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Thesis abstract 

Lepidosperma species, or sword sedges (Cyperaceae: Schoeneae), are an important 

component of many ecosystems in southern Australia. In Western Australia in 

particular, several Lepidosperma spp. are threatened by resource extraction. This 

thesis explores the role of polyploidy and hybridisation in the evolution of the 

L. costale species complex to inform the conservation of these taxa. Flow cytometry 

(Chapter 2) revealed that the species complex contained four DNA ploidy levels: 

diploid, triploid, tetraploid, and pentaploid. These ploidy levels were largely disjunct 

at the landscape and microgeographic scales suggesting that ploidy levels should not 

be mixed when restoring L. costale sensu lato populations.  

To explore genetic relationships among cytotypes and populations, a suite of novel 

chloroplast microsatellite (Chapter 3) and nuclear microsatellite (Chapter 4) markers 

were developed. Application of these markers (Chapter 5) revealed that diploid 

populations contained high genetic diversity and that there was little differentiation 

among diploid populations. In contrast, polyploid populations contained lower 

within-population diversity and high differentiation among populations. 

Interestingly, multi-locus genotypes were repeated in most polyploid populations 

suggesting that polyploidisation is associated with a shift to facultative clonal 

reproduction in the L. costale species complex. Furthermore, several polyploid 

populations contained divergent chloroplast haplotypes, which indicated that some 

individuals may be of allopolyploid origin.  

To investigate the hypothesised hybrid origin of these individuals, DNA sequencing 

of nuclear ribosomal and chloroplast DNA regions was combined with analysis of a 

novel low-copy nuclear marker (partial arogenate dehydrogenase gene). DNA 

sequencing (Chapter 6) confirmed that some individuals were of allopolyploid 

origin, and that they had formed through hybridisation with three phylogenetically 

distinct Lepidosperma spp. Collectively, the results of this thesis have highlighted 

the complex genetic patterns and cryptic diversity contained within polyploid 

lineages of Lepidosperma. These novel insights will inform conservation and have 

revealed that polyploidy and hybridisation may be important drivers of 

diversification in this species-rich genus.  
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Chapter 1 

General introduction 

Polyploidy 

Polyploidy refers to the genome-wide multiplication of chromosomes and is one of 

the most dramatic types of mutation (Otto 2007). Polyploidy generally results in 

individuals that contain an even number of chromosome sets, with two sets 

(tetraploidy) being most common (Comai 2005). Investigations of cell size, 

chromosome number evolution, phylogenetics, and genomics indicate that 

polyploidisation has occurred multiple times during the evolution of angiosperms 

(Averett 1980; Goldblatt 1980; Lewis 1980; Stebbins 1980; Masterson 1994; Bowers 

et al. 2003; Wood et al. 2009; Jiao et al. 2011; Christin et al. 2012; Soltis et al. 

2014). Even lineages leading to species with relatively small genomes such as 

Arabidopsis thaliana (Brassicaceae) have undergone multiple rounds of genome 

multiplication (Bowers et al. 2003). Importantly, polyploids often form recurrently 

and provide evolutionary novelty on which natural selection can act (Thompson and 

Lumaret 1992; Soltis and Soltis 1995; Ramsey and Schemske 1998). 

Commonly, a distinction is made between autopolyploids and allopolyploids. 

Broadly speaking, autopolyploids are formed within a single species and exhibit high 

rates of multivalent chromosome pairing during meiosis, while allopolyploids are of 

hybrid origin and tend to exhibit bivalent chromosome pairing (Ramsey and 

Schemske 2002). Allopolyploids were once considered to be far more common than 

autopolyploids, likely due to the fact that allopolyploids are generally more easily 

recognised due to their intermediate morphological features (Soltis and Soltis 1995). 

Allopolyploidy may be particularly advantageous because genome duplication 

permits hybrid vigour while overcoming problems associated with meiosis in diploid 

hybrid organisms (Otto 2007). In extreme cases, strict bivalent pairing in some 

allopolyploids leads to fixed heterozygosity which may buffer against inbreeding in 

novel environments (Brochmann et al. 2004). Despite the clear success of many 

allopolyploids (e.g. Pandit et al. 2006), autopolyploidy is not as maladaptive or as 
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rare as originally thought (Soltis et al. 2004). In fact, autopolyploids may form at a 

higher rate than allopolyploids, perhaps at a rate of the same order as the genic 

mutation rate (Ramsey and Schemske 1998). While the distinction between 

autopolyploids and allopolyploids represents two extremes of a continuum of 

parental relatedness, it provides a useful framework for understanding the causes and 

consequences of polyploidy (Soltis et al. 2014). Greater access to a variety of 

molecular techniques means it is now easier to investigate the intraspecific or 

interspecific origins of polyploids (Soltis et al. 2004). 

Intraspecific ploidy variation 

Although the significant role played by polyploidy in the origin and evolution of 

flowering plants is widely recognised, the frequent occurrence of ploidy variation 

within extant plant species is less appreciated (Delaney and Baack 2012). Estimates 

suggest that 12–16% of species contain ploidy variation (Soltis et al. 2007; Wood et 

al. 2009; Rice et al. 2015). This is likely an underestimate because, until recently, 

most ploidy data were obtained using laborious chromosome counting techniques. 

Chromosome data remain completely unavailable for many species (Soltis et al. 

2008) and for others, are only available from one or two individuals, which is far too 

low to reliably detect intraspecific variation (Severns and Liston 2008). 

Chromosome data are particularly lacking for the diverse Australian flora, even 

though intraspecific ploidy variation can influence gene flow, fitness, and vigour, 

with significant implications for conservation and land management. 

Most intraspecific ploidy variation is morphologically cryptic and efficient screening 

methods such as flow cytometry, which determines relative DNA content, are 

therefore necessary (Suda et al. 2006; Severns and Liston 2008). The widespread 

adoption of flow cytometry by plant biologists over the past decade has rapidly 

increased the discovery of intraspecific ploidy variation, and has allowed the 

efficient mapping of the geographic distribution of cytotypes (Soltis et al. 2007; 

Kolář et al. 2009). In most studies, there is generally less co-occurrence of cytotypes 

than would be expected by chance and most populations contain a single ploidy level 

(e.g. Husband and Schemske 1998; Burton and Husband 1999; Baak 2004; Stuessy 

et al. 2004; Suda et al. 2007; Halverson et al. 2008; Španiel et al. 2008; Kolář et al. 
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2009). However, in some species, moderate or high levels of cytotype co-occurrence 

have been reported (Kao 2008; Trávníček et al. 2011). Studies of cytotype 

distribution have provided insights into evolutionary history, aided the interpretation 

of experimental and phylogenetic results, and informed taxonomic classifications 

(Soltis et al. 2007; Kolář et al. 2009). 

The infrequent co-occurrence of intraspecific ploidy variants may be due to 

instability caused by reproductive interference (Levin 1975). In general, there is 

almost complete reproductive isolation among non-matching ploidies and non-

matching ploidies rarely interbreed successfully (Ramsey and Schemske 1998; Petit 

et al. 1999). In mixed ploidy populations, successful inter-ploidy pollination can 

result in a reduction in total fitness. For example, crosses between non-matching 

ploidy can result in drastically reduced seed set, increased seed abortion and lower 

germination rates (Ramsey and Schemske 1998). This may be due to disturbance of 

the ‘genic balance’ of endosperm tissue (i.e. deviation from the 2:1 ratio of maternal 

to paternal genomes; Haig and Westoby 1991). If inter-ploidy seed does produce 

offspring, the resultant odd-ploid progeny is often partially or completely sterile 

because of unbalanced chromosome pairing during meiosis (Levin 1975). These 

various forms of reproductive interference are referred to as exclusion and are 

expected to occur even if cytotypes are equally fit and initially common in a 

population (Levin 1975; Fowler and Levin 1984; Husband 2000). Ultimately, 

exclusion results in unstable mixed-ploidy populations and one cytotype is expected 

to eventually become fixed or dominate the population. 

Although much focus has been placed on the role of postzygotic mechanisms of 

reproductive isolation, prezygotic isolation can also act to strengthen breeding 

barriers among cytotypes. For example, it is estimated that prezygotic barriers 

(including geographic segregation, flowering asynchrony, and pollinator fidelity) 

account for 97% of the reproductive isolation between diploid and autotetraploid 

individuals of Chamerion angustifolium (Husband and Sabara 2003). Reproductive 

isolation between ploidy levels is expected to increase over time (Vamosi and 

Dickinson 2006) due to divergent evolution of duplicated genes (Lynch and Force 

2000; Bikard et al. 2009). Regardless of whether reproductive isolation between 

cytotypes is prezygotic, postzygotic, instantaneous or gradual, the high levels of 
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reproductive isolation between polyploids and their progenitors has been cited as a 

‘stealth’ mechanism of speciation (Soltis et al. 2010). Where reproductive isolation 

is instantaneous, polyploidisation represents one of the few well-demonstrated 

instances of sympatric speciation and saltational evolution (Orr 1990; Wendel 2000; 

Hendry 2009). However, even when reproductive isolation is not instantaneous or 

complete, reduced gene flow between cytotypes can have important implications for 

speciation and therefore the taxonomy and conservation of species with intraspecific 

cytotype variation (Soltis et al. 2007). 

Cyperaceae 

The monocotyledonous family Cyperaceae has been a particular focus of research 

into chromosomal evolution. Cyperaceae has a cosmopolitan distribution and is one 

of the largest angiosperm families (> 100 genera and approximately 5600 species; 

Goetghebeur 1998; Govaerts et al. 2007). Cyperaceae spp., commonly known as 

sedges, are found in a wide variety of habitats and some are economically important 

while others are major weeds (Starr et al. 2009; Seeber et al. 2014). 

Molecular studies have been particularly enlightening in Cyperaceae because most 

species possess extremely reduced floral morphology, which can make species 

identification and the resolution of evolutionary relationships difficult (Starr et al. 

2009; Viljoen et al. 2013). Most molecular phylogenetic studies in Cyperaceae have 

relied on DNA regions for which universal primers are available. These regions 

include coding (e.g. Muasya et al. 2009; Viljoen et al. 2013; Léveillé-Bourret et al. 

2014; Shiels et al. 2014; Slingsby et al. 2014) and non-coding chloroplast DNA (e.g. 

Muasya et al. 2009; Escudero et al. 2012; Yano et al. 2012; Larridon et al. 2013; 

Viljoen et al. 2013; Shiels et al. 2014; Slingsby et al. 2014), and the internal and 

external transcribed spacers of nuclear ribosomal DNA (e.g. Košnar et al. 2010; Ford 

et al. 2012; Yano et al. 2012; Larridon et al. 2013; Viljoen et al. 2013; Britton et al. 

2014; Shiels et al. 2014; Slingsby et al. 2014). Relatively few molecular 

phylogenetic studies in Cyperaceae have utilised low-copy nuclear genes (e.g. 

alcohol dehydrogenase; Roalson and Friar 2004) and there is a need to develop 

further markers for Cyperaceae (Starr and Ford 2009). 
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At the highest level, molecular phylogenetics has provided support for the 

monophyly of Cyperaceae and its division into two subfamilies Mapanioideae and 

Cyperoideae (Muasya et al. 2009). At lower levels, the relationships among tribes 

and genera (e.g. Muasya et al. 2009; Yano et al. 2012; Léveillé-Bourret et al. 2014; 

Shiels et al. 2014), and within genera (e.g. Košnar et al. 2010; Ford et al. 2012; 

Michelan et al. 2012; Larridon et al. 2013; Britton et al. 2014; Shiels et al. 2014; 

Slingsby et al. 2014) have been revealed through analysis of chloroplast and nuclear 

ribosomal DNA sequence data. In particular, speciation and diversification of this 

species rich family have been investigated using molecular phylogenetics (e.g. 

Escudero et al. 2012; Escudero and Hipp 2013; Britton et al. 2014; Slingsby et al. 

2014). At the lowest taxonomic levels, molecular techniques have also been 

successfully used to investigate the population genetics within species or among 

closely related species using microsatellite, amplified fragment length polymorphism 

(AFLP), and inter simple sequence repeat (ISSR) markers (e.g. Ford et al. 2012; Kim 

et al. 2012; Michelan et al. 2012; Seeber et al. 2014). Molecular techniques are 

therefore informative at multiple levels in Cyperaceae. 

Molecular studies of Cyperaceae have provided some important insights. Firstly, 

these studies have revealed that parallel and convergent evolution are rampant and 

morphological characters used to infer phylogenetic relationships in other 

angiosperm families are highly homoplastic in Cyperaceae (e.g. Hipp et al. 2006; 

Ford et al. 2012; Yano et al. 2012; Britton et al. 2014). Secondly, these studies have 

revealed that rates of hybridisation vary considerably across Cyperaceae. For 

example, hybridisation is extremely rare in Carex (Hipp et al. 2009) but may be a 

major driver of diversification in Eleocharis (Košnar et al. 2010). Thirdly, the 

application of molecular techniques has revealed numerous morphologically cryptic 

taxa, which suggests there may be many undocumented taxa in this morphologically 

reduced family (Britton et al. 2014). Finally, these phylogenies have provided a 

framework for studying novel patterns of chromosome evolution in Cyperaceae 

(Yano et al. 2014). The success of these investigations suggests other Cyperaceae 

genera warrant molecular investigation to inform taxonomy and explore 

chromosomal evolution. 
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Chromosomal evolution in Cyperaceae 

Although patterns of chromosome evolution are yet to be studied in many 

Cyperaceae genera, all observations to date indicate that holokinetic (holocentric) 

chromosomes are a synapomorphy for the family (Dernburg 2001; Hipp et al. 2009; 

Guerra et al. 2010). Holokinetic chromosomes are unusual because spindle fibres 

join along an entire chromosome rather than at a specific point (Hipp 2007). 

Consequently, chromosome fragments that result from breakages during meiosis 

may segregate normally, be inherited in a Mendelian fashion, and become stabilised 

within a population (Hipp 2007). Chromosome fission and several other processes 

may result in chromosome numbers that are not the exact multiple of the monoploid 

number (Whitkus 1991). However, identifying the specific cause of this type of 

chromosome variation is difficult and these multiple mechanisms of chromosome 

evolution are often collectively referred to as aneuploidy (Whitkus 1991). 

Aneuploidy is thought to have led to rapid chromosomal evolution and speciation in 

Carex, one of the world’s largest angiosperm genera (c. 2000 spp. Hipp et al. 2009). 

In Carex, haploid chromosome numbers range from 6 to 62 in an almost complete 

series (Roalson 2008; Hipp et al. 2009). The aneuploid variation is pervasive and can 

occur at all organisational levels i.e. among cells within individuals; among 

individuals within populations; among populations within species; and among 

species (Whitkus 1991; Ohkawa et al. 2000). The extensive aneuploid variation in 

Carex led early researchers to conclude that polyploidy was extremely rare and 

insignificant in the evolution of this diverse genus (e.g. Davies 1956). Aneuploidy is 

certainly the major driver of cytoevolution in Carex; however, there are also several 

examples of autopolyploidy in Carex (Hipp et al. 2009). These include seven 

polyploid taxa in the core Carex clade (Lipnerová et al. 2013) and three independent 

polyploidisation events in the Siderostictae clade (Yano et al. 2014). 

Despite holokinetic chromosomes occurring across Cyperaceae, the extensive 

aneuploid variation in Carex is apparently unusual. In other well-studied Cyperaceae 

genera, polyploidy appears to be a more important driver of cytological evolution 

(Hipp et al. 2009). For example, 75% of studied Cyperaceae genera exhibit evidence 

of infrageneric polyploidy and 73% of taxa have > 13 chromosomes, which 

Goldblatt (1980) considered indicative of extensive ancient polyploidisation. A more 
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recent survey of chromosome number across Cyperaceae revealed multimodal 

distributions of haploid chromosome number in Bulbostylis, Eleocharis, 

Fimbristylis, Rhynchospora, and Schoenoplectus, which suggests polyploidy, in 

some cases in association with aneuploidy, is common in these genera (Roalson 

2008). Detailed investigation of individual genera has also revealed that polyploidy 

is a major mode of chromosomal evolution in Eleocharis (Briggs 1970; Bureš et al. 

2004; Yano et al. 2004; da Silva et al. 2010), Fimbristylis (Yano and Hoshino 2006), 

Kobresia (Yano et al. 2011; Seeber et al. 2014), Rhynchospora (Luceño et al. 1998; 

Vanzela et al. 2000; Arguelho et al. 2012), Schoenoplectus (Yano and Hoshino 

2005; Tena-Flores et al. 2014), and Schoenus (Kaur et al. 2012). Polyploid 

chromosomal evolution is thought to have contributed to the impressive genome size 

variation of Eleocharis (22.1-fold) and Schoenus (14.8-fold), and in Cyperaceae as a 

whole (65.7-fold; Kaur et al. 2012).  

Schoeneae 

Schoeneae is a Cyperaceae tribe that contains approximately 450 species distributed 

widely through the Southern Hemisphere with major centres of diversity in Australia 

and South Africa (http://apps.kew.org/wcsp/incfamilies.do). Recent work has shown 

that Schoeneae originated in Australia during the Paleocene and includes six 

principal lineages (Viljoen et al. 2013). These lineages have undergone frequent 

transoceanic dispersal since the Oligocence resulting in the colonisation of most 

southern continents and to a lesser extent, the northern hemisphere (Viljoen et al. 

