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ABSTRACT

The biodiversity we see on earth is generated through the process of speciation.
Understanding how species form is central to evolutionary biology, as species are the basic
units of evolutionary biology. In order to define species, biologists use species concepts as
frameworks to test hypotheses around species characterization. In this study, the Biological
Species Concept was used because it emphasizes that reproductive isolation occurs through
the accumulation of reproductive barriers that reduce gene flow between closely related taxa.
Prezygotic reproductive barriers occur before fertilization, and include habitat and pollinator
isolation. Postzygotic barriers occur after fertilization and mainly manifest in hybrids through
intrinsic or as extrinsic hybrid inviabilities. Postzygotic barriers are detectable through
hybrids, hybridization is an important process through which reproductive isolation can be
studied. Hybridization is also important inevolutionary trajectories of species because it has
the potential to lead to speciation. In this study, the aim was to test for the presence of
postzygotic barriers among the three varieties of Rhodohypoxis baurii and R. milloides from
two different localities. Data obtained from controlled greenhouse crosses showed successful
interbreeding between the varieties, as well as between the varieties and R. milloides. Seeds
germinated from these controlled crosses were used to test hybrid viability through
germination success. The analysis of gene flow and population structure between the four
taxa was done using amplified fragment polymorphisms (AFLPs). Flow cytometry was used
to determine ploidy and found that R. baurii var. baurii and R. baurii var. confecta to be
diploid, and R. baurii var. platypetala and R. milloides to be tetraploid. Ploidy was not found
to affect hybrid or seed viability. Results also show that there are few prezygotic barriers
between the three R. baurii varieties and the three R. baurii varieties and R. milloides. Both
the Hebron Farm and Sunset Farm populations are highly admixed due to ongoing
introgression. Postzygotic isolation between Rhodohypoxis baurii varieties and R. milloides

does not manifest as seed inviability, but may be seen in later hybrid generations in the form
iX



of extrinsic hybrid inviability, or as pollen inviability. The main findings imply that
Rhodohypoxis baurii varieties cannot be elevated to specific level, and that hybridization and

habitat isolation have defining roles in the evolutionary trajectory of the species.



CHAPTER 1: LITERATURE REVIEW



1. Literature review

Understanding how species form is central to evolutionary biology, as species are the
basic units of evolutionary biology, ecology, taxonomy, and conservation biology (Barton,
2001; De Queiroz, 2005). Charles Darwin essentially laid the foundation for the field of
evolutionary biology through his publication of On the Origin of Species, where he
questioned how species are formed (Darwin, 1859, Grant and Grant, 1997). Darwin also
introduced the concepts of evolution by natural selection, descent through modification, and
that the characteristics of organisms are maintained from generation to generation. What was
lacking in Darwin’s understanding were the mechanisms through which characteristics were
retained. In the late 1930’s, Theodosius Dobzhansky built on Darwin’s work, and introduced
the idea of genetic changes as part of the evolutionary process in his book, Genetics and the
Origin of Species (Dobzhansky, 1937). In this book, Dobzhansky further developed our
understanding of how species form by introducing the concept of isolating mechanisms that
develop during the process of divergence. These advances have ultimately influenced how

biologists study speciation today.

Defining an evolutionary lineage below the species level is equally, if not more
challenging, particularly when considering plants due to their high frequency of
hybridization. Botanists have struggled with the challenge of delineating species (Sites and
Marshall, 2003; Wiens, 2007) — such a challenge is more complicated when considering that
there are multiple ways in which the speciation process can be viewed. For instance,
speciation may be viewed as being geographical, where species either develop in allopatry,
sympatry, parapatry, or peripatry (Mayr, 1942; Smith, 1966). Speciation can also be viewed
as being ecological or non-ecological; speciation is viewed as being ecological when external
forces impose a selection pressure that results in reproductive isolation (Sobel et al, 2010). If

one views speciation as a set of stages that a group of individuals collectively pass through,



then delineating entities below the species level may help with better understanding how
lineages diverge, and at what stage divergence is likely complete (Hey et al., 2003). The
collective change in phenotypes across environmental gradients applies a selection pressure
that may or may not facilitate a type of reproductive isolation. One then explores the strength
of postzygotic isolation mechanisms versus prezygotic isolation mechanismsto determine the
fluidity of ecotypes (sensu Lowry, 2012) and the likelihood that these groups may eventually

become reproductively isolated.

There has been much debate around defining species amongst evolutionary biologists.
To try and solve the problem of defining what species are, and how they arise (termed the
“species problem™), biologists have developed multiple species concepts. A major concern
around these multiple species concepts is that they are incompatible with each other, and that
they lead to different conclusions regarding species delimitation and the overall number of
species in general (de Queiroz, 2007). One of the reasons for this is that different groups of
biologist may define species in accordance to what is of interest to their particular field of
study. Most species concepts have been developed by zoologists, who have used species
whose reproductive isolation is somewhat “complete”, and so delimitation has not been an
issue. The real challenge does however arise with the delimitation and defining of species
outside of the animal kingdom (Mishler and Donoghue, 1982), particularly with plants

because of their ability to reproduce across species barriers.

Species concepts can be mechanistic, historical, or morphological (Levin, 2000).
Morphological species concepts place the emphasis on defining phenotypic characteristics.
For example, the Phenetic Species Concept (Michener, 1970) defines species as organisms
that are phenotypically similar to each other through the use of as many characters as
possible. Historical species concepts such as the Evolutionary Species Concept (Simpson,

1961; Wiley, 1981) or the Phylogenetic Species Concept (Nixon and Wheeler, 1990)



emphasize evolutionary processes (Levin, 2000). The Biological Species Concept (BSC;
Mayr, 1942), is a mechanistic species concept that defines species based on the presence of
reproductive isolation between populations. Species concepts provide a framework to test
hypotheses around species diversification. For example, scientists often use the BSC when
studying mechanisms of reproductive isolation because it emphasises that gene flow between
species is reduced by barriers to reproduction (e.g. Dobzhansky, 1937; Mayr, 1942; Coyne

and Orr, 1989; Ramsey et al., 2003; Kay, 2006; Lowry et al., 2008).

Reproductive isolation is the result of a gradual accumulation of phenotypic and
genotypic differences between closely related species (Ramsey et al., 2003; Lowry et al.,
2008). Such differences may eventually lead to species divergence (Rieseberg and Willis
2007; Sobel et al., 2010). Understanding the contribution of reproductive barriers to
speciation and the role they play in the persistence of species is key to understanding how
species evolve (Ramsey et al., 2003; Lowry et al., 2008; Dell’Olivio et al., 2011), and to
understanding patterns of species richness. Better understanding of reproductive barriers can
aid in elucidating the conditions under which the various barriers arise, allowing us to
postulate past conditions that contributed to the present species richness. The emergence of
reproductive barriers is thought to be sequential, with the total strength of reproductive
barriers hypothesized to be directly related to the divergence time of taxa (Coyne and Orr,
1989). Early acting barriers are thought to be the most instrumental in reducing gene flow
between populations, because of the correlation between barrier accumulation and divergence

time (Coyne and Orr, 2004, Lowry et al., 2008).

Consequently, studies pertaining to reproductive isolation often aim to quantify the
strengths of isolating barriers in the speciation process (Ramsey et al., 2003; Coyne and Orr,
2004; Rundle and Nosil, 2005; Kay, 2006; Lowry et al., 2008). Coyne and Orr’s (1989)

foundational work on reproductive isolation began quantifying the strength of reproductive



isolation when they sought to investigate the time course of speciation in six Drosophila
Fallén species (Drosophila pseudoobscura, D. persimilis, D. simulans, D. melanogaster, D.
annanassae, and D. pallidosa). In this study, they quantified the strength of postzygotic
isolation by investigating hybrid sterility and inviability through mating discrimination
experiments, as well as whether postzygotic isolation increases over time. They found that
hybrid inviability and sterility was most prominent in the heterogametic sex and that both
hybrid sterility and inviability increased over time, which meant that postzygotic isolation
gradually increased over time. Subsequent studies on reproductive isolation have based their
work on Coyne and Orr (1989) and have extended the quantification and study of
reproductive isolation to plants (Ramsey et al., 2003; Moyle et al., 2004; Kay, 2006; Lowry

et al., 2008).

Prezygotic barriers (barriers that arise prior to fertilization) include ecogeographic
isolation, pollinator fidelity, flowering time, behavioural isolation, and mating system
isolation (Dobzhansky, 1935; Coyne and Orr, 2004). Postzygotic barriers (those that act or
arise post-fertilization) include intrinsic and extrinsic hybrid inviability. Intrinsic postzygotic
barriers are independent of the external environment and result in genetic incompatibilities.
Extrinsic postzygotic barriers concern the fitness of the hybrid and its survival in its
environment. While prezygotic barriers are generally considered to be more important in
preventing gene flow between taxa (Ramsey et al., 2003; Coyne and Orr, 2004; Kay, 2006;
Lowry et al., 2008), in some systems it may be that postzygotic isolation is more influential
in preventing gene flow. In some studies, postzygotic barriers evolve first when prezygotic
barriers are incomplete (e.g., Costa et al., 2007; Yang et al., 2007; Kozak et al., 2012). The
importance of either of these reproductive barriers may be different for different lineages.
Prezygotic barriers typically evolve at a faster rate than postzygotic barriers (Wiley et al.,
2009) and have been the central focus in studying reproductive barriers, because these

barriers are easily observed. Postzygotic barriers are mostly genetic in nature (Coyne and Orr,
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1989; Coyne and Orr, 2004), and are important for studying hybridization patterns and the
genetics of speciation (Presgraves, 2002; Lijtmaer et al., 2003). Due to their primarily genetic
nature, postzygotic barriers are often more challenging to study and estimate than prezygotic
barriers. Intrinsic and extrinsic postzygotic barriers may vary across different environments
and lineages, and their strength and nature may therefore be difficult to generalize across taxa
(Lowry et al., 2008). The variation in postzygotic isolation may be due to the distribution in
specific alleles that are responsible for intrinsic or extrinsic postzygotic barriers (Sweigart et
al., 2007; Barnard-Kubow and Galloway, 2017). In natural populations of Mimulus nasutus
Greene (Phrymaceae; monkey flowers), and M. guttatus DC., for example, the variation in
the geographic distribution of incompatibility alleles leads to a variation in postzygotic
reproductive isolation (Sweigart et al., 2007). The hms2 incompatibility allele is widespread
and occurs throughout the distribution range of the species, whereas the hms1 incompatibility
allele that interacts epistatically with the hms2 incompatibility allele, has a more limited
distribution within the species. A result of this limit in distribution is that hybrids that occur
outside the area of overlap are more fit than hybrids that occur in the area of overlap
(Sweigart et al., 2007). In genetic lineages of Campanulastrum americanum L. genetic
incompatibilities also vary across the distribution range of the species. These differences in
genetic incompatibilities are attributed to environmental and demographic differences
between the Mountain and Western populations of C. americanum (Barnard-Kubow and
Galloway, 2017). F1 hybrids may have incomplete postzygotic isolation and backcross with
parental species. This incomplete postzygotic isolation influences subsequent generations (via
genetic incompatibilities). Hybrid inviability and sterility may increase in strength over
generations, and therefore the overall strength of postzygotic isolation may be underestimated

due to an incomplete picture of gene flow (Wiley et al., 2009).

