This is taken as evidence that diploid
apomicts are interspecific hybrids. In some cases this conclusion is well supported by the
presence of apomictic individuals with intermediate positions in genotypic space between
two sexual species. However, high heterozygosity alone may not indicate hybridity. To
assess the origin (hybrid or intra-specific) of apomictic lineages, we analyzed the ploidy,
mating system (via the flow cytometric seed screen: FCSS) (Matzk et al. 2000) and multi-
locus SSR genotypes of 231 lines collected from 37 natural populations of four species (B.
stricta, B. retrofracta, B. polyantha and B. pendulocarpa) and interspecific hybrids between
the parental species (see online supporting material for details on our methods; tables S1-
S3). Ploidy analysis of leaf samples revealed that all individuals morphologically described
as hybrids are in fact apomictic triploids, while all “true” species are diploid. We then
subjected a subset of these lines to FCSS. While all our B. stricta accessions are
constitutively sexual, both apomictic and sexual individuals are found in the other three
diploid species. We calculated the observed heterozygosity of individuals from the three
mating system classes: triploid apomicts (3xApo), diploid sexuals (2xSex) and diploid
apomicts (2xApo). Triploid apomictic lines had the highest heterozygosity (F=307.9, df=2,
p<.0001), 2xSex were most homozygous (F=287.4, df=2, p<.0001) and 2xApo lineages
were intermediate. Since Boechera species are primarily inbreeding (Song and Mitchell-
Olds 2007; Schranz et al. 2005), a high level of homozygosity is expected in sexual
Boechera individuals.

Due to the non-recombinant nature of apomicts, apomictic populations, which were formed
by either hybridization or within-species mating events among sexual lineages, will exhibit
similar heterozygosity to an F1 population. Additionally, heterozygosity in apomictic
lineages will increase over time as a function of the number of mutations accumulated post
divergence (especially at SSR and other highly mutable loci) (Paun and Hérandl 2006);
therefore, we expect generally elevated levels of heterozygosity in apomictic individuals
relative to the ancestral, sexual lineages.

We simulated F; populations for crosses within the diploid species B. pendulocarpa (intra-
specific crosses) and among B. pendulocarpa and the other diploid species (interspecific
hybrid). The diploid simulations were conducted by repeatedly sampling a single random
haploid genotype from one individual in each source population, then concatenating these
genotypes into a simulated F1 individual. Once an eight-individual F; population was
simulated, we output the population-level observed heterozygosity (#heterozygous loci/
total# of loci). We simulated 1000 of these populations for inter-specific hybrids and intra-
specific crosses. As most triploid apomictic lineages are formed by a cross between two
species (bi-genomic), we then repeated this analysis by sampling the diploid genotype from
a random individual in one population and concatenating that with a haploid genotype from
another. These simulations were conducted via a custom script in the R environment for
statistical computing (R Development Core Team 2009).
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We compared the heterozygosity observed in our data to that of the simulated offspring.
Triploid apomicts exhibit significantly different levels of heterozygosity than either the
simulated hybrids (t=-5.7, df=49, p<0.0001) or the intra-specific crosses (t=13.3, df=50,
p<0.0001; fig 1A). However, diploid apomicts exhibit slightly elevated (but statistically
insignificant) heterozygosity relative to the simulated intra-specific crosses (t=1.06, df=23,
p=0.30) but much lower heterozygosity than the simulated diploid hybrid (t=—-9.19, df=23,
p<0.0001; fig 1B). This result is consistent with diploid apomictic lineages that are formed
by intra-specific crosses, followed by mutation accumulation. Although some 2xApos are
potential hybrids, the majority exhibit heterozygosity indicative of within-species mating.
Alternatively, the 3xApos exhibit heterozygosity that more closely resembles that of the
simulated hybrids. While some 3xApos may be formed by intra-specific crosses, the
majority are of hybrid origin. These results demonstrate that, in Boechera, 3xApos are likely
hybrids (this is confirmed by intermediate phenotypes of many 3x Boechera species), but
diploid apomixis is not constitutively associated with hybridization. However, we cannot
rule out the possibility that all diploid apomicts are the product of crosses between divergent
genotypes.

Non-random hybridization generates triploid apomixis

Our morphological (see supporting online material) and genetic analyses classified the
2XApo accessions as true species but 3xApo as primarily interspecific hybrids. Therefore, it
is possible that triploid apomictic lineages are derived from hybridization between two
2xSex species. Alternatively, if a genetic factor induces apomixis, the causal allelic variant
would be passed from one generation to the next. As such, hybrid apomictic lineages would
likely have at least one apomictic parent, and hybridization between two sexual accessions
would not produce an apomictic offspring unless the genetic factor(s) interact epistatically
or are recessive (which is unlikely in inbred genotypes).