2013). Although there is limited information available about chromosome evolution 

in Schoeneae, intraspecific and infrageneric ploidy variation have been documented 

in New Zealand Schoenus spp. in which chromosome number ranges widely from 2n 

= 8 to c. 90 (Kaur et al. 2012). This suggests that polyploidy may have occurred 

recurrently and driven diversification of Schoenus (Kaur et al. 2012), however, 

knowledge of chromosomal evolution across Schoeneae, including in diverse genera 

such as Lepidosperma, remains scarce. 

Lepidosperma 

The “Lepidosperma clade”, within Schoeneae is a principal lineage and contains 

Lepidosperma, Machaerina, Neesenbeckia and some Tetraria spp. (Viljoen et al. 
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2013). Lepidosperma is a genus of at least 73 species, most of which occur in 

Australia, with a few species found in New Zealand, New Caledonia, and southern 

Asia (Wilson 1993; Goetghebeur 1998; Barrett and Wilson 2012). Currently, 25 

Lepidosperma spp. are of conservation concern in Australia, 16 of which are found 

in Western Australia (Barrett 2013). Recent molecular evidence has demonstrated 

that Lepidosperma is now monophyletic after the removal of L. aphyllum to 

Tricostularia (Barrett 2012b; Barrett and Wilson 2012). The greatest species 

diversity is found in southern Australia, particularly southwest Australia (Barrett 

2013). While many Cyperaceae spp. are associated with wetland environments, 

Lepidosperma spp. are commonly found in dry forest or woodland understorey 

habitats (Barrett 2012b). Many mammals, birds, reptiles, and insects are associated 

with or depend upon Lepidosperma plants (Barrett 2013), which highlights their 

important ecological role.  

In Lepidosperma, the morphological reduction characteristic of Cyperaceae, 

combined with the lack of informative floral characters, has contributed to a history 

of taxonomic neglect. For example, Lepidosperma is currently recognised as the 

most poorly resolved angiosperm genus in Western Australia (R. Barrett, pers. 

comm.). Bentham (1878) was possibly the first to highlight the difficulty of 

delineating species in Lepidosperma concluding that the difficulty lay in the lack of 

informative variation across certain characters such as the position of leaves and 

flowers and the structure of flowers and fruit. The paucity of useful variation in 

obvious floral characters suggests that the taxonomic utility of hard-to-quantify 

characters such as the shape of the inflorescence or the surface patterns of leaves or 

culms may need to be explored (Wilson 1994). Ultimately, though, future studies of 

diversity and relationships within Lepidosperma will likely benefit most from the 

application of molecular methods (e.g. Barrett 2012b).  

There are a large number of undescribed Lepidosperma taxa, particularly in Western 

Australia (Rye 1987; Wilson 1997), despite some new species being recently 

described (Barrett 2007a, b; Barrett and Wilson 2013). Based on molecular and 

morphological analyses, the total number of recognised species in Western Australia 

is likely to rise from the current 42 to more than 150 spp. (R. Barrett, pers. comm.; 

Western Australian Herbarium 1998-2015). The current concept of the genus as 
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containing a moderate number of mostly widespread species needs to be radically 

updated to recognise numerous species, many of which may be highly adapted to 

specific ecological niches. The many undescribed species suggest that Lepidosperma 

spp. may be underrepresented in conservation and restoration planning. This 

underrepresentation is likely to be most extreme in southwest Western Australia 

where Lepidosperma has its centre of diversity, extensive clearing for agriculture 

occurred historically, and mining activity has recently increased. 

Southwest Western Australia 

The south-western corner of Western Australia (SWWA) is a world biodiversity 

hotspot (Myers et al. 2000; http://www.conservation.org/How/Pages/Hotspots.aspx). 

The region is floristically diverse with approximately 6800 vascular plant species 

and an estimated 1900 taxa yet to be described. This species diversity is particularly 

impressive given the relatively gentle topography and simple rainfall gradients in the 

300,000 km2 floristic region (Western Australian Herbarium 1998-2015; Hopper and 

Gioia 2004). Approximately 2500 plant taxa within the region are of conservation 

concern (Coates and Atkins 2001; Hopper and Gioia 2004). For much of the past 200 

years, the greatest threat to plant biodiversity was land clearing for agriculture; 

however, much of this clearing has ceased and now inappropriate fire regimes, road 

maintenance, weed invasion, mining, climate change, and phytophthora infection are 

the major threats to biodiversity (Coates et al. 2006). 

Southwest Western Australia is noteworthy because it is characterised by old, 

climatically buffered, infertile landscapes that are hypothesised to have promoted 

diversification and endemicity (Hopper 2009). These landscapes contrast with the 

younger more fertile landscapes of much of temperate Europe and North America 

where the majority of studies into plant evolution have taken place. The relatively 

stable conditions in southwest Western Australia are thought to have selected for 

local persistence rather than dispersal and colonisation (Hopper and Gioia 2004; 

Hopper 2009). Selection for local persistence has resulted in generally small and 

disjunct populations. To counter the risk of inbreeding inherent in small populations, 

adaptations such as clonal reproduction and cytogenetic mechanisms that assist in 

the maintenance of heterozygosity, including aneuploidy and polyploidy, are 
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hypothesised to be common in the vascular species that evolved in SWWA (James 

2000; Hopper 2009). This prediction is largely based on studies of Isotoma and 

Stylidium, which contain chromosomally distinct, geographically disjunct 

populations that represent multiple genetically independent lineages (Coates 2000; 

James 2000). Significant population disjunction is particularly characteristic of 

species associated with rocky outcrops.  

Within SWWA, rocky outcrops are one of the most prominent landscape features in 

an otherwise flat landscape (Figure 1.1). Rocky outcrops harbour disproportionately 

high species diversity; for example, granite outcrops occupy only ~1% of the land 

area but support c. 17% of the vascular flora (Hopper et al. 1997; Hopper and Gioia 

2004), including some of the rarest plants in SWWA (Yates et al. 2007). While the 

species diversity harboured by granite outcrops has long been recognised, the 

similarly high diversity found on banded ironstone formations has only been 

recognised more recently (Gibson et al. 2010; Gibson et al. 2012). Granite and 

banded iron outcrops are highly heterogeneous and contain unique mesic and xeric 

edaphic habitats that have fostered the evolution of narrow endemics centred on 

these outcrops (Gibson et al. 2012). In particular, the mesic habitats created by water 

channelling to outcrop crevices or margins have acted as refugia during Pleistocene 

climatic oscillations and are expected to be important refugia in the face of current 

climate change (Byrne 2008; Tapper et al. 2014b). 

In an evolutionary context these rocky outcrops are akin to ancient islands in an old 

landscape (Byrne and Hopper 2009; Nistelberger et al. 2014) and this has significant 

implications for the conservation and restoration of the flora. Rocky outcrop 

specialists have persisted on single outcrops for long periods and are characterised 

by significant divergence among populations (Yates et al. 2007; Millar et al. 2013; 

Nistelberger et al. 2014; Tapper et al. 2014a, b). For example, studies focussed on 

granite specialists have found significant genetic divergence among populations of 

Eucalyptus (Moran and Hopper 1983; Sampson et al. 1988; Byrne and Hopper 

2009), Kunzea (Tapper et al. 2014a), Stypandra (Tapper et al. 2014b), and 

Verticordia (Yates et al. 2007). No published studies have investigated the genetic 

structure of an angiosperm over multiple banded ironstone ranges, however, a recent 

investigation of a banded ironstone endemic millipede revealed significant 
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divergence among populations (Nistelberger et al. 2014). Therefore, similar genetic 

patterns indicative of local persistence may be expected in other rocky outcrop 

specialists, and are of particular significance to the conservation and restoration of 

rare and threatened taxa in SWWA.  

Historically the rocky outcrops of SWWA were largely spared from clearing because 

they were of little agricultural use and not workable with mechanical machinery 

(Hopper 2009). However, the significant growth in demand for mineral resources, 

particularly iron ore, has seen a sharp rise in the number of active and proposed iron 

ore mines in SWWA (Yates et al. 2011), resulting in the rapid clearing of many 

previously intact rocky outcrops. Within southern Western Australia, the greatest 

mining activity is in the transitional rainfall zone, coincidental with the majority of 

endemic ironstone specialist taxa (Gibson et al. 2012). Clearing of these outcrops is 

ongoing to make way for open cut mines, which creates a significant challenge for 

conserving biodiversity, particularly given that banded ironstone formations are 

poorly represented in formal conservation reserves (Gibson et al. 2010). Post-mining 

ecological restoration is extremely difficult given the unique edaphic characteristics 

and unreliable rainfall of banded iron formations in SWWA (Yates et al. 2011), 

which further highlights the importance of understanding the banded ironstone flora 

so conservation and restoration can be optimised. 
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Figure 1.1. Typical rocky outcrops in southwest Western Australia. Left: granite 
outcrop surrounded by agricultural land. Right: banded ironstone formation near 
proposed mine. 
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The Lepidosperma costale species complex 

The Lepidosperma costale species complex occurs only in SWWA (Figure 1.2) and 

in some areas is under threat from the expansion of mining activities. The close 

relationships among species in the complex were originally identified based on 

morphology and confirmed when the species complex was shown to form a well-

supported monophyletic clade based on a nuclear ribosomal DNA phylogeny 

(Barrett 2012b). Three species are currently included in the L. costale species 

complex (Barrett 2012b): L. costale Nees (Nees von Esenbeck 1846), 

L. benthamianum C.B.Clarke (Clarke 1908), and the more recently described 

L. gibsonii R.L.Barrett (Barrett 2007b), a rare and threatened species restricted to 

gullies and slopes on a single banded ironstone range (Barrett 2007b). A phrase 

name taxon, L. sp. Blue Hills (Western Australian Herbarium 1998-2015), is also a 

member of the species complex (Barrett 2012b). 

Historically, there has been particular confusion when applying the names L. costale 

and L. benthamianum. The name L. costale has been incorrectly applied to a large 

number of distinct taxa in Western Australia (Barrett 2012a). Based on reinspection 

of the type specimen and preliminary molecular analysis, the application of the name 

L. costale has been restricted to plants that are widespread between York and 

Perenjori in SWWA (Barrett 2012a). Lepidosperma benthamianum, which 

superficially resembles L. costale, is particularly poorly defined (Barrett and Wilson 

2012). As currently understood, L. benthamianum is considered to be represented by 

Drummond’s collections 870 and 873 (Barrett and Wilson 2012). Unfortunately, 

Drummond’s collections of this species are without locality, or labelled with the 

generic ‘Swan River’; however, it is most likely that these specimens were collected 

from near Bolgart, ~100 km northeast of Perth (Barrett and Wilson 2012). Further 

research is required to determine whether L. benthamianum is distinct from 

L. costale and determine the correct application of names across the species 

complex.  
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Figure 1.2. Distribution of the Lepidosperma costale species complex in Western 
Australia based on herbarium records. Shown are L. costale, L. sp. Blue Hills, 
L. gibsonii, and L. benthamianum. Note that many specimens are misidentified. In 
particular, it is now known that L. costale does not occur south of Perth, highlighting 
that many distinct taxa have been historically referred to as L. costale (Barrett 2012a). 
Data used with permission from Atlas of Living Australia website at http://ala.org.au. 
Accessed 30 March 2015. 
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Members of the L. costale species complex commonly occur on landscape features 

such as granite outcrops (though these may be subsurface) and banded ironstone 

formations (Figure 1.3; Barrett 2007b; Barrett 2012a). Therefore, L. costale may 

possess similar patterns of disjunction and niche specificity as other SWWA flora. 

The distribution of L. costale complex populations is largely unknown like many of 

the inconspicuous arid-zone Lepidosperma spp., which are especially under-

collected. This under-collection is best exemplified by the recently described and 

morphologically distinct L. gibsonii that was first collected in 2005, despite growing 

on a well-surveyed site beside a major highway. Several large populations of the 

L. costale species complex growing at Mt Gibson, Mt Koolanooka and Mt Karara 

have been removed or reduced due to iron ore mining. Without detailed knowledge 

of relationships among species, populations, and ploidies in the L. costale complex, 

the impact of mining is difficult to quantify.  

Relatively little is known about the biology of the L. costale complex. Like many 

Lepidosperma spp., L. gibsonii has been observed to resprout after fire, although 

parts of clumps may be killed (Miller and Barrett 2010; Barrett 2013). Lepidosperma 

gibsonii seedlings that germinated after fire flowered after 4–5 years (Miller and 

Barrett 2010). Field observations suggest L. costale s.l. initiates flowering with the 

onset of rains or heavy dew in late April or May (autumn), possibly later in very dry 

years. Inflorescences mature over two seasons and new inflorescences develop in 

winter in preparation for flowering the following autumn (Barrett 2013). Flowers are 

protogynous (i.e. the style matures before the stamens) and, as with most 

Cyperaceae, pollen is wind-dispersed (Barrett 2013). Seed set is generally low in 

L. costale s.l. (pers. obs.), as in other Lepidosperma species where up to 77% of 

seeds held on a plant may be empty (Kodym et al. 2010). The germination 

requirements of L. costale s.l. are unknown. Attempts to germinate Lepidosperma 

spp. have had limited success, despite employing temperature cycling, seed nicking, 

heat shock, and the application of smoke water (Bell et al. 1993; Roche et al. 1997; 

Penman et al. 2008; Kodym et al. 2010; Turner 2013). Although propagation of 

Lepidosperma spp. through seed germination is becoming a more viable option (e.g. 

Turner 2013), most propagation for restoration is currently performed vegetatively. 

In particular, micropropagation techniques have been optimised to generate large 

numbers of plantlets for restoration work (Koch 2007; Panaia et al. 2009; Kodym et 
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al. 2010; Bunn et al. 2011; Panaia et al. 2011; Kodym et al. 2012). However, 

vegetative propagation is labour intensive and costly and results in reduced genetic 

diversity in restored populations. Ongoing research is attempting to find cheaper and 

more efficient means of propagation, particularly for species from southwest 

Western Australia threatened by mining. 

The only Lepidosperma costale taxon investigated in detail using molecular markers 

is the threatened species L. gibsonii (Miller and Barrett 2010). The use of nuclear 

microsatellites and AFLP revealed that L. gibsonii contains high genetic diversity 

within populations. The high genetic diversity in L. gibsonii is mirrored in other rare 

SWWA Lepidosperma taxa (Binks et al. 2015), and is remarkable when compared 

with the lower diversity observed in other genera in the region (Byrne 2007). There 

was little genetic differentiation among L. gibsonii populations, which might be 

expected because pollen is wind-dispersed and populations are only separated by 

0.5 to 2 km. Furthermore, there was no evidence of inbreeding or clonality beyond 

the clump margins (i.e. to a maximum distance of 50 cm) and, many L. gibsonii 

clumps were in fact composed of multiple genetic individuals (Miller and Barrett 

2010). This thesis aims to extend the genetic knowledge of the L. costale complex 

beyond L. gibsonii to understand the relationships among species and populations to 

inform conservation and restoration.  
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Figure 1.3. Images of Lepidosperma costale s.l. a) and b) variation in growth habit. 
c) plant growing in granite fissure. d) plant growing on margins of granite outcrop 
where water is generally more available. e) L. gibsonii growing on banded ironstone 
formation. f) infructescence. 

  

  

  



	   26 

Approach 

Molecular methods have revolutionised our understanding of angiosperm evolution, 

particularly in groups where morphology is of limited use because of cryptic 

variation (common in autopolyploids; Soltis et al. 2007) or homoplasy (common in 

Cyperaceae; Hipp et al. 2006). This thesis employs a variety of molecular techniques 

to investigate ploidy variation, genetic patterns, and phylogenetic relationships 

within the L. costale species complex. In this thesis, the amount of DNA in nuclei is 

used to estimate ploidy; length variation in quickly evolving DNA regions is used to 

explore relationships among cytotypes and populations; and the sequence of DNA 

bases is used to determine relationships among taxa and investigate reticulate 

origins. Detailed investigation of the L. costale complex will provide insight into 

chromosome evolution in a largely overlooked Cyperaceae genus in the southwest 

Western Australian biodiversity hotspot.  

Aims and thesis structure 

The major aims of this research and the structure of this thesis are outlined below. 

1. Determine the number and distribution of ploidy variants in the L. costale species 

complex 

Detailed knowledge of ploidy level variation is a prerequisite for the study of 

polyploidy in natural systems (Kolář et al. 2009). The most efficient method for 

screening the ploidy of large numbers of plants is flow cytometry (Severns and 

Liston 2008). Flow cytometry measures nuclear DNA content, and therefore ploidy, 

using a DNA-selective fluorochrome that binds stoichiometrically to DNA (Doležel 

et al. 2007). In Chapter 2, flow cytometry is used to study ploidy variation at 

microgeographic and landscape scales. This study is the first detailed investigation 

of ploidy variation in SWWA and in the genus Lepidosperma. Results will increase 

understanding of chromosome evolution in Cyperaceae and assist in the conservation 

of the L. costale species complex.  
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2. Develop novel molecular markers for studying population genetic relationships in 

the L. costale species complex 

To study genetic relationships within a species or among closely related species, it is 

necessary to study quickly evolving regions of DNA. Microsatellites are among the 

most quickly evolving regions of DNA and therefore, commonly used in population 

genetic studies (Selkoe and Toonen 2006). Microsatellite markers rarely work across 

broad taxonomic groups and therefore must be developed de novo for each taxon of 

interest. In Chapter 3 and Chapter 4, the development of novel chloroplast and 

nuclear microsatellites for use in the L. costale complex are described. These 

markers are the first markers developed for Lepidosperma and are used in Chapter 5 

to investigate genetic diversity in the L. costale species complex. 