Because of their relative ease to study, prezygotic barriers have generally received

more attention than postzygotic barriers, and are often cited as the more important barrier
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type, because they are considered to play a larger overall role in reducing gene flow between
species (Ramsey et al., 2003; Coyne and Orr, 2004; Kay, 2006; Lowry et al., 2008). For
example, after calculating the relative contribution of different barriers to the total
reproductive isolation between closely related species Mimulus lewisii Pursh and M. guttatus,
Ramsey et al., (2003) found that cumulatively, prezygotic barriers (e.g., ecogeographic
isolation and pollinator fidelity) were stronger than postzygotic barriers. Similarly, Kay
(2006) found that habitat differences and floral isolation played an important role in
reproductive isolation between closely related Costus pulverulentus C. Presl and C. scaber
Ruiz & Pav. (Costaceae). In both of these studies, despite contributing to the total
reproductive isolation, the strength of postzygotic barriers was outweighed by that of
prezygotic barriers. In South Africa, prezygotic barriers such as pollinator and phenological
specialisation are postulated to be some of the main drivers of plant speciation (Linder,
2003). For example southern African species of the Disperis Sw. genus of orchids are
characterised by the structure of their lip appendages and by the orientation of the rostellum.
These are structures that are related to pollination syndromes and are indicator of the
prominent role that pollinator specialisation plays in the speciation of the genus (Manning
and Linder, 1992). In the Argyroderma N.E.Br. species of the Cape Floristic Region, shifts in
flowering times between the different species may result in reproductive isolation (Ellis et al.,

2007).

Changes in the microspatial composition of habitats may prompt local adaptations in
organisms that may lead to habitat isolation (Schluter, 2000; Sobel et al., 2010). For example,
Mimulus lewisii and a sister species, M. cardinalis Douglas ex Benth., are separated by
altitude; M. lewisii grows between 1600 and 3000 m above sea level (a.s.l.), and M.
cardinalis grows between sea level and 2000 m a.s.l. (Hiesey et al., 1971). When M.
cardinalis was transplanted to a higher altitude, it showed poor survival and a later flowering

time which had a negative effect on its ability to reproduce at higher altitudes (Hiesey et al.,
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1971; Ramsey et al., 2003). Mimulus lewisii was also found to have a later flowering time
when transplanted to a lower altitude (Hiesey et al., 1971; Ramsey et al., 2003). These
studies on Mimulus species demonstrate that habitat differences such as soil type,
microclimate, and available resources may lead to adaptations that could potentially lead to
reproductive isolation (e.g., Schluter, 1996). Studying habitat isolation as a reproductive
barrier may be challenging for allopatric populations because it is difficult to detect such
isolation without doing reciprocal transplants, which are time consuming and costly (Coyne
and Orr, 2004). Similarly, in sympatric populations, detecting habitat isolation may be
challenging, because the habitat differentiation could be due to competitive differences that

are difficult to measure (Schluter, 1996; Glennon et al., 2012).

Phenology relates to the timing of events in an organism’s life and affects its ability to
reproduce with other taxa. In animals, differences in phenology affects mating times such that
breeding times do not overlap, and heterospecific mating cannot occur (Cruzan and Arnold,
1994; Husband and Schemske, 2001; Coyne and Orr, 2004). Phenology governs many
aspects such as (not limited to) the unfolding of leaves, flowering emergence, and overall
emergence following dormancy, and plays a pivotal role in a plant’s biology (Ollerton and
Lack, 1992; Elzinga et al., 2007). Phenology can also affect flowering time and stigma
receptivity to prevent heterospecific pollen transfer (Yost and Kay, 2009). For instance, if
flowering times do not overlap, there is no opportunity for gene flow to occur. Ecological
differences have led to differences in flowering phenology in sister species Clarkia xantiana
A. Gray (Onagraceae/gunsight clarkia) and C. parviflora Eastw. (Onagraceae) (Runquist et
al., 2014). Costus parviflora (Costaceae) is adapted to dry conditions, and as a result,
develops rapidly and flowers before the onset of water stress (Mazer et al., 2010; Runquist et
al., 2014). This rapid development and early flowering in C. parviflora prevents the overlap

of flowering times with C. xantiana, which limits any mating opportunities (Runquist et al.,



2014). In the African iris Gladiolus longicollis Baker, flowering phenology is an isolating
barrier between the two morphotypes found within the species (Anderson et al., 2010).
Although phenology plays an important role in isolating species, it can be temporally
variable, and as such it may not be the most reliable barrier to use in measuring prezygotic
isolation (Runquist et al., 2014). Changes in water availability and temperatures over the
seasons can have a strong effect on flowering phenology and can lead to earlier and shorter
flowering times, which may affect the overall picture of a species’ flowering phenology

(Mazer et al., 2010).

Pollinator isolation presents another important ecological factor in the divergence of
plant lineages. Pollinator isolation can manifest through pollination by completely different
pollinators that previously visited a particular plant species, different pollination frequencies
by the same insects, or through the use of different parts of the same pollinator species by
different flowers (Grant, 1993; Schemske and Bradshaw, 1999). Pollinator isolation is also
often accompanied by floral divergence to attract specific pollinators. Orchids provide a great
example of pollinator isolation because of their strong pollinator specificity (Johnson, 2010;
Whitehead and Peakall, 2014). South African carrion mimicking orchids, Satyrium pumilum
Thunb. mainly attract sarcophagid flies. The orchids offer a medium in which the flies can
lay eggs whilst the flies act as pollination agents (van der Niet et al., 2011). The pollinator
specificity exhibited by these orchids is a strong form of reproductive isolation. In a study of
two Australian sexually deceptive orchid species (Chiloglottis R.Br. species), Whitehead and
Peakall, (2014) found that each species’ floral scent attracted a specific wasp pollinator. This
specific attraction to floral scent then results in prezygotic isolation. Dell’Olivio et al., (2011)
found that following geography, pollinator isolation was the second strongest isolating factor
between Petunia axillaris (Lam.) Britton, Sterns & Poggenb. and P. integrifolia (Hook.)
Schinz & Thell. (Solanaceae). These two species occur in similar habitats, but P. axillaris is

primarily pollinated by hawkmoths and pollen-collecting bees, whilst P. integrifolia is
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pollinated by a different group of bees (Dell’Olivio et al., 2011). The differences in
pollinators account for the low frequency of hybridization in the species’ natural

environment.

Hybridization occurs when genetically divergent taxa mate to produce offspring
(Rieseberg, 1995), and is most likely to occur in recently diverged taxa (Mallet, 2007).
Hybridization often occurs between taxa when prezygotic barriers breakdown. These
prezygotic barriers often break down when allopatric species come into secondary contact
and gene flow occurs between previously isolated species. Estimations of the occurrence of
hybridization in plant lineages range from 25% to over 70% (Levin, 2000; Mallet, 2005). The
high frequency of the occurrence in evolutionary lineages shows that hybridization has been
instrumental in the diversification of species and is acknowledged as a potent evolutionary

force (Rieseberg et al., 2003; Mallet, 2005).

Hybridization may have different outcomes in the context of speciation (Abbott et al.,
2013). Firstly, in instances where selection and hybridization are at an equilibrium, hybrid
zones may form (Barton and Hewitt, 1985; Abbott et al., 2013). These hybrid zones represent
a stable state where there is no progression towards speciation or a loss of genetic diversity.
One such example of a hybrid zone is formed by three species of Louisiana irises, Iris fulva
Ker Gawl., I. hexagona Walter, and I.brevicaulis Raf. where the species occur in sympatry
(Arnold, 2006). Alternatively, hybridization may lead to a loss of genetic differentiation
through introgression. Taylor et al., (2006) found that the benthic and limnetic species of
three-spine sticklebacks (Gasterosteus aculeatus L.) in a lake, were collapsing into a hybrid
swarm due to increased levels of hybridization. The benthic three-spine stickleback is
considered to be a separate species to the limnetic three-spine stickleback due to
morphological, ecological, and genetic differentiation (Taylor et al., 2006). An analysis of

microsattelites indicated that there was no longer two distinct species of three-spine
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stickleback in the lake, but rather a population that had a genetic makeup that was
intermediate to that of both three-spine stickleback species. The increased frequency of
hybridization is thought to have been induced by the introduction of an exotic fish species
into the three-spine stickleback’s natural habitat. Further, hybridization may lead to
speciation through the development of reproductive barriers between hybrids and their
parental forms. One example of hybrid speciation is found in wild sunflowers, where the
parental plants Helianthus annuus L. and H. petiolaris Nutt. (Asteraceae) gave rise to three
hybrid species; H. anomalus Blake, H. deserticola Heiser, and H. paradoxus Heiser
(Rieseberg, 1991; Rieseberg, 1995). Each of the hybrid species is found in environments
different to those of their parental taxa. H. anomalus occurs in sand dunes, H. deserticola
occurs in the desert, and H. paradoxus occurs in brackish salt marshes (Rieseberg et al.,
2003). In contrast, the parental species H. annuus occurs in clay based-soils, whilst H.
petiolaris occurs in sandy soils (Rieseberg et al., 2003). Hybrid speciation is not only limited
to plants but can be seen in other organisms. Heliconius heurippa Hewistoni (butterflies in
South America) is the hybrid species of H. melpomene L. and H. cydno Doubleday.
Heliconius heurippa is reproductively isolated from H. cydno by a combination of geography
and mate preference. On the other hand, H. heurippa and H. melpomene are sympatric and
are isolated through postzygotic isolation in the form of hybrid sterility (Mavarez et al.,

2006).

Hybrid speciation can either be homoploid, where hybridization takes place between
individuals of the same ploidy (Rieseberg, 1997). Polyploid hybrid speciation is hypothesised
to occur more commonly than homoploid hybrid speciation (Mallet, 2007; Wood et al, 2009).
Part of the reason for this is that evidence for polyploid hybrid speciation is easy to identify
in various genomes. Identifying homoploid hybrids is more difficult in genomes because
there may be remnants of historical admixture and confounding factors such as incomplete

lineage sorting (Ballard and Rand, 2005; Schumer et al., 2014). The role of hybridization in
11



evolution, and specifically in speciation, is a controversial topic due to the existence of
factors such as incomplete lineage sorting. Further, to strengthen support for the importance
of hybridization to speciation, traits derived from the hybridization process would have to
directly influence or lead to reproductive isolation. Postzygotic reproductive barriers reduce
the viability, fitness, or reproductive potential of hybrids (Scopece et al., 2008). Such barriers
may be intrinsic and cause hybrids to have inherent developmental deficiencies that cause
them to be inviable or sterile (Dobzhansky, 1937; Coyne and Orr, 1998; Orr and Turelli,
2001; Presgraves, 2002; Rogers and Bernatchez, 2006). Alternatively, postzygotic barriers
may be extrinsic and lead to ecological and behavioural inviability in hybrids. Hybrids may
have traits that are ill-suited to their parental environments and, as a result, have reduced
fitness (Dobzhansky, 1937; Coyne and Orr, 1998; Orr and Turelli, 2001; Presgraves, 2002;
Rogers and Bernatchez, 2006). Postzygotic isolation has been studied extensively in animals
(Coyne and Orr, 1989), and in recent years, more work has been done to try and understand
the role of postzygotic isolation in plants (Lowry et al., 2008, Sutherland and Galloway,

2017; Suni and Hopkins, 2018).