To differentiate between the two types of hybridization (2xSex: 2xSex and 2xApo: 2xSeXx),
we analyzed two groups of triploid apomictic hybrids that have the obligate sexual species,
B. stricta as one parent, while the second parental species (B. retrofracta or B.
pendulocarpa) consists of both 2xApo and 2xSex individuals. By comparing the relative
relatedness of apomictic and sexual lineages of B. retrofracta and B. pendulocarpa to their
hybrids, we can assess whether the apomictic lineage is more likely to sire the hybrid or if
hybridization occurs randomly with respect to the reproductive mode of the parental species.
We conducted a principal components analysis (PCA) calculated via a scaled distance
matrix which corrects for ploidy (Bruvo et al. 2004) and found that apomictic lineages of
both B. retrofracta and B. pendulocarpa are more closely related to the hybrid than
conspecific sexual (Ngomparisons= 790, f=15.85, p<.0001). Furthermore, the PCA position of
the apomictic lineages in these two comparisons is consistent with 2xApos, not sexuals as
the parents (fig 2). This provides evidence that hybridization that generates triploid apomixis
does not occur randomly with respect to parental reproductive mode, but instead involves an
apomictic diploid.
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Heritable variation of male and female apomixis

The separation of male and female components of apomixis has been anecdotally observed
in Boechera (Aliyu et al. 2010). While most diploid apomictic lineages produce seeds with
2C:6C embryo to endosperm ratio (an apomeiotically derived embryo and endosperm from
the two unreduced polar nuclei fertilized by unreduced pollen), some apomictic diploid
lineages produce seed with an “unbalanced” 2C:5C ratio. Unbalanced endosperm is
typically thought of as the result of rare outcrossing via pollen from sexual neighbors.
However, it is also possible that some genotypes produce apomeiotically derived embryo
sacs, but reduced pollen. If the presence of unbalanced endosperm is a heritable trait, the
later scenario is more likely.

To assess whether endosperm ploidy variation within diploid apomicts is due to reduced
pollen production from “female apomeiosis-only” (unbalanced) plants, we re-analyzed
within-seed family seed screen data collected by Aliyu et al. (2010). In this study, FCSS
data were collected on 384 individual seeds from 27 diploid apomictic seed families. We
observed balanced apomixis in 24 lines, but three seed families deviated from this pattern
and generated seed with endosperm derived nearly exclusively from female apomeiosis and
reduced pollen (unbalanced apomixis, fig 3). Unbalanced apomictic lineages produced seed
with little evidence of male apomeiosis while the opposite is also true; balanced apomictic
families show no evidence of reduced pollen fertilization (fig 3). As within seed family
variation is extremely low, but families differ greatly in the proportion of seeds with
unbalanced endosperm, male apomeiosis is likely an intrinsic trait of some genotypes and
evidently is separable from female apomeiosis.

This provides insight into the conclusions drawn in the recent large-scale apomixis study in
Boechera. In concert with our study, Beck et al. (2012) demonstrated that individuals that
produce diploid apomictic pollen are characterized by increased heterozygosity. However
the heterozygosity distribution of individuals with sexual diploid pollen is bi-modal in their
analysis: many “sexual” individuals exhibit heterozygosity similar to that of apomicts. Here
we demonstrate that female-only apomixis is relatively common. These would be identified
as sexual if pollen was used to assess reproductive mode. Thus, high heterozygosity diploids
that produce reduced pollen may exhibit unbalanced apomixis.

A conceptual model for the genetic control of apomixis in Boechera

Many studies have shown that apomixis is a product of recurrent hybridization (or in some
cases auto-polyploidization, e.g. Cosendai et al. 2011). The diploids analyzed here
contradict these findings: apomictic diploids are not purely the result of recurrent
interspecific hybridization; however, triploid apomictic lineages may be recurrently derived
from 2xApo-2xSex hybridization. In this scenario, apomictic diploids produce unreduced
pollen that fertilizes reduced ovules, repeatedly generating triploid apomictic lineages. We
also found that the male and female apomeiosis are highly correlated within seed families,
but differ between genotypes (fig 3). This pattern holds at the population level (J.T. Lovell,
unpublished data). These results are consistent with several studies that demonstrate that
genetic factor(s) (e.g. Kantama et al. 2007, Carman 1997) that control apomixis may best
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explain these patterns. Thus, we hypothesize a four step process that may produce the
patterns of reproductive mode and ploidy variation observed across Boechera (fig 4).