3. Determine the population genetic relationships within the L. costale species 

complex 

Species complexes that contain ploidy variation often have complicated evolutionary 

histories (Fehlberg and Ferguson 2012). Chapter 5 describes the application of 

microsatellite markers to explore relationships within the L. costale complex. More 

specifically, in Chapter 5, the patterns of genetic variation among populations and 

ploidy variants is used to investigate gene flow and breeding biology. The research 

presented in Chapter 5 also aims to determine whether the high levels of genetic 

diversity found in rare Lepidosperma taxa in SWWA (Miller and Barrett 2010; 

Binks et al. 2015) are found across the L. costale complex. This study is the first to 

explore the effect of polyploidy on genetic diversity and breeding biology in 

Lepidosperma.  

4. Determine the origins of polyploids within the L. costale species complex 

Polyploids can arise within a single species (autopolyploidy) or through 

hybridisation between two species (allopolyploidy). In Chapter 6, DNA sequencing 

is used to determine whether polyploids in the Lepidosperma costale species 

complex are of autopolyploid or allopolyploid origin. This study is the first detailed 

molecular investigation of potential reticulate evolution in Lepidosperma. Three 



	   28 

independent DNA regions with different modes of inheritance and sequence 

evolution are utilised in Chapter 6, including a novel low-copy nuclear gene. This is 

only the second low-copy nuclear gene for which primers have been developed 

specifically for use in Cyperaceae (see Roalson and Friar 2004).  
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Chapter 2 

DNA ploidy variation and distribution in the 
Lepidosperma costale complex (Cyperaceae): 
implications for conservation and restoration in a 
biodiversity hotspot 

Abstract 

Intraspecific ploidy variation is an important component of angiosperm biodiversity; 

however, this variation is rarely considered in conservation programs. This is of 

particular concern when conservation activities include augmentation or 

reintroduction because there is a high risk of unintentionally mixing ploidy variants. 

We surveyed regional ploidy variation in the Lepidosperma costale species complex 

(Schoeneae: Cyperaceae) in the South West Australian Floristic Region, an 

international biodiversity hotspot. Several L. costale sensu lato populations are 

threatened by iron-ore mining, including the rare L. gibsonii, and these populations 

will require restoration. We surveyed the DNA ploidy of 2384 individuals from 28 

populations across the range of the species complex. Four DNA ploidy levels were 

discovered: diploid, triploid, tetraploid, and pentaploid. Diploids and tetraploids 

were the most common cytotypes and were largely geographically segregated, even 

at an exhaustively studied contact zone. Triploids were found at low frequency in 

two populations and the rarity of triploids suggests substantial interploidy sterility, 

and that mixing of ploidy variants should therefore be avoided when restoring 

L. costale s.l. populations. These data provide a guide for L. costale s.l. germplasm 

collection and suggest that polyploidy may be an important driver of diversification 

in Lepidosperma.  
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Introduction 

Polyploidy, the presence of more than two complete sets of chromosomes per cell, is 

a major evolutionary force in angiosperms (Soltis et al. 2004). Polyploidy may have 

facilitated the explosive radiation and diversification of early flowering plants and 

15% of subsequent speciation events (De Bodt et al. 2005; Soltis et al. 2007; Wood 

et al. 2009). Most angiosperm lineages have undergone polyploidisation on multiple, 

independent occasions (Soltis et al. 2004), and even Arabidopsis thaliana, which has 

a small genome (2C = 0.32 pg DNA), is derived from a lineage that has undergone 

genome multiplication on three separate occasions (Bennett et al. 2003; Bowers et 

al. 2003). 

Although the significant role played by polyploidy in the origin and evolution of 

flowering plants is widely recognised, the frequent occurrence of ploidy variation 

within extant plant species is less appreciated (Delaney and Baack 2012). Recent 

estimates suggest that 12–16% of species contain cytotype variation (Soltis et al. 

2007; Wood et al. 2009; Rice et al. 2015). This is likely an underestimate because, 

until recently, most ploidy data were obtained using laborious chromosome counting 

techniques. Chromosome data are completely unavailable for many species (Soltis et 

al. 2008) and for others, only available from one or two individuals, which is far too 

low to reliably detect intraspecific variation (Severns and Liston 2008). Most 

intraspecific ploidy variation is morphologically cryptic and it is therefore necessary 

to determine ploidy level using other screening methods, the fastest and most 

efficient of which is flow cytometry (Suda et al. 2006; Severns and Liston 2008). 

The widespread adoption of flow cytometry by plant biologists over the past decade 

has rapidly increased the discovery of intraspecific ploidy variation and allowed the 

efficient mapping of the geographic distribution of cytotypes (Soltis et al. 2007; 

Kolář et al. 2009). These studies have provided insight into evolutionary history, 

aided the interpretation of experimental and phylogenetic results, and informed 

taxonomy (Soltis et al. 2007; Kolář et al. 2009). A variety of cytotype distributions 

have been reported for angiosperms, however, parapatric (largely non-overlapping) 

distributions are most common and mixed ploidy populations are generally rare (e.g. 

Husband and Schemske 1998; Burton and Husband 1999; Baak 2004; Stuessy et al. 

2004; Suda et al. 2007; Halverson et al. 2008; Španiel et al. 2008; Kolář et al. 2009).  
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The rarity of mixed ploidy populations in natural systems may be due to instability 

caused by reproductive interference. There is almost complete reproductive isolation 

between non-matching ploidies and the available evidence overwhelmingly suggests 

that different ploidies rarely interbreed successfully (Ramsey and Schemske 1998; 

Petit et al. 1999). Prezygotic isolation mechanisms can drastically reduce the rate of 

inter-ploidy pollination (Husband and Sabara 2003), but if successful inter-ploidy 

pollination does occur fitness is reduced. Fewer seeds are produced, seeds are often 

inviable or have lower germination rates, and progeny are at least partially infertile 

(Ramsey and Schemske 1998). As a result, mixed ploidy populations are generally 

unstable and one cytotype is expected to become fixed or dominate the population 

even if cytotypes are equally fit and initially common (Levin 1975; Fowler and 

Levin 1984; Husband 2000). 

To safeguard against unintentionally creating unstable mixed ploidy populations 

during conservation and restoration activities, greater consideration of intraspecific 

ploidy variation is required (Delaney and Baack 2012). Most conservation and 

restoration programs (e.g. 90% of rare plant recovery plans in the USA; Severns and 

Liston 2008) involve the movement of germplasm across the landscape in an attempt 

to increase population size, the number of populations, or genetic diversity. 

However, the typically small populations of rare species cannot provide the 

necessary germplasm for augmentation. Therefore, germplasm is often sourced 

outside the target population, which increases the risk of introducing a new ploidy 

variant (Delaney and Baack 2012). Despite the risk of unintentionally mixing ploidy 

levels, intraspecific ploidy variation is rarely considered in conservation and 

restoration planning (Severns and Liston 2008; Delaney and Baack 2012; Severns et 

al. 2013). For example, only one rare plant recovery plan in the USA specifically 

addresses intraspecific chromosome number variation, despite two thirds of 

threatened taxa occurring in genera with known ploidy differences (Severns and 

Liston 2008). Populations that require augmentation are often subject to multiple 

threats and the unintentional introduction of a non-matching ploidy may add further 

stress through reproductive interference, which may ultimately lead to the extinction 

of the local cytotype and the loss of locally adapted alleles (Delaney and Baack 

2012). 
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The unintentional mixing of ploidies has already occurred in some augmentation 

programs. For example, plants of non-matching ploidy have been introduced in a 

restoration planting of Panicum virgatum in Iowa (Delaney and Baack 2012). Given 

that ploidy variation can occur over small geographic distances, using local 

provenance germplasm, or germplasm from ‘genetically safe’ recovery zones, does 

not necessarily ameliorate the risk (Delaney and Baack 2012; Severns et al. 2013). 

Rather, it is necessary to screen germplasm sources and perform regional surveys of 

any plant species that is reliant on population augmentation, except where ploidy 

variation is demonstrably unlikely e.g. Pinus (Delaney and Baack 2012). Ploidy 

screening of germplasm can avoid the unintentional creation of mixed populations 

and the resulting negative consequences, which directly conflict with the goals of 

conservation and restoration. 

In the present study, we investigate ploidy variation across the range of the 

Lepidosperma costale species complex (Schoeneae: Cyperaceae) with the aim of 

understanding relationships within the group and informing ongoing conservation 

and restoration efforts. Lepidosperma is a genus of long-lived perennial, wind-

pollinated sedges that are an important component of many ecosystems in Australia, 

New Zealand, and southern Asia (Barrett 2013). In contrast to most other 

Cyperaceae genera, which are often associated with moist environments, 

Lepidosperma spp. are commonly found in dry forest or woodland understorey. 

Chromosome counts are not available for Lepidosperma because of difficulties 

distinguishing chromosomes (e.g. de Lange et al. 2004; unpublished results). A 

recent flow cytometry study of ploidy stability in a small number of plants derived 

using tissue culture did not detect ploidy variation in two other Australian 

Lepidosperma spp. (Kodym et al. 2012). However, when developing nuclear 

microsatellites for the L. costale species complex (Chapter 4), plants from several 

populations consistently amplified three or more alleles per locus, which stimulated 

the current study of ploidy variation.  

Here we use flow cytometry to examine DNA ploidy at multiple geographic scales in 

the L. costale species complex in the southwest bioregion of Western Australia. We 

aimed to answer the following questions: (1) What cytotypes occur in the L. costale 

species complex? (2) What is the genome size of these cytotypes? (3) How are 
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cytotypes geographically distributed? (4) Do cytotypes co-occur within populations? 

(5) And, if so, how are cytotypes distributed within contact zones? Answers to these 

questions will improve our understanding of polyploidy in the L. costale complex, 

help ensure that conservation and restoration activities will not unintentionally create 

mixed ploidy populations, and ultimately improve understanding of chromosomal 

evolution. 

Methods 

Study system 

The Lepidosperma costale species complex occurs in the northern part of the 

Southwest Australian Floristic Region (Western Australian Herbarium 1998-2015), a 

world biodiversity hotspot (Myers et al. 2000; 

http://www.conservation.org/How/Pages/Hotspots.aspx). Lepidosperma costale s.l. 

grows on granite outcrops and banded ironstone formations; the latter are the focus 

of mineral exploration and mining in Western Australia (Barrett 2007; Gibson et al. 

2007; Gibson et al. 2010). Iron ore mining will heavily impact several populations of 

the L. costale species complex, and these populations will need to be restored when 

mining ceases. Presently, there are three named taxa in this species complex: 

L. costale Nees (Nees von Esenbeck 1846), L. benthamianum C.B.Clarke (Clarke 

1908), and the recently described L. gibsonii R.L.Barrett (Barrett 2007), a rare and 

threatened species found on a single ironstone range (Western Australian Herbarium 

1998-2015). Only L. gibsonii is well-differentiated morphologically and is 

distinguished by its terete or subterete culms (compared with the sharply angled 

culms of other members of the complex). Due to uncertainty about species limits, the 

species complex was treated as a single unit for the purpose of this study. 

Population sampling across the landscape	  

To assess DNA ploidy distribution in the L. costale species complex, single culms 

were collected from 20–30 individuals from 27 sampling locations (referred to as 

populations; total N = 765). To avoid collecting the same genet, only plants that 

grew more than 3 m apart were sampled where possible. Ploidy level was 
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determined for all plants, while two samples of each ploidy level were used for 

estimating genome size (Table 2.1). GPS coordinates and substrate type was 

recorded for each population (Table 2.1). All plant material was stored in sealed 

plastic bags at 4 oC for < 3 d before preparation for flow cytometry. 

Sampling at the microgeographic scale 

One mixed ploidy site was chosen to investigate the geographic structure of 

cytotypes at the microgeographic scale. Every individual (N = 1619) was collected 

from a 500 × 700 m quadrat within this additional (28th) mixed cytotype population 

(Wubin Rocks; WUB). The location of each individual and the boundary of the 

outcropping granite were recorded using GPS. To investigate whether individuals 

were associated with outcropping granite, location data were analysed using the 

ArcInfo Proximity toolset (ArcGIS v.9.2, ESRI, Redlands, CA, USA) to measure the 

shortest distance of each individual from exposed granite. 

Flow cytometry 

To release nuclei, approximately 200 mg of fresh leaf material was chopped for 

1 min with a double-edged razor blade in a cold buffer (Roberts 2007). The 

suspension was filtered through a 38 µL nylon mesh (Sefar, Huntingwood, NSW, 

Australia) and centrifuged at 13,000 rpm for 1 min. Most of the supernatant was 

discarded (leaving 80 µL) and the suspension was stained with 400 µL propidium 

iodide (PI; Sigma Aldrich, St Louis, MO, USA) staining solution (final PI 

concentration 50 µg ml-1; Roberts, 2007). Similar to other Schoeneae, PI staining 

was not affected by secondary compounds released by the sample (Kaur et al. 2012; 

Kodym et al. 2012). Stained samples were analysed using a BD FACSCanto II flow 

cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) using 488 nm excitation 

and PI fluorescence detected with a 585/42 band pass filter. Data were collected and 

analysed with BD FACSDIVA software v. 5.0.2. For ploidy analyses, at least 3000 

nuclei per sample were analysed. 

For genome size analyses, samples were chopped with an internal standard, 

Raphanus sativus cv. ‘Saxa’ (2C DNA content = 1.11 pg; Doležel et al. 1992). At 
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least 10000 nuclei per sample per day were analysed on three separate days to 

minimise any influence of instrumental drift. Any measurement that differed by 

more than 2% from previous estimates was discarded and the sample was prepared 

again and remeasured. Estimates were only included if the peak height of the sample 

and standard were similar, and the coefficient of variation (CV) was < 5%. 

Results 

Geographic distribution of cytotypes  

Four DNA ploidy levels were discovered in the L. costale species complex (Figure 

2.1 and Table 2.1). Of the 765 individuals sampled for the landscape-scale study we 

found 328 diploids (43%), 3 triploids (0.4%), 432 tetraploids (56%), and 2 

pentaploids (0.3%). The majority of populations contained only a single cytotype; 

nine populations consisted exclusively of diploids, while 14 populations consisted 

exclusively of tetraploids (Figure 2.1 and Table 2.1). Four populations contained 

multiple cytotypes: two contained both diploids and tetraploids; one contained 

diploids, triploids, and tetraploids; and one contained tetraploids and pentaploids. 

Generally, diploids were dominant in the northeast region of the range, while 

tetraploids were more prevalent in the southern and western regions (Figure 2.1). 
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Figure 2.1. Distribution of DNA diploids, triploids, tetraploids, and pentaploids in 
the Lepidosperma costale species complex. Proportion of circle filled indicates 
proportion of DNA ploidy in each population. The inset shows the position of the 
study area within Australia. Triploids occurred at low frequency at WUB (n = 6) 
and RES (n = 3). Pentaploids were only found at CAT (n = 2). Population codes 
are shown in Table 2.1. 
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Table 2.1. Details of the 28 Lepidosperma costale s.l. populations investigated in the 
present study. Total number of individuals (N) and the number of DNA diploids (2x), 
triploids (3x), tetraploids (4x), and pentaploids (5x) are shown. The population at 
Wubin Rocks (WUB) was intensively sampled. 
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Distribution of cytotypes at the microgeographic scale 

The detailed study of microgeographic ploidy distribution at Wubin Rocks revealed 

that diploids, triploids, and tetraploids co-occurred in this population (Figures 2.2a 

and 2.2b). Of the 1619 individuals sampled, 217 (13%) were diploid, six (0.4%) 

were triploid, and 1396 (86%) were tetraploid. Even at this microgeographic scale, 

cytotypes exhibited geographic segregation. Tetraploids were found predominantly 

in the southern portion of the quadrat, diploids in the northern portion, and triploids 

at the contact zone between diploids and tetraploids (Figures 2.2a and 2.2b). Within 

the 500 x 700 m quadrat, all plants (diploid, triploid and tetraploid) were closely 

associated with outcropping granite. Of the 1619 individuals in this quadrat, 764 

(47%) grew within 10 m of outcropping granite, while 1445 (89%) grew within 30 m 

of outcropping granite. The majority of plants that grew > 30 m from outcropping 

granite were associated with a seasonal drainage line (Figure 2.2a).  

Genome size of cytotypes 

Diploids contained 0.56 ± 0.01 (mean ± SE) pg DNA, triploids contained 0.81 ± 0.02 

pg DNA, tetraploids contained 1.10 ± 0.01 pg DNA, and pentaploids contained 1.35 

± 0.02 pg DNA. There were no significant differences in DNA content between like 

cytotypes from different populations or between samples processed on different 

days. 