Intrinsic postzygotic isolation is independent of the environment (Rogers and
Bernatchez, 2006) and refers primarily to hybrid inviability and hybrid sterility. The
inviability of hybrids is often based on genetic incompatibilities (Coyne and Orr, 2004;
Rogers and Bernatchez, 2006). When alleles that have never interacted before are introduced
into a genome through hybridization in secondary contact zones, there is no guarantee that
these alleles will be able to function together (Bateson, 1909; Dobzhansky, 1937; Muller,
1940, Coyne and Orr, 2004). Often, alleles that have been introduced into a genome are
incompatible with fixed alleles, and have a negative epistatic effect which renders the hybrid
partially or completely inviable or sterile (Bateson, 1909; Dobzhansky, 1937; Muller, 1940).
These epistatic interactions are known as Dobzhansky-Muller Incompatibilities (DMIs).

Extensive studies have been conducted on Drosophila to investigate DMIs. For example,
12



when both pairs of loci responsible for reproduction are homozygous, the hybrids of D.
melanogaster Meigen and D. simulans Sturtevant are inviable, compared to when both pairs
of loci are heterozygous, and the hybrids are viable (Orr and Presgraves, 2000). Similarly, in
crosses between strains of Arabidopsis thaliana L., DMIs activate the immune system of the
plant, which leads to necrosis in hybrids. This activation of the immune system is caused by
the interaction of two incompatible loci from the nine different strains (Uk—6 through Uk-14;

Bomblies et al., 2007).

DM s are also responsible for asymmetrical reproductive isolation, where
interspecific reciprocal crosses have different levels of hybrid inviability or sterility (Turelli
and Moyle, 2007). Lowry et al. (2008) found that postzygotic barriers are more likely to act
asymmetrically than prezygotic barriers. Reproductive barriers are thought to act
asymmetrically when the inheritance of genetic factors that control development is
unidirectional. This imbalance in the inheritance of genetic factors leads to different levels of
hybrid sterility/inviability in reciprocal crosses (Tiffin et al., 2001; Turelli and Moyle, 2007).
Wu and Beckenbach (1983) conducted reciprocal crosses between Drosophila
pseudoobscura Frolova and D. persimilis Dobzhansky & Epling, and found asymmetry in
male sterility at an X-linked region in one species, but the region did not have the same effect
when introgressed into the other species’ genome. Asymmetrical postzygotic reproductive
isolation occurs similarly in plants. In some instances, the asymmetry may occur only
between two sympatric populations of sister species, such as the asymmetry that occurs
between Mimulus guttatus and M. nasutus in the foothills of the Sierra Nevada Mountains
(Martin and Willis, 2010). The germination rates of F1 seeds where M. guttatus was the
maternal donor germinated at a higher rate than those whose maternal donor was M. nasutus

(Martin and Willis, 2010).
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Extrinsic postzygotic isolation includes barriers such as low fitness of hybrids in an
environment, and behavioural sterility (Coyne and Orr, 2004). Hybrids may exhibit low
fitness in an environment due to the inability to find a suitable ecological niche (Barton and
Hewitt, 1985; Turelli and Orr, 2000). This may occur due to hybrids having an intermediate
phenotype to that of their parents, and as such cannot survive in their parental environments
(Rundle and Nosil, 2005). For example, in species of sticklebacks, F1 hybrids that were
translocated from the laboratory to the parental environment showed slow growth and
development, which suggests that the hybrids have ecological limitations to fitness (Hatfield
and Schluter, 1999). Similar results were obtained by Melo et al. (2014) between
morphologically different populations of Senecio lautus Soland. ex Forst. fil (Asteraceae,
groundsel) that occupied different habitats. The populations are classified as ecotypes and
occur on either sandy dunes (Dune populations), or on rocky headlands (Headland
populations). When transplanted to parental habitats, hybrids were selected against due to

maladaptation and herbivory.

Postzygotic isolation can also manifest through whole genome duplication (WGD),
where an individual has more than two sets of chromosomes. WGD has played a prominent
role in the diversification of major organismal lineages (McGrath and Lynch, 2012),
including the angiosperms. It is estimated that 70% of plants have polyploidy in their lineage
(Stebbins, 1950; Masterson, 1994; Wood et al., 2009). WGD events have also been observed
in yeasts (Wolfe and Shields, 1997), amphibians (Morin et al., 2006), and in teleost fishes
(Postlethwaite et al., 2000). The presence of WGD events in multiple evolutionary lineages is

evidence that polyploidy plays an important role in speciation across the tree of life.

Whole genome duplication represents the most common mode of sympatric speciation
in plants (Wendel and Doyle, 2005). Differences in ploidy within populations can affect

morphology and floral characteristics. In the South African iris, Crocosmia aurea (Pappe ex
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Hook.) Planch. tetraploid plants have fewer and larger flowers compared to diploids
(Hanneweg et al., 2013). Polyploidy can also lead to environmental and geographic
expansions (Hijmans et al., 2007). The variation in cytotypes in Oxalis obtusa Jacq.was
found to be correlated with the vegetation type (biome) within the Cape Floral Region (CFR)
of South Africa. Hexaploids were most common in the Fynbos biome, whilst tetraploids were

the most common cytotype in the Succulent Karoo biome (Krej¢ikova et al., 2013).

Postzygotic isolation between interploid crosses are a result of developmental
abnormalities in the endosperm (Ramsey and Schemske, 1998; Laffon-Placette and Kdéhler,
2016). These endosperm developmental abnormalities are referred to as the ‘triploid block’,
because they prevent the establishment of triploids from interploid crosses between diploids
and tetraploids (Ramsey and Schemske, 1998; Ramsey and Schemske, 2002). The
developmental abnormalities in the endosperm often result in hybrid seed lethality and seed
abortion. A common cause of developmental abnormalities in the endosperm of triploids is
parental genomic imbalance. For normal endosperm development to occur, a maternal:
paternal genome ratio of 2:1 needs to be present (Ramsey and Schemske, 1998). If this ratio
is violated, and the paternal ploidy is higher, endosperm development is more likely to result
in the production of inviable seeds (Schatlowski and Kdhler, 2012). For example, in
Arabidopsis thaliana, a parental genomic imbalance changes the expression of the
transcription factors, which regulate the cellularization of the endosperm. When the maternal
genome is present in excess, transcription factors induce early cellularization. The opposite
occurs when there is excess paternal genome (Lu et al., 2012; Schatlowski and Kéhler, 2012).
The timing of cellularization has an impact on the seed size; a maternal excess is associated
with a small seed size, whilst a paternal excess correlates with larger seed sizes (Scott et al.,
1998). In some taxa, seeds impacted by parental genomic imbalances may still germinate
(Sutherland and Galloway, 2017), but in many cases these imbalances lead to seed abortion,

and thereby confer the triploid block in crosses between diploids and tetraploids.
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Interestingly, parental genomic imbalances have less severity in crosses between higher
ploidy taxa (e.g. 4x—6x) than they do in crosses between lower ploidy taxa (2x—4x)
(Sonnleitner et al., 2013; Sutherland and Galloway, 2017). This variation in the impact of
imbalances on seed development implies that the level of reproductive isolation in
populations with mixed ploidies, may vary, and may even facilitate the formation of higher

order ploidies.

In instances where endosperm barriers are overcome, polyploids face the challenge of
establishing themselves within progenitor populations. Once triploids have formed and have
overcome internal reproductive barriers, they often find themselves in populations in which
they are the minority cytotype. The minority cytotype faces a frequency-dependent mating
disadvantage which may be a barrier to the establishment of the triploid population (Levin,
1975; Husband, 2000). This exclusion from gene flow decreases the new polyploid’s fitness
in the progenitor environment. It has been suggested that to try and overcome this obstacle to
successful establishment, newly established polyploids may shift from an outcrossing mating
system to one where they are self-compatible or reproduce asexually (Ramsey and Schemske,
1998; Otto and Whitton, 2000). In an analysis of 917 species of plants, Robertson et al.
(2010) found a strong association between polyploidy and self-compatibility in the
Solanaceae. Sutherland et al. (2018) also found that self-compatibility was strongly

correlated with whole genome duplication in Campanula rotundifolia L.

Given the difficulty of establishing as a polypoid population (Levin, 1983), it is
plausible that newly established polyploids exhibit a shift in mating system from that of the
progenitor species. Newly established polyploids often shift from an outcrossing mating
system, to one where they are self-compatible. It has been hypothesised that to see a shift
from an outcrossing system to a selfing system, a time of at least 40 generations needs to pass

for there to be a visible shift in mating system (Cook and Soltis, 1999). Shifting from an
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outcrossing mating system to a selfing mating system has been shown to decrease levels of
inbreeding in polyploids because self-fertilization increases heterozygosity and results in the
purging of deleterious alleles (Barringer and Gerber, 2008). A shift to selfing would decrease
the number of hybrid matings between the diploid species and the newly established
polyploid, and enhance the reproductive abilities of newly established polyploids (Husband et

al., 2008).

1.2 Study taxa

Rhodohypoxis Nel (Hypoxidaceae) is a Drakensberg near endemic genus that
comprises six species (Hilliard and Burtt, 1978). The focal species here, Rhodohypoxis baurii
(Baker) Nel includes three varieties: Rhodohypoxis baurii var. baurii (Baker) Nel, R. baurii
var. platypetala (Baker) Nel, and R baurii var. confecta Hillard & B.L Burtt. A second study
species, Rhodohypoxis milloides (Baker) Nel, is related to Rhodohypoxis baurii (Uys and
Cron, unpublished data). Rhodohypoxis plants are short, geophytic herbs with contractile
roots. The leaves are basal and are either erect or spread on the soil surface. The indumentum
on the leaves and pedicel varies from dense to sparse according to variety and may also be

present on the abaxial surface. Flowers may be white, pink or a deep magenta.

R. baurii var. baurii is found in moist, shaded areas at the base of cliff faces and has
magenta flowers (Figure 1a; Hilliard and Burtt, 1978). R. baurii var. baurii is predominant in
the southern Drakensberg, and rarely extends into the northern Drakensberg. R. baurii var.
baurii can be found at altitudes between 1350 and 2500 m a.sl. Its leaves are more erect and
thinner than those of R. baurii var. platypetala. Both of these varieties have dense trichomes

on the abaxial leaf surface, and sparse trichomes on the adaxial leaf surface.

R. baurii var. platypetala is the most widespread variety, and ranges from the
southern Drakensberg to parts of the northern Drakensberg at altitudes between 900 m above
sea level (a.s.l.) and 2250 m a.s.| (Hilliard and Burtt, 1978). The flowers of R. baurii var.
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platypetala are predominantly white (Figure 1b) to sometimes very pale pink. This variety
can often be found in dry, rocky soils. The leaves in R. baurii var. platypetala are a dull grey-

green colour, broad, and often spread on or near the soil surface.