(i) Discrete genetic factors that control production of unreduced pollen or embryo sacs
evolve independently. After self pollination of the endosperm, the female apomeiosis-only
(unbalanced) apomict would likely exhibit a stable seed embryo-endosperm ratio of 2:5C.
The lineage that produces meiotically derived embryo sacs, but unreduced pollen, would be
unstable with several seed ploidy possibilities. (ii) Reduced, fertile pollen from unbalanced
apomicts allows for recurrent crossing with purely sexual individuals. Transmission of the
genetic factor that causes unbalanced apomixis may only occur in a subset of the crosses,
however, over a long enough temporal scale, these crosses would permit the phylogenetic
dispersion of a factor that induces female apomeiosis. (iii) A balanced diploid apomict is
formed: reduced gametes from the independently derived genotypes, which undergo male or
female apomeiosis, come into contact. In this lineage, both pollen and embryo sacs are
generated through apomeiosis. A balanced endosperm-embryo ratio of 2:6C is generated
following self pollination of the endosperm from unreduced pollen grains. (iv) Fertile, but
unreduced, pollen is produced from balanced apomictic diploids. This pollen contains the
apomixis factor(s) and fertilizes sexual diploid, reduced ovules, generating triploid embryos.
Although aneuploid offspring are often generated by this type of cross (Schranz et al. 2006),
apomictic triploid lineages may also be generated recurrently or formed in more advanced
generations.

Conclusions

We conduct several preliminary analyses which provide evidence for the hypothesis that
gametophytic apomixis in Boechera is caused by genetic factors and is correlated with but
not caused by hybridization and polyploidy. The primary goal of these analyses is to
encourage more detailed experimental studies of the molecular biology and population
genetic patterns associated with apomixis. As genomic tools are rapidly evolving in
Boechera (Rushworth et al. 2011), the ability to test the hypotheses presented here will
improve in the near future. Genome-wide population genetics in particular has great
potential to uncover the processes that cause apomixis and are responsible for the vast
amount of diversity observed in Boechera.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Pagtterns of heterozygosity indicate differential origins of 2x and 3x apomixis. Genotypes for
eight offspring were calculated for each of 1000 simulated crosses among diploid
populations of B. pendulocarpa (Intra sim.) and between B. pendulocarpa and the other
diploid species (Hyb. sim). Observed heterozygosity was calculated as the proportion of
heterozygous markers in each simulated population (intra=blue line, hybrid= pink line) and
for the actual genotypes in the populations (black line). The kernel density distribution is
plotted against the observed heterozygosity for both the 3xApo accessions (a) and the 2xApo
accessions (b). The mean heterozygosity of sexual diploids is labeled in each plot. P-values
from pairwise t-test report the significance of the difference between the mean simulated and
real data.
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The position of apomictic triploid hybrids relative to parental species (split by reproductive
mode) in genetic space. Principle components reveal that apomictic diploid lineages are

more likely to sire triploid lineages than diploid sexual conspecific lineages in two

comparisons: B. stricta X B. retrofracta (upper panel), B. stricta X B. pendulocarpa (lower
panel) PCA scores for the 15t two axes and 95% confidence ellipses are plotted. As in fig 1,
triploids are pink and diploid apomicts are blue.
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Fig 3.

The relative presence of male apomeiosis in 27 diploid female apomictic Boechera lines.
The male and female components of apomixis are usually both present in an individual that
produces ovules via apomeiosis. Production of reduced pollen and unreduced ovules is
limited to three individuals. Mean (+/=SE) %pollen type for each individual is presented
(384 seeds/individual) as the solid (unreduced) and dashed (reduced) lines. Individuals are
classified as balanced or unbalanced apomicts by the background color. Note: these families
are not represented in the population genetic analysis. See Aliyu et al. (2010) for
information on these lines.

Plant Reprod. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Page 12

v (i) ¥ 2C:3C Sex
2C:4C? Sex|[2C:5C Apo

0“
K .
H
o =

o

> -
% -
H

(i) i

Balanced
2C:6C Apo| |Vb4lanced) 356 Apo

Fig 4.

Ag(':onceptual model for the generation of apomixis in Boechera. The five genotypes that
have led to the current patterns of apomixis are portrayed in the boxes. The text at the top of
the boxes describes 1) the stable seed ploidy following a generation of self pollinating and 2)
the female reproductive mode. The male and female symbols highlight the expected ploidy
of pollen and embryo sacs respectively. Unreduced gametes have grey fill. Arrows
connecting gametes to boxes indicate the contribution of that gamete for each formative
mating. The four steps, which are described in the text, are highlighted (i-iv). For example,
in step (iii), fertilization of a reduced ovule (from a line which only produces unreduced
pollen) by reduced pollen (from the female apomeiosis-only individual) would produce a
seed with a 2:3C embryo:endosperm ratio, but the genetic factors which cause the
production of unreduced gametes are also transferred. Therefore, the offspring will produce
seed with 2:6C ratio when the endosperm is self pollinated.
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