Discussion 

Ploidy level variation and distribution at multiple scales 

The present study is the most detailed investigation of ploidy variation in the 

southwest Australian biodiversity hotspot and provides the first evidence of ploidy 

variation in the genus Lepidosperma. The L. costale complex contains significant 

ploidy variation, with a total of four DNA ploidy levels detected: diploid, triploid, 

tetraploid, and pentaploid. The vast majority (99.5%) of individuals were even-ploid 

(diploid and tetraploid). Most populations (82%) contained a single cytotype and the 

distribution of diploids and tetraploids was largely parapatric, a pattern frequently 
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reported in investigations of cytotype distributions in other angiosperm taxa (e.g. 

Husband and Schemske 1998; Burton and Husband 1999; Baak 2004; Stuessy et al. 

2004; Suda et al. 2007; Halverson et al. 2008; Španiel et al. 2008; Kolář et al. 2009).  

Across the landscape, tetraploids were most common (1828 of 2384 (77%) 

individuals) and widespread (found in 19 of 28 (68%) populations). Tetraploids 

occurred in a wider range of habitats than diploids, including in habitats not 

associated with rocky outcrops, and this may be due to the increased genomic 

flexibility, adaptive potential, and ecological amplitude of polyploids (Levin 2002; 

Parisod et al. 2010; Waters et al. 2010). Diploids were most common in the north-

eastern portion of the distribution where they were strongly associated with rocky 

outcrops, particularly banded ironstone ridges. When diploids occurred in more 

southern areas, they were always associated with granite outcrops. Detailed 

investigation of the distribution of cytotypes at a contact zone (Wubin Rocks) also 

revealed geographic segregation at the microgeographic scale. Diploids occurred in 

the northern portion of this contact zone while tetraploids occurred in the southern 

portion. At this intensively sampled site, all cytotypes were associated with 

outcropping granite (i.e. at WUB, 89% of plants grew within 30 m of exposed 

granite). This supports previous field observations that L. costale s.l. is associated 

with rocky outcrops (Barrett 2007), an association that may be driven by the more 

mesic environments created by the capacity of rocky outcrops to harvest and 

concentrate water (Byrne and Hopper 2009). 
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Figure 2.2. Microgeographic distribution of Lepidosperma costale 
s.l. cytotypes at Wubin Rocks (n = 1619). a) Distribution of 
cytotypes in a 500 x 700 m quadrat. The inset rectangle shows the 
area displayed in more detail in Figure 2.2b. b) The contact zone 
between diploids and tetraploids at Wubin Rocks showing the 
location of triploids (n = 6). 
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Odd-ploidy cytotypes were found at low frequency in three populations. The 

discovery of nine triploid and two pentaploid individuals (0.38% and 0.08% of total 

samples, respectively) highlights the suitability of flow cytometry for detecting rare 

cytotypes. Given that triploids only occur in populations that contain both diploids 

and tetraploids, and that they are found at the boundary of diploids and tetraploids in 

the intensively sampled contact zone, triploids are likely the result of rare 

hybridisation between sympatric diploids and tetraploids (Petit et al. 1999). The 

rarity of triploid individuals suggests that successful hybridisation between diploids 

and tetraploids is extremely uncommon and a triploid bridge is unlikely to be a 

major means of gene flow between the dominant cytotypes. The origin of the 

pentaploid individuals may be explained by the fusion of a diploid (reduced) gamete 

produced by a tetraploid with an unreduced (triploid) gamete produced by an un-

sampled triploid individual. Triploids in other angiosperm taxa can sometimes 

produce viable euploid pollen, including unreduced triploid gametes (Ramsey and 

Schemske 1998; Henry et al. 2005).  

Genome size and chromosomal evolution 

The small genome size (diploid 2C = 0.56 pg DNA) of Lepidosperma costale s.l. is 

consistent with recent reports for two other species of Lepidosperma [L. concavum 

(0.55 pg DNA) and L. laterale (0.57 pg DNA); Kodym et al. (2012)]. Many genera 

of Cyperaceae, including Carex and Cyperus, also have small genomes (Nishikawa 

et al. 1984; Grime et al. 1985; Bennett et al. 1998; Chung et al. 2011); however, 

considerably larger genomes (> 5 pg DNA) have been reported for some Eleocharis 

and Schoenus spp. (Bennett and Leitch 2012; Kaur et al. 2012).  

Polyploidy appears to be an important driver of diversification in Lepidosperma. 

Although the inability to count chromosomes in Lepidosperma (unpublished results; 

de Lange et al. 2004; Kodym et al. 2012) has prevented comparison of different 

possible modes of chromosomal evolution, two major modes have been reported in 

Cyperaceae. Polyploidy appears to be the primary mode of cytoevolution in some 

genera including Rhynchospora and Schoenoplectus (Luceño et al. 1998; Vanzela et 

al. 2000; Yano and Hoshino 2005). In contrast, aneuploidy is the primary means of 

chromosome evolution in Carex, and aneuploidy is postulated to have contributed to 
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the high rate of speciation, which has resulted in Carex being one of the world’s 

largest angiosperm genera (Hipp 2007; Hipp et al. 2009). Recent work suggests that 

aneuploidy in Carex scoparia var. scoparia proceeds through chromosome fission 

and fusion and that this type of aneuploidy is undetectable using flow cytometry 

because total DNA content remains unaltered (Chung et al. 2011). Consequently, 

without chromosome counts in the Lepidosperma costale complex, the potential 

contribution of aneuploidy to chromosome evolution relative to polyploidy cannot be 

determined. 

Implications of ploidy variation for conservation and restoration 

The present study has demonstrated that L. costale s.l. cytotypes only occasionally 

co-occur and hybridise (to form odd-ploid individuals) in natural populations. This 

has two main implications for conservation and restoration. Firstly, it would be 

prudent to consider diploid and tetraploid cytotypes as separate entities when 

assessing the impact of mining on the L. costale complex. Secondly, mixing of 

cytotypes should be avoided when collecting germplasm for restoration (Millar et al. 

2008; Chung et al. 2011; Delaney and Baack 2012; Severns et al. 2013), even 

though cytotypes occasionally co-occur in natural populations (e.g. Brown and 

Young 2000). Mixing or cytotypes may result in reduced total reproductive success 

and cause localised extinction of the extant cytotype in restored populations (Levin 

1975; Maceira et al. 1993; Levin 2002). Accidental mixing of cytotypes is a 

particular risk because both diploid and tetraploid populations occur in the northern 

extent of the species complex’s range, in the same banded ironstone formation range 

systems where iron ore extraction is ongoing. In several cases, populations of 

different ploidy occur within 20 km of populations that will undergo post-mining 

restoration and these mismatched populations could easily be mistaken as 

appropriate provenance germplasm using only a geographic ‘local provenance’ 

criterion. Currently, flow cytometry is the only practical and reliable method of 

screening germplasm for use in the restoration of L. costale s.l. populations. 

Although tetraploid plants are often larger than diploids (i.e. they possess, on 

average, thicker culms and larger stomatal guard cells), cytotypes cannot be reliably 

distinguished using simple morphological variables (unpublished results). Future 

attempts to distinguish among L costale s.l. cytotypes using morphological 
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characters may benefit from the investigation of anatomical features (e.g. Hodgon et 

al. 2006). 

In summary, we detected four cytotypes in the L. costale complex, the first report of 

ploidy variation in the genus Lepidosperma. The most common cytotypes, diploids 

and tetraploids, are generally geographically segregated at both landscape and 

microgeographic scales. The restoration of L. costale s.l. populations, which will be 

required upon mine closure, will have a greater probability of long-term success if 

ploidy variation is accounted for. Although the present study provides a useful guide 

to where germplasm of equivalent ploidy can be sourced, we recommend screening 

germplasm using the methods described herein to ensure that the targeted ploidy is 

collected. We are continuing to study the evolutionary history of the L. costale 

complex using nuclear and chloroplast markers (Chapters 3 and 4) to explore 

patterns of genetic diversity, and guide conservation and restoration. 
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Chapter 3 

Novel chloroplast markers for the study of 
intraspecific variation and hybridisation in the 
Lepidosperma costale species complex (Cyperaceae) 

Abstract 

To investigate intraspecific variation and hybridisation in the Lepidosperma costale 

species complex, forty-one primers to amplify regions containing chloroplast 

microsatellites and insertions/deletions were designed using de novo sequencing. 

Twenty-six loci were polymorphic within three diploid populations, with 2 to 9 

alleles per locus. A further 15 loci exhibited fixed size differences between the 

diploid individuals and a population of putative allopolyploid origin. These markers 

will assist studies of genetic diversity and hybridisation in Lepidosperma, help 

inform the conservation of taxa in the Lepidosperma costale species complex, and 

may have utility across Cyperaceae. 
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Introduction 

Chloroplast DNA sequences are useful in evolutionary studies of plants because they 

are generally uniparentally inherited and non-recombinant (Provan et al. 2001); 

however, observed nucleotide substitution rates are too low for most intraspecific 

studies (Shaw et al. 2007). Consequently, investigations of within-species variation 

rely on highly polymorphic regions such as chloroplast microsatellite markers, also 

known as simple sequence repeats (cpSSRs). These markers, which usually consist 

of mononucleotide repeats, have shown utility in investigations of population 

genetics and hybridisation (Provan et al. 2001).  

Chloroplast microsatellite markers are currently enjoying a revival, in part due to the 

many whole-chloroplast sequences now available on GenBank (156 at the time of 

writing; www.ncbi.nlm.nih.gov/genbank), which simplify cpSSR discovery (Ebert 

and Peakall 2009a). For little-studied wild species without commercial congeners or 

pre-existing sequence information, however, de novo sequencing is still the most 

efficient way to develop cpSSRs (Ebert and Peakall 2009a). Recently, a set of 

universal primers to amplify noncoding regions of chloroplast DNA was published 

(Ebert and Peakall 2009b). Here, we use these universal primers to identify and 

characterise polymorphic chloroplast markers for the Lepidosperma costale Nees 

species complex, a group of sedges of ecological and conservation importance in 

Western Australia. 

All members of the genus Lepidosperma Labill. (Schoeneae: Cyperaceae) are long-

lived, wind-pollinated sedges. The Lepidosperma costale species complex currently 

includes three named species: L. costale, L. benthamianum C.B.Clarke, and 

L. gibsonii R.L.Barrett; however, precise species boundaries are still unclear. The 

species complex occurs in southwest Australia, an area recognized as a world 

biodiversity hotspot due to the high number of endemic species in an area suffering 

considerable habitat loss (Myers et al. 2000). Habitat loss is particularly acute for 

populations that occur on banded ironstone formations because several of these 

formations will be largely removed for mining in the near future (Gibson et al. 

2007); L. gibsonii, which occurs almost exclusively on a single banded ironstone 

formation, is currently recognised as vulnerable to extinction under the guidelines of 

the IUCN (2001), and is listed as Declared Rare Flora in Western Australia (Smith 
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2010). As part of our ongoing interest in the breeding biology, population genetics, 

and taxonomy of this group we report here the development of chloroplast markers 

for this species complex.  

Methods and Results 

Total genomic DNA was extracted by grinding leaf material in liquid nitrogen and 

following the extraction protocol described for Picea glauca (Moench) Voss in 

Carlson et al. (1991). We then used the 57 primer pairs, and the PCR protocol 

described in Ebert and Peakall (2009b), to amplify regions of noncoding chloroplast 

DNA. Successful PCR amplification of a single product was confirmed by UV 

fluorescence on a 2% agarose gel stained with SYBRSafe dye (Invitrogen, Carlsbad, 

CA, USA). Of the 57 primer combinations tested, 32 produced a single strong band 

and these products were purified using the AMPure Kit (Agencourt Bioscience 

Corporation, Beverly, MA, USA). Approximately 80 ng template DNA was then 

used in a cycle sequence reaction using the CEQ Dye Terminator Cycle Sequencing 

Quick Start kit (Beckman Coulter, Brea, CA, USA). Products were cleaned using the 

CleanSeq dye terminator removal kit (Agencourt Bioscience Corporation) and 

sequenced using a CEQ8800 automated sequencer (Beckman Coulter).  

Sequences were manually edited and aligned using CodonCode Aligner v.2.0.4 

(CodonCode Corporation, Dedham, MA, USA) and inspected for mononucleotide 

repeats > 7 bases long (Petit et al. 2005; Ebert et al. 2009), or insertions/deletions. 

Primers flanking these regions were designed using Primer3 (Rozen and Skaletsky 

2000), and the 5’ end of each left primer was tagged with D2, D3, or D4 WellRED 

dyes (Sigma Aldrich, St Louis, MO, USA). In total, primers were designed to flank 

59 loci that contained cpSSRs or insertion/deletions. 

To examine diversity within populations, markers were tested in 72 samples from 

three diploid populations. To test utility in closely related lineages, we screened 24 

samples from a putative allopolyploid population. Loci were amplified using the 

PCR protocol described above, and fragments were separated on a Beckman 

CEQ8800 sequencer. Fragment sizes were manually scored and population genetic 

parameters were calculated using GenAlEx v.6.4 (Peakall and Smouse 2006). 
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Twenty-six loci were polymorphic within the diploid populations with between 2 

and 9 alleles amplified per locus, and estimates of unbiased haploid genetic diversity 

between 0.028 and 0.615 (Table 3.1). In total, 51 unique haplotypes were recovered 

from the diploid populations. In contrast, all markers were monomorphic in the 

putative allopolyploid population, thus only a single haplotype was recorded for 

these samples. A further 15 loci showed apparently fixed differences between the 

diploid populations and the allopolyploid population (Table 3.2) and these may be 

useful for detecting hybridisation.  

Conclusions 

In summary, we have demonstrated that 26 of these markers are polymorphic within 

the L. costale species complex, and a further 15 may be useful for detecting 

hybridisation. To our knowledge, these chloroplast markers are the first specifically 

developed for Cyperaceae, one of the world’s ten largest plant families. Given that 

cpSSR primers have been shown to amplify polymorphic products in related genera 

(Provan et al. 2001), these primers may be of use more broadly in Cyperaceae, 

especially in the diverse tribe Schoeneae. 
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Chapter 4 

Characterisation and cross application of novel 
microsatellite markers for a rare sedge, 
Lepidosperma gibsonii (Cyperaceae) 

Abstract 

Ten polymorphic microsatellite loci for the rare sword sedge Lepidosperma gibsonii 

(Cyperaceae) were characterised for the future study of population structure, 

hybridisation, and clonality. Twenty samples from each of three populations were 

screened with the markers to assess genetic variation. Observed population 

heterozygosities ranged from 0.35 to 1.00, and number of alleles observed per locus 

ranged from eight to 23. No departures from Hardy-Weinberg equilibrium were 

detected for any locus in any population. Single samples from 14 species were 

screened to examine the transferability of the microsatellites to other species of 

Lepidosperma. At least eight out of 10 loci amplified in all species tested. These loci 

will be useful for studying genetic variation, hybridisation, dispersal, and breeding 

systems in Lepidosperma, a ubiquitous element of the flora of southern Australia.  
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Introduction 

The genus Lepidosperma Labill. (Cyperaceae, tribe Schoeneae) comprises long-

lived, wind-pollinated sedges that are dominant understorey species in many plant 

communities of southern Australia. Lepidosperma currently contains 73 described 

species (Barrett and Wilson 2012); however, the taxonomy of the genus is 

confounded by morphological conservatism (Hodgon et al. 2006), and cryptic 

species may occur within poorly defined species (Barrett 2007). As part of an 

ongoing reappraisal of the genus, several rare and restricted species were recently 

described from Western Australia, many associated with specific geology (Barrett 

2007). One such species, Lepidosperma gibsonii R.L.Barrett, is restricted to a single 

range of banded ironstone formation. Here, we characterise 10 nuclear microsatellite 

loci from L. gibsonii that will be used to investigate the genetic diversity and biology 

of this rare and localised species. We also test the cross application of these markers 

in other Lepidosperma species to determine whether the markers will be useful in 

investigations of hybridisation and polyploidy, two processes that have likely played 

a significant role in the diversification of this large genus.  

Methods and Results 

Culms from 60 L. gibsonii plants were collected from three sub-populations of the 

only known metapopulation of L. gibsonii, on the Mt. Gibson range, 29°35’S, 

117°10’E, 350 km north-northeast of Perth, Western Australia (voucher: R.L.Barrett 

3345, PERTH 07543867), and stored in liquid nitrogen. Total genomic DNA was 

extracted from each individual following the protocol outlined for Picea glauca 

(Moench) Voss in Carlson et al. (1991), except that plant material was first ground in 

liquid nitrogen. 