R. baurii var. confecta has the most restricted range of the three variants, and occurs
only in eight known locations in the northern Drakensberg (and into Swaziland) at altitudes
above 2200 m a.s.l. The flower colour of R. baurii var. confecta ranges from white to bright
pink (Figure 1c). This variety can be found in habitats that are intermediate to those of R.
baurii var. baurii and R. baurii var. platypetala. R. baurii var. confecta has hairy, semi-erect
leaves. R. milloides has magenta (Figure 1d) to rarely deep red flowers. It is found in marshy
areas and has thin, bright green, erect, glabrous leaves. R. milloides is found at altitudes

between 1350 and 2500 m a.s.l.

The flowers of R. milloides and the R. baurii varieties are hermaphroditic, typically
with six anthers arranged in two rows of three, and are situated in close proximity to the
stigma. The stigma is attached to a short style (~2mm), and is split into two lobes in the three
R. baurii varieties, or three lobes in R. milloides. The arrangement of the reproductive
structure and flower colour is important for deciphering potential mating systems, especially
since there are no known pollinators of R. baurii (Pers. obs.). Plant reproductive structures
promote mating, and the diversity in the form and function of floral displays is associated

with the diversity in mating strategies (Barret, 2010).
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Figure 1. a) Rhodohypoxis baurii var. baurii. b) Rhodohypoxis baurii var. platypetala. c)
Rhodohypoxis baurii var. confecta. d) Rhodohypoxis milloides

Previous taxonomic work on Rhodohypoxis highlighted that several species naturally
hybridize and that introgression likely occurs (Hilliard and Burtt, 1978, Uys and Cron,
unpublished data). Putative hybrids between the three R. baurii varieties and between R.
baurii var. platypetala and R. milloides have been observed in the field (Hilliard and Burtt,
1978; Uys and Cron, unpublished data). These putative hybrids were detected in a separate,
intermediate environment and exhibit physical characteristics that are intermediate between
the parent species. The occurrence of these hybrids has led to questions regarding the
taxonomy of the genus, as well as the presence or absence of reproductive barriers between
these varieties and species. The existence of hybrids in natural populations strongly suggests
that divergence is recent within the genus, and that reproductive barriers are still forming
(Rieseberg et al., 1993; Yi and Maki, 2015). On several recent visits to sites where hybrids
were previously observed no hybrids could be found (K. Glennon, pers. comm.). This led to
questions about the persistence of the hybrids within Rhodohypoxis populations and suggests

that postzygotic barriers may inhibit the long term survival of such hybrids.
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1.3. Aim and objectives

The main aim of this study was to test for the presence of postzygotic reproductive
isolation among Rhodohypoxis baurii varieties and between the varieties and R milloides,
with three distinct objectives. The first of these objectives was to examine postzygotic
reproductive barriers through controlled crossing experiments in the greenhouse. Crossing
experiments provide the opportunity to study and directly observe hybrids and postzygotic
isolation in a controlled, laboratory environment. Results from these crossing experiments
allowed us to assess the viability of R. baurii hybrids. The second objective was to
characterize gene flow among R. baurii varieties and R. milloides. To achieve this end,
patterns of gene flow were characterized using amplified fragment length polymorphisms as
genetic markers. Characterizing gene flow among populations is a first step to identifying
patterns of diversification. These patterns then enabled us to infer past gene flow patterns,
which revealed the presence of reproductive barriers between the four taxa. The third
objective was to estimate ploidy levels for each R. baurii variety and R. milloides using flow
cytometry. Ploidy may play a role in reproductive isolation when the taxa being crossed have
different ploidy levels. Estimating ploidy levels will help infer whether ploidy plays a role in

reproductive isolation between the three R. baurii varieties and R. milloides.
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CHAPTER 2: MATERIALS AND METHODS
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2.1. Crossing study
Plant collection

Twenty individuals of Rhodohypoxis baurii var. baurii and 20 individuals of
Rhodohypoxis baurii var. platypetla were collected from Hebron Farm near Kokstad,
KwaZulu-Natal in 2015 and 2016. A further 20 individuals of Rhodohypoxis baurii var.
platypetala and 20 individuals of Rhodohypoxis milloides were collected from the same site,
Sunset Farm, near Bulwer, KwaZulu-Natal, during the same two years. A further 20
individuals of Rhodohypoxis baurii var. confecta were collected from Sentinel Peak in the
Drakensberg in 2017. The individuals were potted in the greenhouse and maintained in the
outdoor garden at the University of the Witwatersrand, Johannesburg before being moved
into the rooftop greenhouse at Wits. The plants were allowed to acclimatize for one year
under controlled watering conditions before they were incorporated into the crossing study.
Plants received ambient light conditions, the greenhouse was temperature controlled (though
temperature ranged from 18-37°C during the flowering season), and plants were watered

with approximately 200ml water twice per day.
Experimental design to test reproductive success between lineages

Crosses were done within varieties, between varieties, and between species (Figure 2).
In addition, five to eight individuals of each taxon were selfed (pollen from same plant

deposited onto the stigma of the same flower) to test whether plants were self-compatible.
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R .milloides < > R baurii var. platypetala

.. .. o . .. .
R baurii var. baurii ™ » R baurii var. confecta

Figure 2. A summary of all the crosses made between different Rhodohypoxis taxa, with
arrows indicating that all crosses were reciprocal.

Before crosses were conducted, flowers were covered in small cages made from
plastic cups with windows cut into the sides and the top to allow sunlight to enter and to
prevent overheating (Figure 3a). These windows were covered with a fine mesh to exclude
pollinators, but this mesh did not prevent watering from the irrigation system. Individual
plants were randomly chosen for crosses based on availability of flowers that had been open
for at least 2 days. Flowers were emasculated using fine forceps (BioQuip #4535 Swiss ),
which were cleaned with 70% ethanol between crosses to prevent pollen contamination. The
emasculated flowers were then used as maternal plants, while pollen from the emasculated
plant was used as the paternal donor for other maternal plants. A fine paintbrush (Dala Gold
756 round brush, size 4) was used to deposit pollen onto stigmas. Paintbrushes were also
cleaned between crosses using 70% ethanol to prevent pollen contamination. Once pollinated,
the flowers were marked with coloured rubber bands to separate them from non-pollinated
flowers, and placed back under the cages. To test for autogamous selfing, a single flower was
emasculated, and had its own pollen deposited onto its stigma. Pollen deposition occurred
when the pollen was “fluffy”, approximately one day after the opening of the flower (there
was an observable ‘slit’ in the anther to release pollen, pers. obs.). Stigmas were also
presumed to be receptive one day after the opening of the flower. All pollinated flowers were

then placed under a larger mesh cage to ensure that pollinators were excluded.
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Potentially successful crosses were identified by having swollen receptacles. Once
flowers scenesced, seeds were collected by removing the dried out flower from the pedicel to
reveal the capsule three weeks after pollination (Figure 3b). Seeds did not often dislodge
themselves from capsules, so manual manipulation was required to remove seeds. After
collection, seeds were counted to compare the average seed set between flowers. To quantify
hybrid inviability, 10% of the seeds from each cross were sowed at depth of 5 mm in herb
potting mixture (Healthy Living Herbs™) in individual pots. The seeds were watered twice a
day in the greenhouse for five minutes in the morning (approximately 09:30) and again in the
afternoon (approximately 15:30) by an automated watering system (approximately 200ml

each irrigation). Germination success was recorded as the emergence above ground after four
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Figure 3. a & b) Plastic cages used to cover Rhodohypoxs flowers after crossing experiments
had been done. c) A flower that has detached from the stem to reveal a capsule full of seeds.

o

2.2. Pollen viability
Pollen viability was tested with analine blue stain. Anthers from a hybrid between R.

milloides x R. baurii var. platypetala (SM12 x PH3), and anthers from R. baurii var. baurii
were separately placed in ~100 pl of aniline blue and left overnight. Tubes that stored pollen
grains were vortexed to enable even distribution of pollen throughout the stain solution and

40ul were aliquoted onto a microscope slide for observation using a compound light
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microscope (Zeiss Axio Imager 2) at 400x magnification. Pollen was considered viable if
pollen grains were stained and nonviable pollen appeared to be transparent. The total number
of stained and unstained pollen grains were counted for each sample in one field of view to
estimate percent viability.
2.3. Flowering Phenology

Phenological data of flowers were collected in the greenhouse through daily
observations of plant growth during the flowering season (late August — early February). The
date of the first flower opening was recorded for each taxon and the total number of flowers
per plant per variety over one flowering period (2018) was calculated.
2.4. Characterising gene flow

Assessing gene flow among populations can help to elucidate past gene flow patterns
that have subsequently shaped the trajectory of species. Patterns of introgression and
hybridization can be elucidated using molecular techniques such as the use of amplified
fragment length polymorphisms (AFLPs). AFLPs are based on the detection of homologous
fragments in the genome that are amplified using the polymerase chain reaction (PCR) (Vos
et al., 1995). These regions in the genome are then restricted using restriction enzymes one
restriction enzyme with an average cutting frequency (e.g., Msel), and one restriction enzyme
with a high cutting frequency (e.g., EcoRlI) (Savelkoul et al., 1999). These fragments are then

assessed for the presence or absence in the sampled individuals.

AFLP is a fingerprinting technique that has been widely used to assess genetic
diversity, characterize population structure, and elucidate phylogenetic relationships (Mueller
and Wolfenbarger, 1999; Bensch and Akesson, 2007; Meudt and Clarke, 2007). This wide
use of AFLP can be attributed to the reproducibility and robustness of the techniques due to
the use of stringent PCR annealing temperatures (Blears et al., 1998). An additional
advantage of the AFLP approach is its capacity to reveal a high number of polymorphisms

with small quantities of DNA (0.05-0.5ug) at a relatively low cost (Blears et al., 1998;
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Blignaut et al., 2013). Unlike other molecular methods, AFLPs do not require prior

knowledge regarding the targeted genome (Vos et al., 1995).

In a comparison of three DNA based techniques (Random Amplification of
Polymorphic DNA (RAPD), Inter Simple Sequence Repeats (ISSR), and Amplified Fragment
Length Polymorphism (AFLP)) to characterise genetic variation in Dactylis glomerata L. (cat
grass), Costa et al. (2016) found that AFLPs were most efficient at detecting polymorphisms.
RAPDs produced 97 bands of which 40 were polymorphic, compared to AFLPs, which
produced 100 bands of which 92 were polymorphic (Costa et al., 2016). AFLPs have also
been used to decipher the genetic structuring of species within the Draba L. (Brassicaceae)
genus. The genus consists of cryptic species. Through the use of AFLP markers, the authors
were able to decipher phylogeographic structures and infer past patterns of dispersal and gene
flow (Skrede et al., 2009). Both of these studies demonstrate that the AFLP technique has the

ability to produce informative results without compromising the robustness of the technique.