Four genomic libraries (CA, GA, AAC, and ATG) were constructed from a single 

L. gibsonii individual by Genetic Identification Services (http://www.genetic-id-

services.com), following the methods described in Jones et al. (2002). Briefly, 

genomic DNA was partially restricted with a mixture of seven blunt-end restriction 

enzymes (RsaI, HaeII, BsrB1, PvuII, StuI, ScaI, and EcoRV). Fragments 300-750 bp 

in size were adapted and captured using magnetic beads (CPG, Lincoln Park, New 

Jersey, USA). Captured DNA fragments were digested with restriction enzyme 
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Table 4.2. Measures of genetic diversity for 
initial primer screen in three populations of 
Lepidosperma gibsonii.  
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HindIII. The resulting fragments were ligated onto the HindIII site of pUC19 and 

cloned in the E. coli strain DH5α. Inserts from 100 recombinant clones were 

sequenced on an ABI PRISM 377 DNA autosequencer (Applied Biosystems, 

Carlsbad, California, USA) using Amersham’s DYEnamic Terminator Cycle 

Sequencing Kit (Amersham Bioscience P/N US81050; Amersham Bioscience, Little 

Chalfont, Buckinghamshire, United Kingdom). Primers were designed for 30 

microsatellite-containing regions using Primer3 (v. 0.4.0; Rozen and Skaletsky 

2000). Primers were initially assessed with unlabelled primers for seven samples and 

visualised using agarose gel electrophoresis. Forward primers were 5’ end-labelled 

using Well-RED D2, D3, or D4 fluorescent dyes (Sigma-Aldrich Corp., St. Louis, 

Missouri, USA). PCR conditions were optimised for 20 labelled primer pairs; of 

these, 10 were excluded due to low diversity (four loci), null alleles (three loci), 

unscorable hyper-variability (two loci), and locus duplication (one locus).  

PCR amplifications were performed in 10 µL total volume, containing 5 ng of 

template DNA, 3–5 mM MgCl2, 0.025 U/µL Taq DNA polymerase (Fisher Biotec, 

Subiaco, Western Australia, Australia), 0.075 µM of each primer, 2 µL of 5X buffer 

(Fisher Biotec: final concentration of 67 mM Tris-HCl [pH 8.8 at 25 °C], 16.6 mM 

(NH4)2SO4, 0.45% Triton X-100, 0.2 mg/mL gelatin, 0.2 mM of each dNTP). 

Thermal cycling consisted of an initial denaturation of 94 °C for 3 min, followed by 

35 cycles of 94 °C for 40 s, 53–60 °C for 40 s, and 72 °C for 30 s, terminated by a 

final extension step of 72 °C for 4 min. Amplified products were genotyped using a 

CEQ8800 Genetic Analysis System and CEQ fragment analysis software (Beckman 

Coulter, Brea, California, USA). Polymorphism was assessed by screening 20 

individuals from three populations of L. gibsonii. Primers, reaction conditions, and 

fragment lengths are described in Table 4.1.  

Results were analysed with GenAlEx (v. 6.4.1; Peakall and Smouse 2006), to 

calculate allelic diversity and observed heterozygosity, as well as test for deviations 

from Hardy-Weinberg equilibrium. Analysis of 20 samples from each of three 

populations of L. gibsonii revealed that all loci were polymorphic (Table 4.2). The 

number of alleles ranged from eight to 23 (average 13.6) per locus. No departures 

from Hardy-Weinberg equilibrium were detected for any locus in any population 
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after Bonferroni correction (P > 0.05). Allelic diversity and observed and expected 

heterozygosities are shown in Table 4.2.  

All 10 loci were further screened to investigate their cross-species utility in single 

samples from 14 geographically and morphologically diverse species of 

Lepidosperma. Between eight and 10 markers amplified in all species tested, 

indicating wide transferability within Lepidosperma.  

Conclusions 

The 10 microsatellite loci reported here are highly variable and are currently being 

used to investigate population diversity, clone size, and dispersal in L. gibsonii and 

other Lepidosperma species in southwest Australia. The successful amplification of 

markers in sampled Lepidosperma species indicate that these markers can be 

usefully applied across the genus. These markers will be used in concert with 

chloroplast microsatellite markers we have recently developed (Chapter 3) to explore 

genetic relationships within the Lepidosperma costale species complex. 
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Chapter 5 

Complex genetic relationships within and among 
cytotypes in the Lepidosperma costale species 
complex (Cyperaceae) 

Abstract 

There is growing realisation that cytotype variation within species complexes plays 

an important role in plant evolution; however, there are relatively few investigations 

that describe the genetic diversity within and among related cytotypes. In the present 

study, we analysed patterns of genetic variation in 774 individuals from nine diploid, 

14 tetraploid, and four mixed ploidy populations of the Lepidosperma costale 

complex (Cyperaceae) in southwest Australia. Application of nuclear (nSSR) and 

chloroplast (cpSSR) microsatellites suggests that polyploids are of autopolyploid and 

allopolyploid origin and that polyploidisation is associated with a shift to facultative 

clonal reproduction, including apomictic reproduction. The newly-discovered 

putative allopolyploids were commonly associated with disturbed environments, an 

association commonly reported for allopolyploids. Diploid populations generally 

contained more genetic diversity than polyploid populations, and there was little 

genetic differentiation among diploid populations. In contrast, polyploids were 

characterised by higher heterozygosity and differentiation among populations, but 

possessed lower within-population diversity. The high differentiation among 

polyploid populations suggests that polyploids may have formed recurrently and are 

an important component of morphologically cryptic diversity within the species 

complex. Ploidy level is a critical factor affecting genetic diversity in this species 

complex, highlighting the potential contributions of polyploidy to genetic 

differentiation, and potentially speciation.  
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Introduction 

Formation of polyploid organisms, which contain multiple genome copies, is a 

dynamic and diverse process (Doyle et al. 2004; Soltis et al. 2004) and species that 

contain multiple cytotypes often have complex evolutionary histories. Despite 

cytotype variation being common within angiosperm species (12–16% of species; 

Soltis et al. 2007; Wood et al. 2009; Rice et al. 2015) and species complexes 

(Halverson et al. 2008), there have been relatively few investigations of genetic 

diversity within and among polyploid lineages and their diploid progenitors in non-

crop species (Soltis et al. 2004). Detailed studies of the genetic consequences of 

cytotypic variation are rare because of the intensive and extensive sampling required 

and the allele dosage ambiguity frequently found within polyploid organisms 

(Obbard et al. 2006; Halverson et al. 2008; Dufresne et al. 2014). Despite these 

difficulties, genetic studies of species with intraspecific ploidy variation have 

produced insights into the origin of polyploids, the genetic consequences of 

polyploidisation, and the level of gene flow between cytotypes (e.g. Paun et al. 2006; 

Halverson et al. 2008; Symonds et al. 2010; Fehlberg and Ferguson 2012). 

Molecular markers play an important role in understanding the formation of 

polyploids (Soltis et al. 2004). Genetic studies have demonstrated that polyploids 

often arise recurrently and independently, even over short time scales and in small 

geographic areas (Soltis and Soltis 1993; Soltis and Soltis 2000). Population genetic 

markers are particularly well-suited to the fine-scale resolution of multiple origins 

(Symonds et al. 2010), and can shed light on the mode of polyploid formation, that 

is, whether a polyploid arose within a species (autopolyploidy) or through 

hybridisation between two species (allopolyploidy; Soltis and Soltis 1993; Ramsey 

and Schemske 2002). For example, genetic studies were instrumental in revealing 

that autopolyploidy, which was once considered rare, is a common phenomenon in 

natural plant populations (Soltis et al. 2004).  

Theoretical and empirical studies of genetic diversity in polyploids provide two 

conflicting predictions for the pattern of genetic diversity in polyploids. On the one 

hand, polyploids are expected to possess higher genetic diversity and heterozygosity 

than diploids because of the potential to possess more than two alleles per locus (e.g. 

Moody et al. 1993). For example, autotetraploid Vaccinium oxycoccus has a greater 
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proportion of polymorphic loci, increased heterozygosity, and more alleles per locus 

than its diploid counterpart (Mahy et al. 2000). On the other hand, polyploidy is 

commonly associated with asexual reproduction, particularly in allopolyploids 

(Richards 2003). Asexual reproduction can lead to very low levels of genotypic 

variation, but relatively high heterozygosity in polyploid populations (Richards 

2003). For example, diploid populations of Ranunculus carpaticola reproduce 

sexually and contain high genetic diversity in stark contrast to hexaploid 

populations, which reproduce asexually and typically contain only a single genotype 

(Paun et al. 2006). These contrasting patterns of genetic diversity commonly found 

within polyploid lineages highlight the important role of molecular markers in 

dissecting the complex evolutionary history of polyploid lineages. 

An important consequence of polyploidisation is the reproductive isolation that is 

commonly observed between cytotypes (Ramsey and Schemske 1998). This 

isolation is frequently due to postzygotic barriers, particularly the reduced fitness of 

intercytotype hybrid seed (triploid block; Ramsey and Schemske 1998). However, 

prezygotic isolation can also be significant. For example, it is estimated that 

prezygotic barriers (including geographic segregation, flowering asynchrony, and 

pollinator fidelity) account for 97% of the reproductive isolation between diploid and 

autotetraploid Chamerion angustifolium (Husband and Sabara 2003). A reduction in 

gene flow between cytotypes can have important implications for speciation and 

therefore the taxonomy and conservation of species with intraspecific cytotype 

variation (Soltis et al. 2007).  

A recent study (Chapter 2) revealed substantial DNA ploidy level variation in the 

Lepidosperma costale species complex (Cyperaceae), and the present study 

examines patterns of genetic diversity within and among cytotypes in this group. The 

L. costale complex occurs across a large area of southwest Western Australia, a 

region recognised as a world biodiversity hotspot (Myers et al. 2000). Even-ploidy 

cytotypes — diploids and tetraploids — are most common (Chapter 2). Diploids 

occur primarily in the northern, drier extent of the distribution, whereas tetraploids 

are more common in the southern, wetter areas (Figure 5.1). Odd-ploidy cytotypes 

— triploids and pentaploids — are rare and are only known to occur in three 

populations. L. costale s.l. is often associated with granitic or banded ironstone rocky 
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outcrops (Chapter 2; Barrett 2013), which have been considered refugia for many 

other groups in southwest Australia (Byrne and Hopper 2009; Gibson et al. 2010). 

Many banded ironstone outcrops in southwest Western Australia are a focus for 

mineral extraction and several populations of the L. costale complex are affected. In 

particular, the rare and threatened diploid L. gibsonii, which is found on a single 

ironstone range, will be significantly disturbed by iron ore mining (Barrett 2007). A 

major obstacle to understanding the impact of mining on the species complex is the 

lack of information on reproductive biology and population genetic diversity.  

Here, chloroplast (cpSSR) and nuclear (nSSR) microsatellite variation was assessed 

in 28 populations of the L. costale complex to address the following key questions: 

1) how is genetic diversity distributed among populations and cytotypes? 2) are 

patterns of genetic diversity in polyploids consistent with an autopolyploid or 

allopolyploid origin? 3) have polyploids formed recurrently? 4) What is the 

predominant mode of reproduction within each cytotype? Results from this study 

will provide insight the relationship between ploidy variation and genetic diversity, 

and contribute to our understanding of the evolution of the flora in the southwest 

Australian biodiversity hotspot.  

Methods 

Study system 

Lepidosperma is a genus of long-lived, perennial, wind-pollinated sedges with 

notoriously difficult to define species limits because of the lack of consistent 

variation across morphological characters, combined with the general morphological 

reduction characteristic of Cyperaceae (Bentham 1878; Wilson 1994; Barrett and 

Wilson 2012; Barrett 2013). Difficulties with species delimitation are particularly 

evident in the L. costale complex, within which substantial DNA ploidy level 

variation is prevalent (Chapter 2). The close relationships among species in the 

complex were originally identified based on morphology and confirmed when the 

species complex was shown to form a well-supported monophyletic clade based on a 

nuclear ribosomal DNA phylogeny (Barrett 2012). The species complex currently 

contains three named species: L. costale Nees (Nees von Esenbeck 1846), 
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L. benthamianum C.B.Clarke (Clarke 1908), and the recently described L. gibsonii 

R.L.Barrett (Barrett 2007). However, only L. gibsonii is well-differentiated 

morphologically and is distinguished by its terete or subterete culms (compared with 

the sharply angled culms of other members of the complex). Due to uncertainty of 

species limits, the species complex was treated as a single unit for the purpose of this 

study.  

Sample collection 

A total of 774 samples from nine diploid, 15 tetraploid, and 4 mixed cytotype 

populations were collected. At each sampling location (referred to as a population), 

between 20 and 42 samples were collected and their position was recorded using 

GPS (Figure 5.1 and Table 5.1). Where possible, samples were collected at least 3 m 

apart (i.e. > 4 clump diameters) to avoid sampling vegetative clones. Populations 

were chosen to represent the known geographic range of the L. costale complex, as 

well as cover all morphological variation and a variety of geological substrates, from 

open woodland on gravel to (more typically) a variety of outcropping rock 

substrates. The sample from each individual was divided and stored at 4 °C for 

ploidy determination and -80 °C for DNA extraction.  

Ploidy determination 

The DNA ploidy of all samples was previously determined as described in Chapter 

2. Chromosome counts are not available for Lepidosperma because of difficulties 

distinguishing chromosomes (e.g. de Lange et al. 2004), and therefore our ploidy 

estimates are based on nuclear DNA content ("DNA ploidy"; Suda et al. 2006). 
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Figure 5.1. Location of sampled Lepidosperma costale complex populations. The 
inset shows the location of the sampling area within Australia. Populations with 
diploids (2x) are indicated in black; triploids (3x) in grey; putative autotetraploids (4x 
auto) in red; putative allotetraploids (4x allo) in green; and pentaploids (5x) in orange. 
See Table 5.1 for population codes. Symbols demonstrate co-occurrence of entities 
but do not represent relative frequencies within populations. 
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Table 5.1. Genetic diversity measures for populations of the Lepidosperma costale 
complex estimated using cpSSR and nSSR markers. Data for putative autopolyploid 
(“4x auto”) and allopolyploid (“4x allo”) individuals are shown separately. 
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Figure 5.2. Median joining cpSSR haplotype network. Circle size is indicative of 
haplotype frequency. Branch length is relative to the number of mutations between 
haplotypes, except for the longest branch which is not to scale and represents 12 
mutations. Each colour represents a different ploidy: diploids are indicated by light 
grey; triploids by black; tetraploids by dark grey; and pentaploids by white. The highly 
divergent haplotypes possessed by individuals (putative allopolyploids) in six 
populations (KAL, KNO, QUA, TOD, NNO, CAT; Table 5.1) are indicated.  
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Microsatellite amplification 

Total genomic DNA was extracted as described in Chapter 3. Thirteen chloroplast 

microsatellites (LepCt-02a, -10a, -15d, -17a, -24b, -27c, -29a, -31c, -37b, -38a, -41b, 

-44c, -51b ) designed for the L. costale species complex were amplified according to 

Chapter 3. In addition, seven nuclear microsatellites (Lg-A12, -A101, -B101, -B117, 

-D7, -D112, -D117 ) designed for L. gibsonii were amplified according to Chapter 4. 

Fluorescently-labelled products were separated using a CEQ8800 Genetic Analysis 

System and fragment size was manually scored using CEQ fragment analysis 

software (Beckman Coulter; Brea, California, USA). Positive and negative controls 

were included in each batch of samples. Samples with ambiguous fragment sizes 

were reamplified and reanalysed and only samples with complete nuclear and 

chloroplast microsatellite data were included in analyses (i.e. there were no missing 

data). 

Analysis of chloroplast microsatellites 

We assumed cpSSR polymorphisms are linked and scored each combination of 

alleles as a different haplotype (Cubas et al. 2005; Peakall and Whitehead 2014). 

Here, we use the term ‘locus’ to refer to a cpSSR site and ‘allele’ to refer to a length 

variant at a given site. First, to visually describe the relationship among haplotypes, a 

parsimony network was calculated using Network v.4.612 (Fluxus Technology; 

Clare, Suffolk, UK), using the median joining method (Bandelt et al. 1999). The 

haplotype network identified six populations (KAL, KNO, QUA, TOD, NNO, CAT) 

which partly or entirely consisted of polyploid individuals with chloroplast 

haplotypes that were highly divergent from those recovered from diploids (Figure 

5.2). Individuals with divergent haplotypes possessed nuclear ribosomal DNA 

sequences identical to the remainder of the L. costale species complex, and 

chloroplast DNA sequences identical to another Lepidosperma species (L. scabrum 

s.l.; see Chapter 6). Consequently, we concluded that these individuals most likely 

represent allopolyploids (hybrids) and data from polyploids in the present study were 

split into two groups based on chloroplast haplotype: 1) polyploids with haplotypes 

similar to diploids were designated autopolyploid (mostly 4x and a few 3x), and 2) 

polyploids with highly divergent haplotypes were designated as allopolyploid 
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(mostly 4x and a few 5x). These two groups of polyploids were analysed both 

together and separately in subsequent analyses. 

The total number of haplotypes (NH) and unbiased haplotype diversity (H) were 

calculated for each population and each ploidy in GenAlEx v.6.5 (Peakall and 

Smouse 2012). Haplotype sharing within and among populations and cytotypes was 

calculated manually.  

To examine variation within and among populations and cytotypes, non-hierarchical 

analysis of molecular variance (AMOVA; Excoffier et al. 1992) was performed to 

obtain estimates of ϕPT, an FST analogue for haploid data (Ebert et al. 2009), using 

unordered distances between haplotypes. AMOVA analyses were performed at both 

the ramet and genet level (see below), and the significance of the indices was tested 

using a nonparametric approach with 999 permutations in GenAlEx. To avoid the 

downward bias associated with the use of highly polymorphic loci, standardised ϕ’PT 

was also calculated (Meirmans and Hedrick 2011; Peakall and Whitehead 2014). 

To assess isolation by distance (IBD), Mantel tests were used to determine whether 

there was a correlation between linearised genetic distance [ΦPT/(1- ΦPT)] and the 

natural logarithm of geographic distance among populations within each ploidy level 

(Rousset 1997). Mantel tests were carried out in GenAlEx using 999 permutations.  

Analysis of nuclear microsatellites 

Established techniques for the analysis of codominant markers in diploid organisms 

cannot be readily applied to polyploids because they require estimates of observed 

and expected allele frequencies within and among populations (Obbard et al. 2006; 

Dufresne et al. 2014). In polyploids, allele dosage ambiguity can prevent reliable 

estimates of allele frequency unless individuals are homozygous or fully 

heterozygous, except when electropherogram peak height is informative (e.g. 

Esselink et al. 2004).  

Since peak height was not reliably informative of allele dosage in the present study, 

we coded the nSSR data using two approaches (Fehlberg and Ferguson 2012; 

Sampson and Byrne 2012). The first method treated the banding pattern of 
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individuals as multilocus allelic phenotypes, an approach that recognises that true 

codominant genotypes in polyploids are often unknown due to copy number 

ambiguity (Kosman and Leonard 2005). The second method treated alleles at each 

locus as multiple independent dominant loci scored as present or absent (binary 

coding; GENODIVE v.2.0; Meirmans and Van Tienderen 2004). Binary distances 

were calculated by tallying the number of allelic differences between two 

individuals; this method does not count shared presence or absence.  

Summary statistics for the nSSR data were calculated in GenAlEx, including: the 

total number of alleles over all loci (A); the number of alleles per locus, averaged 

over loci (A’); the number of nSSR alleles per locus in an individual, averaged over 

loci (H’); the maximum number of observed alleles across all nSSR loci (Hmax); the 

number of unique nSSR allelic phenotypes (Np); and clonal diversity, which was 

calculated as the number of unique phenotypes divided by the number of individuals 

(Np/N). Observed (HO) and expected (HE) heterozygosity were calculated using 

GENODIVE. For diploids, HO was calculated as the proportion of heterozygotes 

(zygotic heterozygosity), whereas for polyploids HO was calculated as the 

probability that a randomly chosen gamete is heterozygous at a given locus (gametic 

heterozygosity; Moody et al. 1993). Sharing of alleles within and among populations 

and cytotypes was calculated manually. 

Within many polyploid populations, multiple individuals shared both an identical 

multilocus nSSR allelic phenotype and cpSSR haplotype, which may indicate 

clonality. To determine whether the observed repeated phenotypes could be due to 

chance in a (randomly mating) sexually reproducing population, alleles were 

randomised over individuals and the observed genotype diversity was compared with 

that of the randomised dataset using 999 permutations in GENODIVE. Where 

relevant, subsequent analyses included all individuals (ramet level) or only one 

individual from each clone per population (genet level; Sunnucks et al. 1997).  

Pairwise relationships of average binary genetic distances among populations were 

visually represented using principal coordinate analysis (PCoA) in GenAlEx. Since 

cytotypes may be genetically isolated even within a population, each cytotype within 

mixed populations was treated as a distinct population for this analysis. A second 

PCoA of pairwise relationships among individuals was performed for the mixed 
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populations to explore relationships among cytotypes in these populations. As 

described for the cpSSR data, differentiation between populations and ploidy levels 

was assessed using non-hierarchical AMOVA and IBD was assessed using Mantel 

tests. 

 

 

 

 

	  
 
Figure 5.3. Shared and private cpSSR haplotypes and nSSR alleles among diploids 
and tetraploids in the L. costale complex. Total of 136 cpSSR haplotypes (left) and 
135 nSSR alleles (right).   
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Finally, nSSR data from diploids, triploids, and autotetraploids were reformatted 

using polysat v1.3 (Clark and Jasieniuk 2011) and Bayesian model-based clustering 

was used to explore individual and population clustering using STRUCTURE v.2.3 

(Pritchard et al. 2000; Falush et al. 2007). Putative allopolyploid individuals were 

not included in this analysis (Dufresne et al. 2014). Populations containing multiple 

ploidy levels were partitioned into cytotypes as above. The analyses were run using 

no priors, the admixture ancestry model, allowing for correlated allele frequencies, 

and accounting for dosage ambiguity in polyploids. Ten runs were performed for 

each level of K (K = 1–20), each with a 100,000 burn-in followed by 200,000 

iterations. To determine the most likely value of K we examined log probabilities 

and the change in log probabilities using the method described by Evanno et al. 

(2005), as implemented in STRUCTURE HARVESTER (Earl and vonHoldt 2012). 

Results from multiple runs were aligned and averaged using CLUMPP v.1.1.2  

(Jakobsson and Rosenberg 2007), and visualised using DISTRUCT v.1.1 (Rosenberg 

2004).  

Results 

cpSSR markers 

Across the 774 individuals, 58 alleles from 13 cpSSR loci were amplified resulting 

in 136 unique haplotypes. The number of alleles amplified at each locus ranged from 

two (LepCt-27c and -37b) to six (-02a, -15d, -29a, and -44c).  

The minimum joining network (Figure 5.2) reveals a complex relationship among 

haplotypes. Notably, some haplotypes are separated by a long branch (12 mutations) 

from the ‘core’ set of haplotypes. These divergent haplotypes are found in six 

populations at the south-western extent of the distribution (Figure 5.1) and are only 

present in tetraploid and pentaploid individuals suggesting that these individuals are 

of allopolyploid (hybrid) origin, with chloroplasts derived from a separate species.  

Of the total 136 haplotypes, 88 were found in diploids, 3 in triploids, 62 in 

autotetraploids, 8 in allotetraploids, and 1 in allopentaploids (Figure 5.3 and Table 

5.2).  Haplotype diversity (Table 5.1) was higher in diploid populations (H = 0.72–
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0.97), compared with autotetraploid and allotetraploid populations (H = 0–0.91 and 

0–0.60, respectively). Interestingly, the highest haplotype diversity was found at 

RES and LMG (H = 0.97); the latter represents the single sampled population of the 

rare and threatened L. gibsonii. 

The majority of individuals (56%) were characterised by a haplotype that was shared 

with one or more other individuals of the same cytotype. Given the large number of 

haplotypes, no one haplotype predominated and the most common haplotype was 

found in only 10% of individuals. This most abundant haplotype was found in all 

diploid and tetraploid populations in the northern part of the range except PAF. 

Despite haplotypes from different cytotypes being intermixed throughout the median 

joining network, only 22 of the 128 ‘core’ haplotypes were shared among diploids 

and tetraploids.  

 

 

 

Table 5.2. Genetic diversity measures for cytotypes in the Lepidosperma costale 
complex estimated using cpSSR and nSSR markers.  
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Genetic differentiation (Table 5.3) was lowest among diploid populations (Φ’PT  = 

0.148), intermediate among autotetraploid populations (Φ’PT  = 0.375), and highest 

among allotetraploid populations (Φ’PT  = 0.569). Comparisons among cytotypes 

(Table 5.3) revealed low genetic differentiation between diploids and autotetraploids 

(Φ’PT  = 0.069), and high differentiation between diploids and allotetraploids, and 

autotetraploids and allotetraploids (Φ’PT  = 0.949 and 0.954, respectively). Mantel 

tests revealed a significant relationship (P < 0.001) between genetic and geographic 

distance among diploid populations, but no significant isolation by distance among 

autotetraploid or allotetraploid populations (Table 5.4).   

nSSR markers 

Amplification of seven nSSR markers in 774 individuals generated a total of 135 

alleles. The number of alleles per locus ranged from 11 (Lg-D7 and -D112) to 30 

(-A12). The average number of alleles per locus increased linearly with ploidy level 

(Spearman’s ρ = 1, P < 0.05; Table 5.3). As expected, diploids had 1–2 alleles per 

locus, triploids had 1–3, tetraploids had 1–4, and pentaploids had 1–5; these data 

support our estimate of ploidy level based on flow cytometric determination of 

genome size.  

All diploids had unique multilocus allelic phenotypes. In contrast, the majority of 

polyploid individuals shared multilocus allelic phenotypes with other individuals 

from the same population, despite retaining high heterozygosity. Randomisation tests 

revealed that the observed clonal diversity in polyploid populations is unlikely to be 

produced by chance in a randomly mating, sexually reproducing population 

(P < 0.05 in all cases). This suggests that the repeated allelic phenotypes are not due 

to low marker resolution but are due to asexual reproduction. In many polyploid 

populations, a single clone predominated (ranging from 16% of individuals at MOL 

to 90% of individuals at KNO) and clones regularly extended > 20 m. The largest 

detected clone was found at DKA, where samples taken from either side of a 250 m 

exposed granite outcrop shared a multilocus phenotype.  

Measures of nSSR diversity and differentiation were largely congruent with cpSSR 

measures (Table 5.3 and Supplementary Table 5.1).  Diploid populations generally 

contained the highest level of diversity (as measured by number of alleles per locus 
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and clonal diversity), while polyploid populations contained higher observed 

heterozygosity (Tables 5.1 and 5.2). Genetic differentiation among populations 

(Table 5.3) was lowest among diploid populations (Φ’PT  = 0.086), intermediate 

among autotetraploid populations (Φ’PT  = 0.480), and highest among allotetraploid 

populations (Φ’PT  = 0.757). Comparing among cytotypes, differentiation was lowest 

between diploids and autotetraploids (Φ’PT  = 0.114), and higher between diploids 

and autotetraploids, and autotetraploids and allotetraploids (Φ’PT  = 0.237 and 0.194, 

respectively). Pairwise population differentiation revealed that the sampled 

L. gibsonii population was not necessarily more genetically differentiated than other 

diploid populations (Supplementary Table 5.1).  

 

 

 

Table 5.3. AMOVA-based estimates of differentiation within and among cytotypes in 
the Lepidospera costale complex using cpSSR and nSSR markers. Analyses were 
performed at the ramet level (all samples) and the genet level (only one sample per 
clone). All ΦPT and Φ’PT estimates were significantly different to zero (P < 0.05). 
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The majority of nSSR alleles were shared by more than one cytotype (Figure 5.3). 

Across all samples, nSSR markers had unimodal size distributions, except for 

Lg-B101 which was bimodal and allopolyploid individuals possessed a suite of 

alleles that were smaller than those found in diploids and autotetraploids. 

Surprisingly, given their putative incorporation of alleles from a foreign species 

complex, only 8/135 alleles were unique to allotetraploids, which may indicate a 

high level of homoplasmy in the nSSR data. Despite low estimates of clonal 

diversity in many autotetraploid populations, autotetraploids shared most of the 

nSSR allelic diversity found in diploids (Figure 5.3). Examination of allele sharing 

in mixed ploidy populations was limited by the extremely high allelic diversity in 

diploids. Nonetheless, at WUB, tetraploid individuals contained 16 private nSSR 

alleles and did not share haplotypes with sympatric diploids. In contrast, the 

autotetraploids at GAT shared haplotypes and all but three nSSR alleles with the 

sampled sympatric diploids. Triploids at WUB and RES did not possess any unique 

alleles and possessed alleles that were common in sympatric diploids and tetraploids.  

Results of the pairwise population PCoA are shown graphically in Figure 5.4a. 

Coordinate 1 explains 16% of the variation and separates allopolyploids from 

diploids and autopolyploids. Coordinate 2 explains 13% of the variation and 

separates most diploid populations from autopolyploid populations. An additional 

PCoA analysis was performed using pairwise differences among individuals in the 

mixed populations (Figure 5.4b). Although this PCoA explains only 15% of total 

variation it further indicates that the tetraploids at WUB are genetically distinct from 

the sympatric diploids. 

Results of Bayesian clustering analysis for diploids and autopolyploids are shown 

graphically in Figure 5.5. The greatest change in log probabilities ΔL(K) was at K = 

2; however, inspection of both ΔL(K) and raw log probabilities L(K) suggested that 

K = 4 captured the most meaningful level of genetic structure. For both K = 2 and 

K = 4 there was extensive admixture across populations, and most populations 

contained individuals with admixed ancestry from multiple clusters. At K = 2, the 

first cluster consisted of diploid and mixed populations located in the north-eastern 

area of the range, while the second cluster consisted of all other populations (data not 

shown). At K = 4, the ancestral cluster most strongly associated with each population 
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(based on population q) corresponded primarily with geography (Figure 5.5). The 

first cluster included the diploid populations around Mt Karara and included the 

nearby mixed population CAM; the second cluster contained the other diploid and 

mixed populations (RES and WUB) in the northern part of the range; the third 

cluster contained the southern populations including the mixed population GAT 

(except QUA); and the fourth cluster included the four northernmost tetraploid 

populations and a geographically disjunct southern tetraploid population, QUA.  

 

 

 

 

 

Table 5.4. Mantel tests of linearised genetic distance [ΦPT/(1- ΦPT)] and the natural 
logarithm of geographic distance across populations. Significant results (P < 0.05) 
shown in bold. 
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Figure 5.4. Principal coordinates analysis (PCoA) of nSSR markers. a) Pairwise 
average binary genetic distances between L. costale complex populations. In mixed 
populations, cytotypes were analysed separately. Diploids are indicated by circles, 
triploids by diamonds, autotetraploids by open triangles, allotetraploids by closed 
triangles, and pentaploids by squares. Coordinate 1 explains 16% of the variation, and 
coordinate 2 explains 13%. b) Pairwise binary genetic distances between individuals 
in the four mixed-cytotype populations. Diploids are indicated by open symbols, 
triploids by grey symbols, and tetraploids by black symbols. Coordinate 1 explains 8% 
of the variation, and coordinate 2 explains 7%. Codes to populations are the same as 
in Figure 5.1 and Table 5.1. 
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Figure 5.5. Bayesian clustering 
analysis of genetic variation at 7 nSSR 
markers in diploid and autopolyploid 
populations of the L. costale complex. 
Individual assignment into K = 4 
clusters is shown for the optimal 
alignment of 10 replicates. Each 
individual is shown as a horizontal line 
that is coloured in proportion to the 
estimated ancestry in each cluster. 
Codes refer to populations as 
illustrated in Figure 5.1 and described 
in Table 5.1. The ploidy of individuals 
in mixed populations is appended to 
the population name. Putative 
allopolyploids were not included in this 
analysis.  
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Discussion 

Auto- and allopolyploid origins 

The present study suggests that polyploids in the L. costale complex are of both 

autopolyploid and allopolyploid origin. An autopolyploid origin for some polyploids 

is suggested by the sharing of chloroplast haplotypes and the majority of nuclear 

alleles found in diploids. The high frequency and widespread distribution of 

autopolyploids is notable and suggests that they may be an important component of 

the extant diversity within the species complex, in contrast to earlier views that saw 

autopolyploids as being of marginal significance (reviewed in Soltis et al. 2014). An 

allopolyploid origin for some tetraploids and the single pentaploid genet is supported 

by their possession of divergent chloroplast haplotypes and several unique nSSR 

alleles. Allopolyploids occur at the southern distributional margin of the species 

complex and hybridisation with a resident species may afford these allopolyploids a 

means of incorporating new diversity, particularly locally adapted alleles (Petit et al. 

1999). Populations that contain allopolyploids were commonly associated with 

disturbed habitats (e.g. roadside clearings), and this may reflect the general vigour of 

allopolyploids and their ability to exploit new, disturbed environments (Ramsey and 

Schemske 1998; Soltis et al. 2004). As discussed in Chapter 2, polyploids and 

diploids were mostly geographically segregated at both larger (> 50 km) and smaller 

(> 100 m) scales, potentially driven in part by ecological preferences, but minority 

cytotype exclusion and historical contingency may also contribute. 

If we assume maternal inheritance of cpDNA (the predominant mode in 

angiosperms; Mogensen 1996), it appears that L. costale s.l. was the paternal donor 

in all allopolyploid cases, indicating unidirectional hybridisation may have given rise 

to the sampled allopolyploids. However, further instances of allopolyploidy in the 

complex, where L. costale s.l. was the maternal parent, may have been overlooked 

because of relatively low power to detect hybridisation with the nuclear 

microsatellites. In general, the nSSR makers exhibited an apparently high level of 

homoplasy, where similar character states are not derived from a common ancestor, 

which resulted in few unique alleles in allopolyploids when compared with diploids. 

Determining the other parent species was beyond the scope of this study and we plan 
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to employ markers more suited to the study of hybridisation (e.g. low copy nuclear 

genes) in the future (Chapter 6). Nonetheless, the present study provides the first 

evidence of putative allopolyploidy in Lepidosperma, and it remains an open 

question as to the frequency of allopolyploidy and its contribution to diversification 

in this species-rich genus.  