DNA extractions

DNA was extracted using the CTAB (cetyl trimethylammonium bromide) method
adapted from Doyle and Doyle (1987). The CTAB mixture facilitates the breakage of
polysaccharides from the plant cell wall, while the chloroform-Iso Amyl separates the cell
DNA from the rest of the cellular debris. Alcohol 2-1sopropanol is used to precipitate out the
DNA, and ethanol is used to clean the DNA. Genomic DNA samples were quantified using a
micro-volume UV-Vis spectrophotometer (Nanodrop, Thermo Fisher Scientific). DNA was
classified as being of “good quality” if the A260/280 ratio was above 1.6 and had a DNA

concentration of at least 100ng/pL.
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Genotyping parental plants

The AFLP protocol used in this study followed Blignaut et al., (2013), and comprises
four steps: 1) restriction digest, 2) ligation, 3) pre-amplification, and 4) selective
amplification. The restriction enzymes, EcoRI and Msel were used to digest 100ng/pl of
genomic DNA. EcoRI and Msel recognises the palindromic sequences, 5’-GAATTC-3’, 5’-
TTAA-3’, respectively. The EcoRI digestion reaction mixture consisted of 0.25 uL of 5 U of
EcoRI, 2 uL of 1X EcoRI buffer, 16.75 uL of distilled water, and 1 pl of at least 100 ng/pl of
DNA to make up a total volume of 20 pL per reaction. The mixture was then left to digest at
37°C in a water bath for 1 hour. After incubation, 1 uL of 5 units of MSel, 3 uL of 1X
Cutsmart buffer, and 6 pL of distilled water was added directly to the EcoR1 mixture. The

mixture was then incubated at 37°C for 1 hour whereafter it was 65°C for thirty minutes.

After digestion, adaptors that are complementary to either Msel or EcoRI were ligated
to the digested DNA fragments. For the ligation mixture, 1U of T4 Ligase, 1X T4 DNA
Ligase Buffer, 5 uM Msel adaptor, 5 uM EcoRI adaptor, and 6.9uL distilled water were
added to the digestion mixture. The digestion-ligation mixture was then left to incubate
overnight at 4°C. After incubation, 5 uL of the digestion-ligation mixture was run on a 1%
agarose gel to check for the presence of smears between 100 and 500 bp. These smears

indicated the presence of DNA fragments.

For pre-selective PCR amplification, an undiluted sample of the digestion-ligation
mixture was used as a template. The pre-selective PCR master mixture contained 1X
Amplicon Taq Master Mix Red, 5.5 pL distilled water, 1 uM MSel+0 primer, 1 uM EcoRI+0
primer, and 2.5 pL of the diluted digestion-ligation reaction mixture. Pre-selective PCR
amplification was conducted following Blignaut et al (2013) with an initial denaturing step at
94°C for 5 minutes, followed by denaturation at 94°C for 30 seconds, annealing for 30
seconds at 56°C, elongation at 72°C for 30 seconds, repeated for 23 cycles. The final
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elongation step was set at 60°C for 30 minutes. After pre-selective amplification, 5 pL of
each PCR product was run on a 1% agarose gel at 45V for one hour. After running the gel,
the gel was checked for the presence or absence of smears between 100 bp and 500 bp to

indicate a successful pre-selective amplification.

Following pre-selective amplification, undiluted PCR products were used as templates
in the selective amplification. Each 20uL selective PCR reaction consisted of 2X Amplicon
Taq Polymerase Master Mix, 10uM fluorescently labelled EcoRI+ NNN (see Table 1 for a
list of primers), 1 uL of 10 uM unlabeled MSel-+CTT, and 5 pL of diluted pre-selective PCR
product. The selective PCR cycle was run similarly to the pre-selective PCR cycle, but with
30 cycles instead of 23 cycles. Successful selective PCR products were sent for fragment

analysis at the Central Analytics Facility at the University of Stellenbosch, South Africa.

Table 1. Primers from Blignaut et al. (2013) that were used in selective amplification of the
PCR product of R. baurii varieties and R. milloides.

Primer name Sequence (5'-3")
Msel+CTT GATGAGTCCTGAGTAACTT
EcoRI-ATG GACTGCGTACCAATTCATG
EcoRI-CAT GACTGCGTACCAATTCCAT
EcoRI-AAT GACTGCGTACCAATTCAAT

2.5. Estimation of ploidy
Estimating ploidy is important in studies pertaining to reproductive isolation because

differences in ploidy can contribute to decreasing gene flow between taxa (Ramsey and
Schemske, 1998; Hersch-Green, 2012). In this case, fresh leaf tissue samples from each
Rhodohypoxis baurii variety and R. milloides were sent to the Royal Botanic Gardens, Kew
in London for the estimation of ploidy using a Partec Flow Cytometer (Partec Inc.,
Germany). Flow cytometry is a method that uses a combination of staining and fluorescence
to determine genome size and ploidy (Gregory, 2004). Nuclei were isolated from the cell by
cutting up leaf tissue and suspending it in Otto’s buffer that releases the nuclear content
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(Otto, 1992; Dolezel et al., 1998). The nuclear content was then stained with a fluorescent
dye (Propidium iodide) that binds to the DNA. The flow cytometer passes the nucleic content
through a sequence of lights, mirrors and amplifiers that converts the emitted fluorescent light
into a digital signal that is measured against a known genome size in order to conclude the
genome size of (in this case, Pisum sativa L.) the species of interest (Dolezel et al., 1998).

2.6. Data analysis
Seed set and germination

Differences in seed set and germination between cross types were analysed using a
generalised linear model (GLM) in R (R Core Team, 2016) using the Ime4 package (Bates et
al., 2015) following Suni and Hopins (2018). This approach helped account for the
unbalanced seed set results from different crosses. To evaluate differences in seed set
between intervarietal, intravarietal, and interspecific crosses, | ran four GLMs (one for each
taxon) using the Ime4 package (Bates et al., 2015) in R (R Core Team, 2016). In each model,
| set the number of seeds as the dependent (response) variable and the paternal taxon as the
independent (predictor) variable. The number of crosses per individual were included as an
offset, and the maternal plant identity was included as a random effect. | then used the Im()
function in R to test for significant differences between intervarietal, intravarietal, and

interspecific crosses.

Molecular data analysis

Chromatographs were scored for the absence (zero) or presence (one) of fragments for
each primer pair using the GeneMarker software (SoftGenetics, State College, PA).
Fragments were scored as present when the relative fluorescence unit (RFU) level was at
least 100. If peaks were found at consecutive base pairs, only the peak with the highest RFU
was scored, and the other peaks were interpreted as stutter. The final result after scoring was

a binary matrix which was formatted for analysis in relevant software.
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Population differentiation

Measures of population differentiation (Fst), heterozygosity (Ho), and genetic
distance (D) were used to describe population structure and differentiation and were

calculated using GenAlEx v. 6.5 (Peakall and Smouse, 2012).

To characterise population structure, 1 used STRUCTURE version 2.3.4 (Pritchard et al.,
2000, Falush et al., 2003a) which uses multilocus genotype data to cluster individuals into
populations using a Markov chain Monte Carlo algorithm. The algorithm estimates the
probability of each individual of belonging to each genetic cluster (Pritchard et al., 2000;
Falush et al., 2003b). The estimation of the probability of belonging to a cluster for each
individual is done on the basis of K, which is the number of assumed populations. Some
applications of STRUCTURE include identifying cryptic population structure, detecting
migrants in populations, and inferring historical admixture (Falush et al., 2007). For example,
through the use of STRUCTURE, populations of Indian Himalayan Arabidopsis thaliana were
found to have genetic variation that is structured by altitude and geography (Tyagi et al.,
2016). STRUCTURE has also been used to characterise the genetic structure of human
populations (Rosenberg et al., 2002). The use of STRUCTURE in various studies shows the
program’s ability to provide robust, informative results that can be used to make reliable

conclusions about the structure of populations.

When running the STRUCTURE analysis, a haploid dataset was used, and -9 was set as
the value for missing data. A haploid dataset was used because dominant markers such as
AFLPs do not distinguish between heterozygotes and homozygotes and present only a
presence or absence of each fragment for each individual. Each row from the dataset was
recognised as a single individual by the program. Five values of K (K = 1-5) were explored
because the R. baurii varieties come from two separate localities (Sunset Farm and Hebron

Farm), whilst R. milloides is a different species from the varieties and is expected to have a
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different population structure. An analysis with a burnin period of 65000 and 650000 MCMC
(Markov chain, Monte Carlo) repetitions, with 4 iterations was run on each cluster. The
STRUCTURE model that was used assumes that allele frequencies are correlated among
populations due to shared ancestry. The end result is a clustering of individuals according to

the degree of similarity of their genotypes.

31



CHAPTER 3: RESULTS

32



3.1. Self and cross-compatibility experiments
Seed set

In the experiment to test for compatibility within a taxon and between varieties
and/or species of Rhodohypoxis, crosses between R. milloides and R. baurii var. platypetala
produced the highest number of seeds (n = 179, Table 2). The second highest number of
seeds was produced by crosses between R. baurii var. platypetala and R. baurii var. baurii (n
= 167, Table 2). A notable trend is that all crosses involving R. baurii var. platypetala as
either the maternal or paternal plant, had a relatively high seed set compared to crosses
involving R. baurii var. baurii and R. baurii var. confecta. Collectively, flowers that were
autogamously selfed produced more seeds across taxa than either intravarietal or intraspecific
crosses. On average, intervarietal crosses (mean= 138 + 90, Figure 4) produced the most
seeds, followed by interspecific crosses (mean = 123.5 * 16.5, Figure 4). Autagomously
selfed crosses produced more seeds (mean = 106 £ 61) than intraspecific crosses (crosses

between R. milloides individuals) (mean = 34.9 + 9.5, Figure 4).

Table 2. The number of seeds produced by crosses between Rhodohypoxis varieties and R. milloides.
The values in bold indicate the number of seeds that were produced in each cross type, alongside the
number of crosses between taxa.

Paternal taxon

R. baurii var. baurii ~ R. baurii var. platypetala  R. baurii var. confecta millzi des
Maternal taxon
R. baurii var. baurii 2,5 12,90 2,35 1,20
R. baurii var. platypetala 12, 167 4,113 1,30 8, 57
R. baurii var. confecta 0,0 1,3 0,0 4,29
R. milloides 0,0 18,179 1,8 5,19
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Table 3. Results from a generalized linear model that tested the effect of maternal taxon on seed set in
heterospecific crosses between Rhodohypoxis varieties and R. milloides. Significant probability values
are marked with an asterisk. The maternal plant is listed first and the paternal plant is listed second
(maternal<paternal).

Cross type z SE t P-value N seeds

produced
baurii<confecta 13.65 4.03 3.90 0.20* 46
baurii<milloides 11.50 4.03 2.85 0.40* 20
baurii<platypetala 2.00 4.03 0.66 0.54 120
platypetala<baurii 8.61 8.57 1.01 0.34 229
platypetala<confecta 21.61 17.53 1.23 0.25 30
platypetala<milloides 4.89 8.90 0.55 0.60 93

milloides<confecta -21.00 13.71 -1.53 0.22 8

There was an indication of slight unidirectional seed production when controlling for
maternal taxon identity in crosses between R. baurii var. baurii and R. baurii var. confecta (z
=13.65, df =5, SE = 4.03, P = 0.20, Table 3), as well as in crosses between R. baurii var.
baurii (z =11.50, df = 10, SE = 4.03, P = 0.40, Table 3) and R. milloides. In addition, |
observed that in one reciprocal cross between R. baurii var. platypetala (Karkloof 10) and an
F1 hybrid of R. milloides x R. baurii var. platypetala, seeds were only produced in the cross
where R. baurii var. platypetala was the maternal plant. In this single cross, six seeds were
produced, with two of the six seeds appeared to have been aborted. None of the other cross
combinations showed any significant asymmetry. When fully developed, Rhodohypoxis seeds
are mamillate (with nipple-like protuberances), a black testa, and measure approximately 2
mm in diameter. The aborted seeds appeared white and were less than 2 mm in diameter. No
seeds were produced in the single reciprocal cross where the F1 hybrid was the maternal

plant.
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Figure 4. The average number of seeds produced by each cross type. Interspecific crosses (n
= 8) are between two R. baurii varieties (R. baurii var. platypetala and R. baurii var.
confecta) and R. milloides. Intervarietal crosses (n = 13) are between all three R. baurii
varieties. Intraspecific crosses (n = 2) are between individuals of R. milloides. Intravarietal (n
= 4) crosses are between individuals of the same variety, and each selfed cross (n = 5) was
autogomously hand-pollinated. The error bars represent the SE for each cross type.

3.2 Flowering phenology

The flowering times of R. baurii and R. milloides overlapped during the 2018
flowering season. R. baurii var. baurii flowers first in late August, followed by R. baurii var.
platypetala in the first week of September. R. baurii var. confecta flowers late in September,
whilst R. milloides starts flowering in the last week of October.
3.3. Seed viability

To test for seed viability, 10 % of the total seeds collected per cross were germinated,
and the percentage germination for each cross type was recorded. In total, 47.25% of seeds
from all cross types germinated (Table 4), with interspecific crosses having the highest
germination rate (68.86%, Table 4), followed by intraspecific crosses with 42.86% of seeds
(Table 4). Intravarietal crosses had a percentage germination of 39.13% (Table 4).
Intervarietal crosses had the lowest percentage germination (38.14%, Table 4).
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Two of the germinated hybrid seedlings flowered, one in 2018 (PH3xSM12) and one hybrid
in 2019 (SM12xPH3). Both seeds were the result of reciprocal crosses between the same
individuals: R. milloides from Sunset Farm and R. baurii var. platypetala from Hebron Farm.

Both hybrid flowers were a light pink colour, which is intermediate to that of the parent

plants.

Figure 8. Example of two hybrids that resulted from a reciprocal cross between parents. a) A
hybrid of R. milloides from Sunset Farm and R. baurii var. platypetala from Hebron Farm,
with R. baurii var. platypetala as the maternal plant (PH3xSM12. b) A hybrid of an R. baurii

var. platypetala from Hebron Farm with R. milloides from Sunset Farm as the maternal plant
(SM12xPH3).

Table 4. The percent germination in different cross types of Rhodohypoxis baurii.
Interspecific crosses are between two R. baurii varieties (R. baurii var. platypetala and R.
baurii var. confecta) and R. milloides. Intervarietal crosses are between R. baurii varieties.
Intraspecific crosses are between individuals of R. milloides. Intravarietal crosses are between
individuals of the same variety.

Cross type % germination n seeds
Interspecific 68.86 83
Inter-varietal 38.14 118
Intraspecific 42.86 14
Intra-varietal 39.13 23
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3.4. Pollen viability
Pollen obtained from a hybrid (PH3xSM12) of R. milloides and R. baurii var.

platypetala appeared less viable than pollen obtained from an intravarietal cross between
individuals of R. baurii var. baurii. The hybrid pollen contained 128 grains of pollen in one
field of view, whilst R. baurii var. baurii had 370 grains of pollen in one field of view. Of the
128 pollen grains counted for the hybrid, 43.75% of the grains were viable. Of the 370 pollen
grains counted, 94.87% of the pollen grains were viable. The hybrid pollen also had fewer
stained pollen than R. baurii var. baurii pollen, which suggests lower viability of the hybrid

pollen (Figure 5a & b; Kearns and Inouye, 1993).

Figure 5. A comparison of pollen formed by (a, left) an interspecific hybrid (R. milloides x
R. baurii var. platypetala), and (b, right) R. baurii var. baurii. There are fewer interspecific
hybrid pollen grains compared to R. baurii var. baurii pollen grains. Fewer interspecific
hybrid pollen stained relative to R. baurii var. baurii pollen.

3.5. Characterising gene flow
Population variation

Genetic distance was greatest between R. baurii var. platypetala from Sunset Farm
and R. milloides from Sunset Farm (0.061, Table 4). R. baurii var. platypetala from Hebron
was more genetically similar to R. milloides from Sunset Farm (0.007, Table 4) than to R.

baurii var. platypetala from Sunset Farm (0.000, Table 4), despite the difference in location.
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94.12% of loci across all taxa in the Hebron Farm population were found to be polymorphic,
while 100% of the loci across both R. milloides and R. baurii var. platypetala in the Sunset
Farm population were found to be polymorphic. The mean percentage of polymorphic loci

was 97.06% across all taxa in both the Sunset Farm and Hebron Farm populations.

Table 5. Unbiased pairwise genetic distance between varieties of R. baurii and R. milloides
from two different populations, Hebron Farm (H), and Sunset Farm (S) in KwaZulu-Natal,
South Africa.

R. baurii
N R. baurii var. var. R. baurii var.
R. milloides (S) platypetala (S) platypetala baurii (H)
(H)
R. baurii var. 0
baurii (H)

R. baurii var. 0 0
platypetala (H)

R. baurii var.

platypetala (S) b Y Y
R. milloides (S) 0 0.065 0.007 0.061

Table 6. Mean genetic variation over loci per taxon at Hebron Farm and Sunset Farm. Na =
number of alleles, Ne = number of effective alleles, | = Information index, h = gene diversity,
uh = unbiased gene diversity.

Taxon Na Ne I h uh
R. baurii var. baurii (Hebron 1.725 1.530 0.444 0.302 0.369
Farm)
R. baurii var. platypetala 1.922 1.633 0.532 0.362 0.414
(Hebron Farm)
R. baurii var. platypetala 1.725 1.448 0.402 0.269 0.337
(Sunset Farm)
R. milloides (Sunset Farm) 1.882 1.675 0.559 0.383 0.447

R. baurii var. baurii from Hebron Farm and R. baurii var. platypetala from Sunset
Farm showed low mean genetic diversity (uh = 0.369, uh = 0.337, Table 6). The highest
genetic diversity was detected in the R. milloides population from Sunset Farm (uh = 0.447,
Table 6), while R. baurii var. platypetala from Hebron Farm had the second highest diversity
(uh =0.414, Table 6). The % polymorphic loci was highest in R. milloides (94.12%) from

Sunset Farm, followed by R. baurii var. platypetala from Hebron Farm (92.16%). R. baurii
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var. baurii from Hebron Farm has 76.47% polymorphic loci. The taxon with the lowest %

polymorphic loci is R. baurii var. platypetala from Sunset Farm (72.55%).

Population structure

The STRUCTURE analysis revealed two genetic clusters out of the possible five
clusters evaluated (AK = 2; Figure 6). The Sunset Farm population shows less admixture than
the Hebron Farm population. The majority of admixture occurred between R. baurii var.
baurii and R. baurii var. platypetala individuals from Hebron Farm. Of the 15 individuals
from the Sunset Farm population (eight R. milloides and seven R. baurii var. platypetala),
only three R. baurii var. platypetala individuals show no admixture. All R. milloides
individuals show some level of admixture with R. baurii var. platypetala from Sunset Farm.
Four of the seven individuals of R. baurii var. platypetala from Sunset Farm share a majority

of their genotypes with R. milloides individuals (Figure 7a).
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Figure 6. a) A barplot for two genetic clusters identified by Structure Harvester (deltaK = 2)
shows admixture among 29 individuals.. Cluster 1(in blue) consisted of individuals of R.
milloides (SM) and R. baurii var. platypetala (PS) collected from Sunset Farm. Cluster 2 (in
orange) consisted of individuals of R. baurii var. baurii (BH) and R. baurii var. platypetala
(PH) collected from Hebron farm. Each bar represents an individual plant. b) Population
structure when K=3. The x-axis shows each individual within either of the genetic clusters.
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Figure 7. Five possible genetic clusters were assessed using Structure and Structure
Harvester. A Delta K value of two indicates that there are two genetic clusters represented in
the dataset.

3.6. Ploidy
Ploidy levels varied among R. baurii varieties (Table 7a). Nine out of 12 individuals

of R. baurii var. baurii from Hebron Farm were diploid and the remaining three individuals
were tetraploid. Of the R. baurii var. platypetala individuals from Hebron Farm there were
two diploid individuals and 11 tetraploid individuals. Of the R. baurii var. platypetala at
Sunset Farm, there were two diploid individuals, one triploid individual, as well as one
tetraploid individual. All 15 analysed R. milloides individuals from Sunset Farm were

tetraploid.
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Table 7a. Ploidy estimates for R. baurii varieties and R. milloides that occur at the two focal
populations. The cytotyped plants were used as maternal or paternal individuals in the
Crosses.

Taxon (total N) Population Diploid 2x Triploid 3x Tetraploid 4x

R. baurii var. platypetala Sunset Farm 2 1 1
(n=4)

R. baurii var. platypetala Hebron Farm 2 0 11
(n=13)

R. baurii var. baurii Hebron Farm 9 0 3
(n=12)

R. milloides Sunset Farm 0 0 10
(n=10)

Table 7b. Ploidy levels and 2C DNA content in picograms for Rhodohypoxis hybrids that
were made during this experiment. SM = R. milloides from Sunset Farm, BH = R. baurii var.
baurii from Hebron Farm, PH = R. baurii var. platypetala from Hebron Farm. There was
only one individual plant cytotyped per hybrid cross and each cross was only performed once
between the maternal and paternal plants. Estimates were done using Pisum sativa as the
internal standard.

Maternal ID  Paternal ID  2C DNA content (pg) Ploidy

SM15 PH12 3.85 4x
BH8 CS6 2.00 2X
PS3 BH12 1.68 2X
SM12 PH3 3.98 4x
SM7 PH12 3.93 4x
SM2 PH10 3.98 4x
SM5 PH10 4.06 4x
PH3 SM12 4.28 4x
PH14 PS11 2.00 2X
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4.1. Discussion

The main aim of this study was to test for the presence of postzygotic reproductive
isolation among Rhodohypoxis baurii varieties and between R. baurii and R. milloides. There
were three objectives: 1) to examine postzygotic barriers through controlled crossing
experiments, 2) to characterize gene flow among R. baurii varieties and between R. baurii
and R. milloides, and 3) to estimate ploidy levels for each R. baurii variety and R. milloides

and resulting hybrid offspring.