Asexual reproduction  

In diploid populations, all individuals sampled possessed a unique multilocus allelic 

phenotype, whereas in polyploid populations, individuals frequently shared allelic 

phenotypes. Identical allelic phenotypes were restricted to single polyploid 

populations, and many polyploid populations are characterised by few allelic 

phenotypes. Shared multilocus phenotypes can be observed if marker resolution is 

low (Paun et al. 2006). However, the markers used in the present study are highly 

polymorphic and a randomisation test revealed that the frequency of repeated 

genotypes is unlikely to be due to low marker resolution under simple sexual 

scenarios. Several biological processes can also result in repeated multilocus 

phenotypes (Halkett et al. 2005); however, the use of codominant nSSR makers in 

the present study revealed high heterozygosity at most loci in polyploids, which 

precludes explanations such as inbreeding, autogamy, and fixed heterozygosity as a 

likely cause of the observed uniformity (Halkett et al. 2005; Paun et al. 2006; Beatty 

et al. 2008). We therefore believe that asexual reproduction is the most likely 

explanation for the repeated heterozygous allelic phenotypes observed in polyploid 

populations.  

There is a well-recognised association between polyploidy and a shift to asexual 

reproduction, particularly for perennials (Richards 2003). It can be difficult to 

distinguish between vegetative clonality and apomictic seed production using 

population genetics techniques alone, especially in genera such as Lepidosperma that 

have low seed dispersal potential (Barrett 2013). However, vegetative clonality is 

unlikely because many repeated allelic phenotypes occur over large expanses of 

exposed rock (up to 250 m) and excavation failed to detect rhizomatous growth 

beyond the base of plants. Therefore, apomixis is most likely the primary mechanism 

of clonality in L. costale s.l. Complete confirmation of the existence of apomixis will 
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need further investigation involving genotyping progeny arrays (e.g. Andrew et al. 

2003), comparing the ploidy of embryo and endosperm (e.g. Kao 2007), or detailed 

embryological examination (e.g. Naumova 2008). Apomixis has several advantages 

over vegetative clonality, most of which are attributable to the seed itself: protection, 

desiccation tolerance, dormancy, dispersal, and freedom from disease (Richards 

2003). For newly formed polyploids in particular, facultative asexual reproduction 

may be beneficial because it can increase the number of flowering ramets per genet 

and help avoid minority cytotype exclusion, excessive inbreeding and the loss of 

heterozygosity (Burke et al. 2000; Kao 2007). A shift to facultative apomictic 

reproduction may be particularly relevant in fluctuating environmental conditions 

encountered in the drier areas of Australia (Andrew et al. 2003; Byrne et al. 2011). 

Patterns of genetic diversity 

Diploid populations were characterised by high genetic diversity within, and low 

divergence among, populations. Bayesian clustering analysis found a high degree of 

admixture among diploid populations and suggests that extant diversity is 

attributable to ancestry in three clusters that largely correspond with geography. The 

high diversity found within the population of L. gibsonii, a rare and threatened 

species restricted to a single banded ironstone range, highlights that geographically 

restricted species are not necessarily characterised by low genetic diversity 

(Broadhurst and Coates 2004; Ellis et al. 2006). Lepidosperma gibsonii is the only 

morphologically well-differentiated taxon in the L. costale complex, and diagnostic 

characters are evident in the field and under common garden conditions (pers. obs.). 

However, pairwise population comparisons indicated that L. gibsonii was not 

necessarily more genetically differentiated than other diploid populations. This low 

genetic differentiation is likely attributable to the long-lived perennial habit of 

Lepidosperma spp., combined with the large effective population size characteristic 

of diploid populations, which limits differentiation caused by genetic drift. It is thus 

likely that the limited differentiation of L. gibsonii is a consequence of shared 

ancestry rather than ongoing gene flow and suggests that morphological 

differentiation in L. gibsonii has proceeded more rapidly than genetic differentiation 

(e.g. Ramsey et al. 2008). 
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When compared with diploid populations, polyploid populations are characterised by 

higher heterozygosity and lower within-population genetic diversity, a pattern 

consistent with facultative apomictic reproduction (Paun et al. 2006). The highest 

genetic diversity in polyploids is found in populations that are associated with 

outcropping geological formations. For autopolyploids, the three populations that 

contain the lowest cpSSR and nSSR diversity (GOM, KNO, and QUA) are the only 

putative autopolyploid populations that are not associated with granite or banded 

ironstone outcrops. Furthermore, all allopolyploid populations are characterised by 

low genetic diversity and only one is associated with outcrops. This supports 

perspectives that banded ironstone and granite outcrops act as important refugia in 

southwest Western Australia, and that these refugial habitats play an important role 

in the maintenance of diversity during climatic oscillations (Byrne and Hopper 2009; 

Gibson et al. 2010). These results also suggest that populations not associated with 

outcrops may represent more recent colonisation events from refugial outcrop 

populations and that the low diversity in these younger populations is therefore 

attributable to founder effects (García-Verdugo et al. 2009). 

The origins of autopolyploids 

Despite the lower diversity in polyploid populations, autotetraploids share the 

majority of nSSR allelic diversity found in diploid populations. This allelic diversity 

may have come directly from diploids via ongoing gene flow, via multiple 

autopolyploid origins, or independently though accumulated mutation since 

polyploidisation (Luttikhuizen et al. 2007). Despite low genetic differentiation 

between diploids and autotetraploids, and their tendency to cluster together in 

Bayesian clustering analyses, ongoing gene flow between these cytotypes is 

unlikely. Firstly, the largely allopatric distribution of these cytotypes provides a 

considerable barrier to gene flow. Secondly, mixed populations are characterised by 

limited haplotype sharing (especially minor haplotypes), high differentiation and 

fixed nSSR allelic differences between cytotypes, and relatively few triploid 

individuals that could act as a triploid bridge and facilitate gene flow (Chapter 2). 

Rather, the high genetic diversity in autopolyploids suggests that autopolyploids 

arose recurrently early in the origin of the species complex. Bayesian clustering 
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divided autopolyploids into three main groups (based on the STRUCTURE cluster to 

which the majority of samples belong; Figure 5.5). The first autopolyploid genetic 

cluster does not contain diploids, which may indicate that the diploid progenitor of 

this genetic cluster is now extinct. The second autopolyploid genetic cluster includes 

only the diploid population from Gathercole Rock (GAT2; Figure 5.5), which is 

geographically isolated from all other diploid populations (Figure 5.1). This pattern 

may indicate that the GAT2 population is a rare diploid remnant of this local genetic 

group that is now mostly tetraploid. The third autopolyploid genetic cluster includes 

diploids, triploids, and tetraploids that sometimes co-occur in some populations. In 

summary, the Bayesian clustering analysis suggests at least three separate origins of 

autopolyploids in the L. costale species complex.  

Multiple origins are often cited as a potential source of allelic variation in polyploids 

and may be a large factor in their evolutionary success (Symonds et al. 2010). 

Multiple origins of polyploidy in the L. costale complex are further supported by the 

lack of correlation between genetic and geographic distance in polyploid populations 

and the high differentiation between neighbouring polyploid populations. The high 

allelic diversity found in autopolyploids certainly precludes an explanation based on 

segregation among progeny of a single, highly heterozygous, recently formed 

polyploid (Soltis and Soltis 1993). However, the likely non-recent origin of 

polyploids and the high variation within, and weak differentiation among, diploid 

populations precludes detailed analyses of the exact number of origins or polyploidy 

(Halverson et al. 2008). Because differentiation in sympatric populations was not 

lower than among allopatric populations and there was a lack of haplotype sharing in 

mixed populations, it appears that tetraploids are not always simply recently derived 

from local diploids. Given that most of the mixed populations are likely of secondary 

origin, it appears that triploids in these populations are a consequence (through 

hybridisation between cytotypes), rather than a cause, of mixed cytotype 

populations.  

Summary 

In this study, we investigated the genetic relationships within and among cytotypes 

in the Lepidosperma costale complex. The application of cpSSR and nSSR markers 
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revealed that polyploid individuals are of both autopolyploid and allopolyploid 

origin. Polyploidisation appears to be related to a shift to facultative asexual 

reproduction and consequently within-population and total diversity was higher in 

diploid populations. The considerable differentiation between polyploid populations, 

particularly allopolyploid populations, suggests that polyploidy has arisen 

independently multiple times. Polyploids of separate origin can exhibit remarkable 

differences in gene expression and morphology (Pires et al. 2004) that, in the case of 

the L. costale complex, may be propagated via apomixis in asexual lineages. Overall, 

this study has revealed that ploidy level significantly affects genetic diversity and is 

a likely driver of differentiation and possibly speciation within the L. costale species 

complex.  

References 

Andrew RL, Miller JT, Peakall R, Crisp MD, Bayer RJ. 2003. Genetic, 
cytogenetic and morphological patterns in a mixed mulga population: 
evidence for apomixis. Australian Systematic Botany 16: 69-80. 

Bandelt H-J, Forster P, Röhl A. 1999. Median-joining networks for inferring 
intraspecific phylogenies. Molecular Biology and Evolution 16: 37-48. 

Barrett RL. 2007. New species of Lepidosperma (Cyperaceae) associated with 
banded ironstone formations in southern Western Australia. Nuytsia 17: 37-
60. 

Barrett RL. 2012. Systematic studies in Cyperaceae tribe Schoeneae: Lepidosperma 
and allied genera. PhD thesis submitted to School of Plant Biology, 
University of Western Australia, Perth 

Barrett RL. 2013. Ecological importance of sedges: a survey of the Australasian 
Cyperaceae genus Lepidosperma. Annals of Botany 111: 499-529. 

Barrett RL, Wilson KL. 2012. A review of the genus Lepidosperma Labill. 
(Cyperaceae: Schoeneae). Australian Systematic Botany 25: 225-294. 

Beatty GE, McEvoy PM, Sweeney O, Provan J. 2008. Range-edge effects 
promote clonal growth in peripheral populations of the one-sided wintergreen 
Orthilia secunda. Diversity and Distributions 14: 546-555. 

Bentham G. 1878. Flora Australiensis: a description of the plants of the Australian 
Territory, vol VII. L. Reeve and Company, London 

Broadhurst LM, Coates DJ. 2004. Genetic divergence among and diversity within 
two rare Banksia species and their common close relative in the subgenus 
Isostylis R.Br. (Proteaceae). Conservation Genetics 5: 837-846. 

Burke JM, Bulger MR, Wesselingh RA, Arnold ML. 2000. Frequency and spatial 
patterning of clonal reproduction in Louisiana iris hybrid populations. 
Evolution 54: 137-144. 

Byrne M, Hopper SD. 2009. Granite outcrops as ancient islands in old landscapes: 
evidence from the phylogeography and population genetics of Eucalyptus 



	   95 

caesia (Myrtaceae) in Western Australia. Biological Journal of the Linnean 
Society 93: 177-188. 

Byrne M, Steane DA, Joseph L, Yeates DK, Jordan GJ, Crayn D, Aplin K, 
Cantrill DJ, Cook LG, Crisp MD, Keogh JS, Melville J, Moritz C, Porch 
N, Sniderman JMK, Sunnucks P, Weston PH. 2011. Decline of a biome: 
evolution, contraction, fragmentation, extinction and invasion of the 
Australian mesic zone biota. Journal of Biogeography 38: 1635-1656. 

Clark LV, Jasieniuk M. 2011. polysat: an R package for polyploid microsatellite 
analysis. Molecular Ecology Resources 11: 562-566. 

Clarke CB. 1908. New genera and species of Cyperaceae. Bulletin of Miscellaneous 
Information: Additional Series 8: 91. 

Cubas P, Pardo C, Tahiri H. 2005. Genetic variation and relationships among Ulex 
(Fabaceae) species in southern Spain and northern Morocco assessed by 
chloroplast microsatellite (cpSSR) markers. American Journal of Botany 92: 
2031-2043. 

de Lange PJ, Murray BG, Datson PM. 2004. Contributions to a chromosome atlas 
of the New Zealand flora - 38. Counts for 50 families. New Zealand Journal 
of Botany 42: 873-904. 

Doyle JJ, Doyle JL, Rauscher JT, Brown AHD. 2004. Evolution of the perennial 
soybean polyploid complex (Glycine subgenus Glycine): a study of contrasts. 
Biological Journal of the Linnean Society 82: 583-597. 

Dufresne F, Stift M, Vergilino R, Mable BK. 2014. Recent progress and 
challenges in population genetics of polyploid organisms: an overview of 
current state-of-the-art molecular and statistical tools. Molecular Ecology 23: 
40-69. 

Earl DA, vonHoldt BM. 2012. STRUCTURE HARVESTER: a website and 
program for visualising STRUCTURE output and implementing the Evanno 
method. Conservation Genetics Resources 4: 359-361. 

Ebert D, Hayes C, Peakall R. 2009. Chloroplast simple sequence repeat markers 
for evolutionary studies in the sexually deceptive orchid genus Chiloglottis. 
Molecular Ecology Resources 9: 784-789. 

Ellis JR, Pashley CH, Burke JM, McCauley DE. 2006. High genetic diversity in a 
rare and endangered sunflower as compared to a common congener. 
Molecular Ecology doi: 10.1111/j.1365-294X.2006.02937.x. 

Esselink GD, Nybom H, Vosman B. 2004. Assignment of allelic configuration in 
polyploids using the MAC-PR (microsatellite DNA allele counting-peak 
ratios) method. Theoretical and Applied Genetics 109: 402-408. 

Evanno G, Regnaut S, Goudet J. 2005. Detecting the number of clusters of 
individuals using the software STRUCTURE: a simulation study. Molecular 
Ecology 14: 2611-2620. 

Excoffier L, Smouse PE, Quattro JM. 1992. Analysis of molecular variance 
inferred from metric distances among DNA haplotypes: application to human 
mitochondrial DNA restriction data. Genetics 131: 479-491. 

Falush D, Stephens M, Pritchard JK. 2007. Inference of population structure 
using multilocus genotype data: dominant markers and null alleles. 
Molecular Ecology Notes 7: 574-578. 

Fehlberg SD, Ferguson CJ. 2012. Intraspecific cytotypic variation and complicated 
genetic structure in the Phlox amabilis-P. woodhousei (Polemoniaceae) 
complex. American Journal of Botany 99: 865-874. 



	   96 

García-Verdugo C, Fay MF, Granado-Yela C, Rubio De Casas R, Balaguer L, 
Besnard G, Vargas P. 2009. Genetic diversity and differentiation processes 
in the ploidy series of Olea europaea L.: a multiscale approach from 
subspecies to insular populations. Molecular Ecology 18: 454-467. 

Gibson N, Yates CJ, Dillon R. 2010. Plant communities of the ironstone ranges of 
South Western Australia: hotspots for plant diversity and mineral deposits. 
Biodiversity and Conservation 19: 3951-3962. 

Halkett F, Simon J-C, Balloux F. 2005. Tackling the population genetics of clonal 
and partially clonal organisms. Trends in Ecology & Evolution 20: 194-201. 

Halverson K, Heard SB, Nason JD, Stireman JO. 2008. Origins, distribution, and 
local co-occurrence of polyploid cytotypes in Solidago altissima 
(Asteraceae). American Journal of Botany 95: 50-58. 

Husband BC, Sabara HA. 2003. Reproductive isolation between autotetraploids 
and their diploid progenitors in fireweed, Chamerion angustifolium 
(Onagraceae). New Phytologist 161: 703-713. 

Jakobsson M, Rosenberg NA. 2007. CLUMPP: a cluster matching and permutation 
program for dealing with label switching and multimodality in analysis of 
population structure. Bioinformatics 23: 1801-1806. 

Kao RH. 2007. Asexuality and the coexistence of cytotypes. New Phytologist 175: 
764-772. 

Kosman E, Leonard KJ. 2005. Similarity coefficients for molecular markers in 
studies of genetic relationships between individuals for haploid, diploid, and 
polyploid species. Molecular Ecology 14: 415-424. 

Luttikhuizen PC, Stift M, Kuperus P, Van Tienderen PH. 2007. Genetic 
diversity in diploid vs. tetraploid Rorippa amphibia (Brassicaceae). 
Molecular Ecology 16: 3544-3553. 

Mahy G, Bruederle LP, Connors B, Van Hofwegen M, Vorsa N. 2000. Allozyme 
evidence for genetic autopolyploidy and high genetic diversity in tetraploid 
cranberry, Vaccinium oxycoccos (Ericaceae). American Journal of Botany 
87: 1882-1889. 

Meirmans PG, Hedrick PW. 2011. Assessing population structure: FST and related 
measures. Molecular Ecology Resources 11: 5-18. 

Meirmans PG, Van Tienderen PH. 2004. GENOTYPE and GENODIVE: two 
programs for the analysis of genetic diversity of asexual organisms. 
Molecular Ecology Notes 4: 792-794. 

Mogensen HL. 1996. The hows and whys of cytoplasmic inheritance in seed plants. 
American Journal of Botany 83: 383-404. 

Moody ME, Mueller LD, Soltis DE. 1993. Genetic variation and random drift in 
autotetraploid populations. Genetics 134: 649-657. 

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J. 2000. 
Biodiversity hotspots for conservation priorities. Nature 403: 853-858. 

Naumova TN. 2008. Apomixis and amphimixis in flowering plants. Cytology and 
Genetics 42: 179-188. 