Reproductive barriers may act sequentially to limit gene flow among closely related
taxa (Dobzhansky, 1937; Mayr, 1942; Muller, 1940; Ramsey et al., 2003) eventually leading
to species divergence. Because they often act by first preventing gene flow, prezygotic
barriers are often regarded as being the most influential in decreasing interspecific gene flow
(Ramsey et al., 2003; Moyle et al., 2004; Kay, 2006; Lowry, 2008). Shifts in pollinator
preference and phenology are often the strongest prezygotic barriers that lead to speciation
(Martin and Willis, 2007). Complementary to prezygotic barriers are postzygotic barriers that
occur after fertilization and are mainly under genetic control (Coyne and Orr, 1989; Coyne
and Orr, 2004). In the event that prezygotic barriers have not yet had the strength to prevent
successful reproduction, postzygotic barriers may form first and strongly influence the course
of speciation in taxa (Widmer et al., 2009). Polyploidy can also influence speciation in taxa

by acting as a postzygotic barrier between taxa of different ploidies during hybridization.
Pre- and post-zygotic barriers

The three Rhodohypoxis baurii varieties were observed to occur in different
ecological habitats, which were consistent with habitats described by Hilliard and Burtt
(1978). R. baurii var. baurii is found in moist, shaded areas at the base of cliff faces, R. baurii

var. platypetala prefers dry, rocky soils, and R. baurii var. confecta is found in habitats that
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are a combination of rocky soils and moist, shaded areas. R. milloides is found in marshy
areas. In their 1978 compilation of southern African plants, Hilliard and Burtt (1978 p. 48)
described the ecological differences between the three R. baurii varieties as being “distinct,
yet subtle”. The differences in habitat preferences among the R. baurii varieties and R.
milloides indicate the presence of ecogeographic isolation (per Sobel et al., 2010). Ecological
adaptations are major drivers of reproductive isolation (Schluter, 2009; Sobel et al., 2010)
because adaptations to different environments may limit gene flow between populations.
Ecological or habitat shifts have likely played a role in the diversification in Rhodohypoxis
due to habitat heterogeneity. The diversity of microhabitats available in the native range of
these taxa has been closely linked to tectonic uplift events in the Drakensberg that occurred
during the Pliocene (5 Ma; King and King, 1959; Bentley et al., 2014). In the Drakensberg
near-endemic genus Macowania Oliv., it is estimated that diversification occurred following
the Pliocene tectonic uplift that catalyzed speciation due to ecological and geographical
niches that became available (Bentley et al., 2014). Previous work towards resolving
relationships among Rhodohypoxis species has suggested that the genus is recently diverged
(Uys and Cron, unpublished data). When coupled with differences in geography, habitat
preference could potentially be a form of prezygotic isolation in Rhodohypoxis baurii

varieties and R. milloides.

The flowering times of R. baurii and R. milloides were found to overlap considerably
with differences only occurring between the dates of initial flowering in the greenhouse
during the 2018 flowering season. R. baurii var. baurii flowers first in late August, followed
by R. baurii var. platypetala in the first week of September, R. baurii var. confecta flowers
late in September, and R. milloides may start flowering as late as the last week of October.
The three taxa then continue to produce flowers until the end of the season, in February (Pers.
Obs.). This observation was made in the field whilst collecting plants. As the phenology data

were collected under greenhouse conditions, the actual phenology in the natural environment
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might not be well reflected. In their description of Rhodohypoxis, Hilliard and Burtt (1978)
described flowering times for the three varieties as ranging from early November through
December, but do not give precise accounts of flowering time for each of the varieties.
Personal observations in the field indicate that flowering starts from as early as October in R.
baurii var. confecta, and continues until mid December. It is possible that the Rhodohypoxis
plants in the greenhouse have acclimatized to greenhouse conditions, and now have similar
flowering times. Other studies that have compared plants that have been grown under
controlled environments to those that have been grown in the field, have often done so when
comparing phenotypic traits, and have not necessarily been related to phenological responses
(Poorter, et al., 2016). In one study where the phenological development of Brassica L.
species in a controlled environment was compared to that of Brassica species in their natural
environment, it was found that the plants in the controlled environment flowered earlier than
those in their natural environment (Nanda et al., 1996). If the greenhouse phenology reflects
that of the natural flowering times, then phenology is a relatively weak prezygotic barrier

because it does not decrease/prevent gene flow between the taxa.

Pollinators have not yet been observed for Rhodohypoxis. Studies are currently
underway to try to identify potential pollinators. This should help shed light on the
prevalence of prezygotic barriers since phenology and pollinator specificity are often the
strongest prezygotic barriers (Ramsey et al., 2003). This lack of phenological barrier is
similar to the sympatric species Chamaecrista desvauxii var. graminea H. S Irwin & Barneby
(Fabaceae) and C. desvauxii var. latistipula (Benth.) G. P. Lewis where prezygotic barriers
are weak or absent between these two varieties due to overlapping flowering periods, as well
sharing the same pollinator, Bombus brevivillus Franklin (Costa et al., 2007). The absence or
weakness of prezygotic barriers may mean that postzygotic barriers may have a more
important evolutionary role in these taxa. The prevalence of postzygotic barriers between the

Chamaecrista desvauxii (Collad.) Killip varieties is supported by the fact that in the absence
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of prezygotic barriers, postzygotic barriers arise first in the form of seed abortion (Costa et
al., 2007). In a study on reproductive isolation in Mediterranean orchids (Orchidinae),
postzygotic barriers were found to play a more prominent evolutionary role than prezygotic
barriers (Cozzolino et al., 2004). An overlap in pollinators in these orchid species renders
pollinator isolation a weak prezygotic barrier. Orchids that share pollinators display
karyotypes that are structurally different from karyotypes in orchids with specialized
pollinators (Cozzolino et al., 2004). This divergence in karyotypes may indicate that
postzygotic reproductive barriers played a more influential role in the evolution of the orchids
than prezygotic barriers (Cozzolino et al., 2004). The perceived absence of pollinators could
therefore indicate that levels of outcrossing within Rhodohypoxis are low and that selfing is

the dominant form of reproduction.

Differences in mating systems may also contribute to prezygotic reproductive
isolation. Self-compatibility was tested through autogamous hand-crosses for each variety.
All of the varieties were found to be self-compatible, as well as possessing the ability to
cross-pollinate between varieties and with R. milloides. Flowers that were autogamously
selfed collectively produced a higher average number of seeds than either intravarietal or
intraspecific crosses (Figure 4). Interestingly, intravarietal crosses produced fewer seeds than
intervarietal crosses (Figure 4). Seed production among and between varieties confirms that
the varieties are all the same species under the Biological Species Concept. This result may
be due in part to there being a higher number of intervarietal crosses than there were
intravarietal crosses. The disparity between the numbers of crosses can be accounted for by
the availability of flowers to cross during the flowering season. Intervarietal and interspecific
crosses were prioritized for experimental purposes. More data are still needed to confirm
whether self-pollination can occur autonomously in nature in Rhodohypoxis. If spontaneous
autogamous self-pollination occurs naturally, then self-compatibility could be a possible

prezygotic barrier. Self-compatibility is commonly seen in recently diverged lineages and
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may evolve as a result of selection in response to ecological shifts (Barret and Eckert, 1990).
This may be applicable to Rhodohypoxis because the genus has recently diverged (Uys and
Cron, unpublished data). Self-compatibility can also arise as a form of reproductive assurance
in areas where pollinators are scarce or are unpredictable (Baker, 1955; Stebbins, 1957).
Unpredictable weather in mountainous areas, in which the R. baurii occur, can contribute to
the scarcity of pollinators because it may restrict or disrupt the flight activity of pollinators,
which in turn decreases flower visitation rates (McCall and Primack, 1992). This limitation in
pollinators in mountainous areas has also been linked to higher rates of apomixis in
mountain/alpine flowering populations (Arroyo et al, 2006). Preliminary greenhouse and
field experiments to test for apomixis in the R. baurii varieties have so far shown that they are
not apomictic. Changes in ploidy have also been attributed to self-compatibility (Stebbins,
1950; Mable, 2004; Barringer, 2007), however since both diploid and tetraploid varieties are
self-compatible, it is unlikely that ploidy has driven self-compatibility in these

species/varieties of Rhodohypoxis.

The Rhodohypoxis baurii varieties are also capable of outcrossing because they
produce viable seeds when crossed with a different R. baurii variety. The observed self-
compatibility within R. baurii and the varieties’ ability to outcross presents the challenge of
determining outcrossing and selfing rates to test whether one mating system is more prevalent
than the other, or whether R. baurii has a mixed mating system (most likely). Determining the
predominant mating system has implications with regards to determining the likelihood of
hybridization (Grant, 1981; Rieseberg, 1997), as well as providing a better understanding in
the distribution of genetic variation within and among populations and individuals (Ludwig et
al., 2013; Pickup et al., 2019). Further, the floral architecture of Rhodohypoxis is similar to
that of self-compatible species in that the flowers comprise small, closed petals, and

reproductive organs that are in close contact (Barrett, 2010). To date, there is no evidence for
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nectar production associated with Rhodohypoxis (pers. obs.), which could support potential

self-compatibility.

The success of crosses in the greenhouse is also a possible indicator of hybridization
occurring in natural populations of Rhodohypoxis. In their 1978 account of putative hybrids,
Hilliard and Burtt described hybrids as being in environments that were intermediate to those
of their parents, meaning that a hybrid between R. baurii var. baurii and R. baurii var.
platypetala would be found in an area that was an intermediary habitat between dry, rocky
soils and a wet habitat. Putative hybrids between R. baurii var. baurii and R. baurii var.
platypetala were found in what was described as a narrow hybrid zone on Hebron Farm and
in the Zuurberg Mountains (Hilliard and Burtt, 1978). Hybrids between R. baurii var.
platypetala and R. milloides were found on Sunset Farm as well as in the Giant’s Castle
Nature reserve (Hilliard and Burtt, 1978). Similarly, the hybrid would have intermediate
morphological features that would be a combination of the parents” morphological features.
Hilliard and Burtt (1978) described hybrids between R. milloides and R. baurii var.
platypetala as having pink flowers. This description of putative hybrids between R. baurii
var. platypetala and R. milloides is similar to the hybrids obtained in greenhouse crosses
between R. milloides and R. baurii var. platypetala. The hybrid had light pink petals, a

combination of the magenta and white of its parental species (Figure 8a).

Hybrid seed inviability

Asymmetrical seed production

In an attempt to test whether maternal identity affects seed production, a generalized
linear model was used. | found that when R. baurii var. baurii is crossed with R. milloides or
with R. baurii var. confecta there is a significant difference in seed production compared to
when R. baurii var. baurii is crossed with either R. baurii var. platypetala or with other R.

baurii var. baurii individuals. The maternal identity of R. baurii varieties did not affect seed
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production when they were crossed with each other or with R. milloides. Results obtained
from the GLM contradict results on seed set where there appears to be asymmetry in seed
production in crosses that have R. baurii var. platypetala as the maternal plant (Table 3).
Asymmetries in postzygotic isolation often occur as a result of nuclear-cytoplasm interactions
(Tiffin et al., 2001), which are a type of DMIs. This result implies that there may be maternal
effects affecting seed production in crosses where R. baurii var. baurii when crossed with
individuals of R. milloides or R. baurii var. confecta, and that the maternal effects are
asymmetrical. Maternal effects are a result of a parental genomic imbalance whereby one
cytotype contributes more to the genome than the other cytotype. In between-ploidy crosses,
maternal effects are defined as being the influence of the maternal genotype or phenotype on

the offspring genotype or phenotype (Wolf and Wade, 2009).

Germination

On average, 47.25% of seeds produced across the different cross types germinated
successfully. Interestingly, interspecific seeds where R. milloides was the maternal taxon had
the highest germination percentage (68.6%) relative to other cross types. Intraspecific crosses
had the second highest germination percentage where 42.86% of the seeds germinated. Intra-
varietal crosses had an average percentage germination of 39.13%, whilst inter-varietal
crosses had a germination percentage of 38.14%. If the three R. baurii varieties are
independent evolutionary lineages, one would expect intravarietal seeds to have a higher
proportion of viable seeds than intervarietal seeds. The difference in germination between
intervarietal and intravarietal crosses is small, however when compared to the average
percentage germination (germination rate that includes all taxa that were planted and
germinated) (47.25%), both germination values for intervarietal (38.14%) and intravarietal

(39.13%) are quite low. A surprising result is that interspecific crosses (68.86 %) exceeded
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the average percentage germination value (47.25%), as well as the intraspecific germination

value (42.86%).

Assessing seed viability through germination is important because of the direct effect
that germination has on local adaptation and natural selection (Clausen and Hiesey, 1940;
Haméla et al., 2017). Rhodohypoxis baurii varieties are found in different habitats. These
differences in habitats may apply a selective pressure on hybrid seeds that could render them
inviable and unable to germinate in the parental environments. Germinating the varieties in a
greenhouse environment, where everything is controlled, may give us an overestimate of the
actual proportion of germination that occurs in natural hybridizing populations. The
overestimation of germination proportions is potentially even more probable by the fact that
the varieties naturally display markedly different ecological preferences. Successful
germination and survival of hybrid seedlings would likely have to occur in conditions that are
a combination of the parental taxa’s preferred natural environment instead of in a controlled
environment where conditions are uniform. From the observed low germination percentages
between the three R. baurii varieties, one may conclude that seed inviability in the form of
germination failure, is incipient and is in its early stages. In crosses between two populations
of subspecies of Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz; A. lyrata ssp. petrea (L.)
O’Kane & Al-Shehbaz and A. lyrata ssp. lyrata (L.) O’Kane & Al-Shehbaz, F1 hybrids had
a lower germination proportion than seeds of parental crosses (Hamala et al., 2017). The
decreased proportion of germinated hybrids was attributed to endosperm defects that occur
when there is a deviation from the 2:1 maternal to paternal genome ratio required for normal
endosperm development (Ramsey and Schemske, 1998). Endosperm defects were not tested

for in this project, but should be considered for future research.

Germination success is also frequently affected by differences in ploidy between

crossing taxa (Ramsey and Schemske, 1998; Sutherland and Galloway, 2017). In diploid—
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diploid crosses, hybrid seed inviability is mostly decreased by DMIs, whilst in interploid
crosses, endosperm defects known as the triploid block are the most likely to cause seed
inviability (Ramsey and Schemske, 1998). The ploidies of Rhodohypoxis individuals used in
this study were determined through flow cytometry. We found that R. baurii var. baurii and
R. baurii var. confecta individuals used in this study are both primarily diploid, and that R.
baurii var. platypetala and R. milloides individuals used in this study are tetraploid (Table
7a). If differences in ploidy affect postzygotic isolation within the Sunset and Hebron Farm
populations, then postzygotic isolation most likely to be caused by the triploid block that
occurs as a result of a parental genomic imbalance (e.g., Baack, 2005; Kéhler et al., 2010). In
diploid-diploid crosses, the ratio of maternal to paternal genome contribution is 2:1 to form a
triploid endosperm during the process of double fertilization. Interploid crosses deviate from
this ratio and the deviation results in defects in the endosperm, which may lead to seed
inviability and germination failure (Ramsey and Schemske, 1998, Kéhler, 2010). In diploid-
tetraploid crosses between Campanula rotundifolia L. (Campanulaceae) Sutherland and
Galloway (2017) found that germination was significantly reduced compared to intraploid
crosses. This reduction in germination was attributed to triploid block caused by parental
genomic imbalances. Unlike interploid crosses in Campanula, in interploid crosses between
Rhodohypoxis varieties, germination was not reduced as would be expected with an interploid
cross. It is therefore unlikely that postzygotic isolation could be caused by triploid block or

endosperm defects in Rhodohypoxis.

Two of the germinated hybrid seedlings flowered, one in 2018 and one hybrid in
2019. Both seeds were the result of reciprocal crosses between the same individuals; R.
milloides from Sunset Farm and R. baurii var. platypetala from Hebron Farm. Both hybrid
flowers were a light pink colour, which is intermediate to that of the parent plants. In their
description of putative hybrids between R. milloides and R. baurii var. platypetala, Hilliard

and Burtt (1978) described the hybrid flowers as being pink in colour, similar to the hybrids
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observed in the greenhouse. Interestingly, differences in the petals of the two hybrid flowers
were observed. The hybrid that had an R. baurii var. platypetala as a maternal plant had the
typical compact R. baurii petal shape. The hybrid that had R. milloides as a maternal plant
had elongated petals that appeared folded. The petals of the flower were not compact, and the
anthers were visible, unlike in typical R. baurii flowers where petals need to be pulled apart
in order to reveal the anthers. The deformation of petals may be caused by a genetic defect
during floral development (Bradshaw and Schemske, 2003), which could possibly render the

hybrid extrinsically inviable in its environment (Coyne and Orr 1998).

A preliminary examination of pollen viability was conducted on hybrid pollen and on
R. baurii var. baurii. An F1 hybrid between R. milloides and R. baurii var. platypetala had
pollen that was mostly inviable, with 43.75% of the pollen being viable. The inviability of the
pollen suggests that hybrids are not entirely fertile, and that pollen inviability may be a
potential postzygotic barrier that would increase exponentially in subsequent hybrid
generations (Coyne and Orr, 1989). To ascertain pollen inviability as a potential postzygotic
barrier between Rhodohypoxis taxa, further crossing experiments would need to be done with

F1 hybrids to assess pollen viability in F2 progeny.

Population genetic variation

Population genetic structure gives an indication of the distribution of alleles and
genetic diversity within populations. The mean genetic diversity at both Hebron farm (0.385)
and Sunset Farm (0.420) was low, which suggests there is little genetic differentiation within
the populations. Low genetic differentiation is further supported by the low genetic distances
between the varieties, with the greatest genetic distance being between R. baurii var. baurii
from Hebron Farm and R. milloides from Sunset Farm. This is as expected because R. baurii

var. baurii and R. milloides are different species from separate localities.
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Population structure results indicate admixture in both the Sunset Farm and Hebron
Farm populations, with Sunset Farm showing the most admixture (Figure 6a). This admixture
is indicative of frequent past hybridization, possibly repeated backcrossing within the genus,
which would result in ancestral polymorphisms. Notably, some individuals of R. milloides
share the majority of their genotype with R. baurii var. platypetala. In their accounts of R.
milloides populations, Hilliard and Burtt (1978) mention that R. baurii var. platypetala plants
that appear to have been introgressed by R. milloides based on morphology. The flowers on
these plants are described as having a deep red colour and were found growing in the rocky
R. baurii var. platypetala habitat. Introgression among closely related plant species is
relatively common. For example, Martinsen et al. (2001) found that introgression occurs in
between two species of cottonwood trees (Populus fremontii S. Wats and P. angustifolia
James), and that the introgression between those species may be adaptive because of the
transferal of genes that increase fitness in. Introgression has also been shown to occur
between the sunflowers Helianthus annuus and H. petiolaris (Yatabe et al., 2007), despite

strong reproductive barriers such as differences in edaphic preferences.

Introgression may increase genetic variation in a population or it can cause genes of
one species to become dominant in the population (Stebbins, 1971). It is often challenging to
distinguish between ancestral polymorphisms and introgression. If introgression was
adaptive, then we would likely see increased genetic diversity (Rieseberg et al., 1993). This is
not the case with Rhodohypoxis in either the Sunset or the Hebron population, as genetic
diversity values were low in both populations. The ease with which hybrids were formed in
the greenhouse supports the likelihood of introgression having occurred in the taxa’s natural
habitat. The ease with which hybrids formed also points to reproductive barriers being weak
between R. baurii varieties and R. milloides. Genomic regions with reduced opportunities for
introgression are often associated with loci that strongly contribute to reproductive isolation

(Larson et al., 2013). This implies that in populations with high levels of introgression there
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are not many genes that actively contribute to reproductive isolation, and thus reproductive
isolation will not be strong. This could be the case among Rhodohypoxis baurii varieties and
R. milloides. If genetic (intrinsic) factors that contribute to reproductive isolation are absent
or not expressed, then the varieties cannot be classified as different species. Further, these
intrinsic factors can influence both prezygotic and postzygotic isolation. Factors that can
contribute to reproductive isolation are often under genetic control (Bradshaw and Schemske,

2003; flower colour, petal shape and size).

In the Sunset farm populations, introgression could be facilitated by ploidy because R.
milloides and R. baurii var. platypetala are both tetraploids. In Hebron, introgression may
occur despite the differences in ploidy between R. baurii var. baurii (2x) and R. baurii var.
platypetala (4x). This could be as a result of triploid bridge formation within the population,
but we have not sampled deeply enough to test this hypothesis. There are few examples of
introgression occurring across ploidy levels in natural populations. One such example is that
of introgression between Senecio vulgaris L. (2x) and S. squalidus Bieb. (4x). Genes from S.
squalidus were introgressed into S. vulgaris, and resulted in the origin of a new variety of S.
vulgaris that was more attractive to pollinators (Chapman and Abbott, 2010). Another
example of where introgression has occurred across a ploidy level is between Capsella
rubella Reut. (2x, Brassicaceae) and C. bursa-pastoris (Reut.) Hobk (4x; Slotte et al., 2008).
These two species may bear similarities to Rhodohypoxis because they may also

predominantly self and have slight differences in flowering time.

4.2. Conclusion

| sought to test for the presence of postzygotic reproductive isolation among R. baurii
varieties and between R. baurii varieties and R. milloides. From the results it can be
concluded that there are potentially few prezygotic barriers between any of these taxa.

Habitat differences have the potential to be strong selection agents in the divergence of R.

baurii since all three varieties have distinct habitats. Phenology as a prezygotic barrier proved
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to be weak, due to the overlap in flowering times. The pollinators of R. baurii remain
unknown and are the focus of ongoing research. More information on pollinators would help
determine the frequency of selfing versus outcrossing within the genus. Early onset intrinsic
postzygotic barriers such as seed inviability do not appear to be strong, as some hybrid seeds
are viable (47.25% of hybrid seeds germinated on average). There is strong potential for the
inviability of future generations of hybrids through pollen inviability and extrinsic hybrid
inviability. A thorough investigation of postzygotic barriers would require future studies to
generate F2 hybrids to test viability, as postzygotic isolation may manifest stronger in further
generations. The extent of hybridization and introgression within the genus has the potential
to be important in the evolutionary trajectory of the species, and could either increase allelic
diversity, or lead to a genetic swamp. Despite having found differences in ploidy between the
three varieties and R. milloides, differences in ploidy does not seem to play a role in
postzygotic isolation as it did not appear to affect seed germination. Further ploidy studies
should aim to determine whether R. baurii var. platypetala and R. milloides are
autopolyploids or allopolyploids, as this can aid in better understanding the history of
hybridization within the genus. Habitat differences coupled with the potential for hybrid
pollen inviability as well as extrinsic hybrid inviability, have potential to be the driving

isolating barriers in the speciation of R. baurii and R. milloides.
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