Nees von Esenbeck CGD. 1846. Lepidosperma. In: Lehmann JGC (ed) Plantae 
Preissianae, vol 2(1). Meissner, Hamburg, pp 89-93 

Obbard DJ, Harris SA, Pannell JR. 2006. Simple allelic-phenotype diversity and 
differentiation statistics for allopolyploids. Heredity 97: 296-303. 

Paun O, Greilhuber J, Temsch EM, Hörandl E. 2006. Patterns, sources and 
ecological implications of clonal diversity in apomictic Ranunculus 



	   97 

carpaticola (Ranunculus auricomus complex, Ranunculaceae). Molecular 
Ecology 15: 897-910. 

Peakall R, Smouse PE. 2012. GenAlEx 6.5: genetic analysis in Excel. Population 
genetic software for teaching and research - an update. Bioinformatics 28: 
2537-2539. 

Peakall R, Whitehead MR. 2014. Floral odour chemistry defines species 
boundaries and underpins strong reproductive isolation in sexually deceptive 
orchids. Annals of Botany 113: 341-355. 

Petit C, Bretagnolle F, Felber F. 1999. Evolutionary consequences of diploid-
polyploid hybrid zones in wild species. TRENDS in Ecology & Evolution 14: 
306-311. 

Pires JC, Zhao J, Schranz ME, Leon EJ, Quijada PA, Lukens LN, Osborn TC. 
2004. Flowering time divergence and genomic rearrangements in 
resynthesized Brassica polyploids (Brassicaceae). Biological Journal of the 
Linnean Society 82: 675-688. 

Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population structure 
using multilocus genotype data. Genetics 155: 945-959. 

Ramsey J, Robertson A, Husband B. 2008. Rapid adaptive divergence in new 
world Achillea, an autopolyploid complex of ecological races. Evolution 62: 
639-653. 

Ramsey J, Schemske DW. 1998. Pathways, mechanisms, and rates of polyploid 
formation in flowering plants. Annual Review of Ecology and Systematics 29: 
467-501. 

Ramsey J, Schemske DW. 2002. Neopolyploidy in flowering plants. Annual 
Review of Ecology and Systematics 33: 589-639. 

Rice A, Glick L, Abadi S, Einhorn M, Kopelman NM, Salman-Minkov A, 
Mayzel J, Chay O, Mayrose I. 2015. The Chromosome Counts Database 
(CCDB) - a community resource of plant chromosome numbers. New 
Phytologist 206: 19-26. 

Richards AJ. 2003. Apomixis in flowering plants: an overview. Philosophical 
Transactions of the Royal Society of London  B 358: 1085-1093. 

Rosenberg NA. 2004. DISTRUCT: a program for the graphical display of 
population structure. Molecular Ecology Notes 4: 137-138. 

Rousset F. 1997. Genetic differentiation and estimation of gene flow from F-
statistics under isolation by distance. Genetics 145: 1219-1228. 

Sampson JF, Byrne M. 2012. Genetic diversity and multiple origins of polyploid 
Atriplex nummularia Lindl. (Chenopodiaceae). Biological Journal of the 
Linnean Society 105: 218-230. 

Soltis DE, Soltis PS. 1993. Molecular data and the dynamic nature of polyploidy. 
Critical Reviews in Plant Sciences 12: 243-273. 

Soltis DE, Soltis PS, Schemske DW, Hancock JF, Thompson JN, Husband BC, 
Judd WS. 2007. Autopolyploidy in angiosperms: have we grossly 
underestimated the number of species? Taxon 56: 13-30. 

Soltis DE, Soltis PS, Tate JA. 2004. Advances in the study of polyploidy since 
Plant Speciation. New Phytologist 161: 173-191. 

Soltis DE, Visger CJ, Soltis PS. 2014. The polyploidy revolution then...and now: 
Stebbins revisited. American Journal of Botany 101: 1057-1078. 

Soltis PS, Soltis DE. 2000. The role of genetic and genomic attributes in the success 
of polyploids. Proceedings of the National Academy of Sciences of the 
United States of America 97: 7051-7057. 



	   98 

Suda J, Krahulcová A, Trávníček P, Krahulec F. 2006. Ploidy level versus DNA 
ploidy level: an appeal for consistent terminology. Taxon 55: 447-450. 

Sunnucks P, De Barro PJ, Lushai G, Maclean N, Hales D. 1997. Genetic 
structure of an aphid studied using microsatellites: cyclic parthenogenesis, 
differentiated lineages and host specialization. Molecular Ecology 6: 1059-
1073. 

Symonds VV, Soltis PS, Soltis DE. 2010. Dynamics of polyploid formation in 
Tragopogon (Asteraceae): recurrent formation, gene flow, and population 
structure. Evolution 64: 1984-2003. 

Wilson KL. 1994. New taxa and combinations in the family Cyperaceae in eastern 
Australia. Telopea 5: 589-625. 

Wood TE, Takebayashi N, Barker MS, Mayrose I, Greenspoon PB, Rieseberg 
LH. 2009. The frequency of polyploid speciation in vascular plants. 
Proceedings of the National Academy of Sciences 106: 13875-13879. 

 

 

  



	   99 

Su
pp

le
m

en
ta

ry
 T

ab
le

 5
.1

. 
A

M
O

V
A

-b
as

ed
 (
Φ

P
T)

 p
op

ul
at

io
n 

pa
irw

is
e 

co
m

pa
ris

on
s 

fo
r 

cp
S

S
R

 d
at

a 
(a

bo
ve

 d
ia

go
na

l) 
an

d 
nS

S
R

 d
at

a 
(b

el
ow

 
di

ag
on

al
). 

A
na

ly
se

s 
w

er
e 

pe
rfo

rm
ed

 a
t t

he
 g

en
et

 le
ve

l (
on

ly
 o

ne
 s

am
pl

e 
pe

r c
lo

ne
) a

nd
 th

e 
nu

m
be

r o
f s

am
pl

es
 fr

om
 e

ac
h 

po
pu

la
tio

n 
ar

e 
sh

ow
n 

in
 

pa
re

nt
he

se
s.

 S
ig

ni
fic

an
t c

om
pa

ris
on

s 
(P

 <
 0

.0
5)

 s
ho

w
n 

in
 b

ol
d.

 

	  

 



	   100 

Chapter 6 

Auto- and allopolyploidy in the Lepidosperma costale 
species complex (Cyperaceae): evidence from 
nrDNA, cpDNA, and a low-copy nuclear gene 

Abstract 

Polyploidy (whole genome duplication) is an important driver of angiosperm 

evolution. Polyploids can arise within a single species (autopolyploidy) or through 

interspecific hybridisation (allopolyploidy). In this study we explore the origin of 

polyploids in the Lepidosperma costale species complex (Cyperaceae), and test the 

hypothesis that polyploids with intermediate morphology are of allopolyploid origin. 

We analysed sequence data from cpDNA (trnL-F intergenic spacer), the external 

transcribed spacer (nrDNA ETS), and a novel low-copy nuclear gene, arodeh (partial 

arogenate dehydrogenase) to gain insight into polyploid formation. Analyses 

indicated that while autopolyploids are the most common and widespread cytotype, 

morphologically intermediate individuals are allopolyploids that have formed 

through three independent interspecific hybridisation events with L. pruinosum sensu 

lato., L. scabrum s.l., and L. tenue s.l. Two allopolyploids maintained both parental 

copies of ETS, while only one copy of ETS was recovered from the third, 

highlighting the variable fate of nrDNA after reticulation. Although the potential of 

arodeh as a phylogenetic marker is yet to be thoroughly explored, our results reveal 

that it provides a powerful tool for discriminating between autopolyploids and 

allopolyploids, and for addressing species-level questions in Cyperaceae. Based on 

genetic and geographic data, we argue that allopolyploids likely formed through 

postpolyploid hybridisation between autopolyploids, rather than homoploid 

hybridisation between diploids followed by genome duplication. Collectively, these 

results provide the first strong evidence of hybridisation in Lepidosperma and 

suggest a breakdown of postzygotic interspecific reproductive barriers in 

autopolyploids.   
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Introduction 

Interspecific hybridisation and polyploidy are both important drivers of speciation 

and diversification in plants. More than 25% of plant species are involved in 

hybridisation with other species (Mallet 2005), which can increase intraspecific 

genetic diversity, transfer genetic adaptations, and result in new ecotypes or species 

(Rieseberg 1997). The frequency of interspecific hybridisation varies widely among 

lineages (Ellstrand et al. 1996), and although rare on a per-individual basis, natural 

hybridisation is common on a per-species basis (Mallet 2005). Polyploidy (whole 

genome duplication) is another pervasive force in plant evolution. Most plant 

lineages have undergone at least one round of polyploidisation (Soltis et al. 2010; 

Jiao et al. 2011), and 12–16% of species contain multiple ploidy levels (Soltis et al. 

2007; Wood et al. 2009; Rice et al. 2015). Similar to interspecific hybrids, 

polyploids often contain high levels of genetic diversity and can form new ecotypes 

or species (Soltis et al. 2010). Although polyploidy and hybridisation are separate 

processes (i.e. not all polyploids are hybrids and vice versa), there is a strong 

association between hybridisation and polyploidy (Vrijenhoek 2006; Mallet 2007; 

Paun et al. 2009).  

Polyploidy and hybridisation often occur together for two main reasons. On the one 

hand, polyploidisation frequently occurs during the stabilisation and establishment of 

newly-formed homoploid diploid hybrids (Paun et al. 2009). Polyploidisation of 

homoploid hybrids is driven by elevated production of unreduced gametes in hybrids 

(Ramsey and Schemske 1998), and the greater meiotic stability afforded by genome 

duplication (Otto 2007). On the other hand, polyploidy reduces reproductive barriers 

among species (Ramsey and Schemske 1998), which can result in extensive 

hybridisation among polyploids (Lewis and Szweykowski 1964; Richardson et al. 

2012). Consequently, botanists have typically recognised two general categories of 

polyploids: Allopolyploids, which are derived through interspecific hybridisation, 

and autopolyploids, which arise within a single species (Ramsey and Schemske 

2002). Allopolyploids have long been considered to be more frequent and successful 

than autopolyploids, although this conclusion may be partly attributable to their 

intermediate morphology, which makes them easier to recognise (Soltis et al. 2007). 

Traditionally, autopolyploids and allopolyploids were distinguished based on plant 
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morphology or observations of chromosome pairing, however, the origin of 

polyploids is now commonly inferred using molecular phylogenetic techniques. 

Many allopolyploids are discovered through incongruence between plastid DNA 

(cpDNA) and nuclear ribosomal DNA (nrDNA) phylogenies (Wendel and Doyle 

1999; Cronn and Wendel 2003; Kim and Donoghue 2008; Gehrke et al. 2010). 

However, because cpDNA is haploid, the utility of combined analysis of cpDNA and 

nrDNA for studying the origin of polyploids depends heavily on the fate of nrDNA 

after reticulation. In some cases, both parental copies of nrDNA are retained and it is 

possible to study hybridisation using only nrDNA (Sang et al. 1995; O'Kane et al. 

1996; Hodkinson et al. 2002). In other cases, recombination among nrDNA 

homeologues occurs, which can also provide insight into hybridisation (Hipp et al. 

2006; Gehrke et al. 2010). In most cases, however, nrDNA undergoes concerted 

evolution, which acts to homogenise the several hundred or thousand copies within a 

genome (Baldwin et al. 1995). If, after reticulation, nrDNA homogenisation 

proceeds away from the chloroplast donor then incongruence between nrDNA and 

cpDNA phylogenies will correctly indicate hybrid origin (Sang et al. 1997). If, on 

the other hand, homogenisation proceeds toward the chloroplast donor, nrDNA and 

cpDNA phylogenies will be congruent and fail to reveal reticulation (Lihová et al. 

2006).  

Given the complex evolutionary dynamics of nrDNA, investigations of polyploid 

origins can benefit from the addition of data from biparentally-inherited, low-copy 

nuclear genes (Sang 2002; Small et al. 2004; Kim et al. 2008). Low-copy nuclear 

genes are less likely to lose homeologous copies through concerted evolution 

(Wendel and Doyle 1999; Sang 2002; Doyle et al. 2004), and can therefore be used 

to trace parental lineages and identify donor taxa (Sang 2002). Consequently, low-

copy nuclear genes often provide the best evidence for the genetic origins of 

polyploids (Wendel 2000), and have helped explain incongruence between nrDNA 

and cpDNA phylogenies, and disentangle complex historical hybridisation events 

(Small et al. 1998; Cronn et al. 2002b; Doyle et al. 2004; Brysting et al. 2007; Levin 

et al. 2009). Development of low-copy nuclear markers is time and resource 

intensive because universal primers are rarely available and it is therefore necessary 

to identify suitable regions and develop primers for use in a specific taxonomic 
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group (Sang 2002). During marker development, regions with the appropriate rate of 

nucleotide substitution can be targeted to answer questions at the relevant 

phylogenetic level (Cronn et al. 2002b; Sang 2002; Small et al. 2004; Schlüter et al. 

2005; Álvarez et al. 2008). 

Here, we use three independent DNA markers with different modes of inheritance 

and sequence evolution to explore the origin of polyploids in the Lepidosperma 

costale species complex (Cyperaceae). The majority of polyploids in the species 

complex are thought to be autopolyploids (Chapter 5). However, we reasoned that 

some polyploids were likely of allopolyploid origin because Lepidosperma is 

perennial, outcrossing, and can reproduce asexually (Chapter 5; Miller and Barrett 

2010; Barrett 2013; Binks et al. 2015, in press), characteristics that are associated 

with elevated levels of hybridisation (Rieseberg 1997). The present study focuses on 

previously described polyploids from the southernmost populations of the L. costale 

complex that were hypothesised to be of allopolyploid origin based on their 

divergent chloroplast haplotypes (Chapter 5). We also investigated the origin of two 

further morphologically-intermediate entities that occur in sympatry with members 

of the L. costale species complex and other species of Lepidosperma. Given that 

morphological intermediacy is a reliable indicator of hybridity (Lihová et al. 2006), 

we hypothesised that these entities were also of hybrid origin. Our aims were to 

1) use cpDNA and nrDNA to investigate the origin of polyploids in the L. costale 

species complex and identify the parents of any hybrids, and 2) develop a low-copy 

nuclear gene to test the putative allopolyploid origin of individuals that possessed 

divergent chloroplast haplotypes. 

Methods 

Study system 

Lepidosperma (Cyperaceae: Schoeneae) is a genus of perennial, wind-pollinated 

sedges that occur in Australia, New Zealand and southern Asia (Barrett and Wilson 

2012). There are 73 named Lepidosperma species; however, up to a further 200 

species require formal taxonomic recognition (Barrett 2012). Lepidosperma spp. 

commonly occur in dry woodland or open forest habitats in contrast to many 
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Cyperaceae species, which prefer wetland habitats. Currently, 25 species of 

Lepidosperma are of conservation significance in Australia, 16 of these are found in 

Western Australia (Barrett 2012). This number is expected to increase significantly 

once species limits in the genus are fully resolved. 

The present study focuses on the Lepidosperma costale species complex, which 

occurs in the southwest Australian biodiversity hotspot (Myers et al. 2000). As 

currently understood, three species names (L. costale Nees, L. benthamianum 

C.B.Clarke, and L. gibsonii R.L.Barrett) and one phrase name (L. sp. Blue Hills) 

apply to the species complex. However, the application of these names is unclear 

(except for L. gibsonii, which is easily differentiated based on culm morphology and 

geographic distribution). Therefore, the species complex was considered a single 

entity (L. costale s.l.) in this study. Lepidosperma costale s.l. tends to occur on or 

near exposed geological formations such as granite outcrops and banded ironstone 

formations, extending from relatively high rainfall zones (> 700 mm) to the Western 

Australian transitional rainfall zone where annual rainfall is < 300 mm. Multiple 

DNA ploidy levels occur in L. costale s.l. (diploid, triploid, tetraploid, and 

pentaploid; Chapter 2) and a population genetics study revealed that some polyploid 

individuals at the southern extent of the distribution had divergent chloroplast 

haplotypes (Chapter 5). Although these individuals possessed angular culms very 

similar to L. costale s.l., closer inspection revealed that they possessed shorter and 

broader inflorescences than L. costale s.l., which supports the hypothesis that they 

are of allopolyploid origin.  

Sample selection and DNA extraction 

Samples were collected from diploid and tetraploid individuals from multiple 

populations across the range of the species complex, with a particular focus on 

individuals with divergent chloroplast haplotypes (Table 6.1). We also collected 

samples from individuals with biconvex culms from two sites where they occurred in 

sympatry with members of the L. costale complex (Table 6.1). Lepidosperma species 

with biconvex culms were not expected to occur in the study area because this is an 

unusual morphological trait exhibited by only a few species in the wet forests of 

southwest Western Australia. Furthermore, the populations of biconvex individuals 
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sampled were highly localised, and we therefore hypothesised that this culm 

morphology may represent an intermediate state, and therefore hybridisation, 

between angular-culmed L. costale s.l. and sympatric terete-culmed species. Fresh 

leaves and culms were collected from individuals and stored in liquid nitrogen 

before storage at -80 °C prior to DNA extraction. Genomic DNA was extracted 

using a modified version (Barrett 2012) of the procedure originally described by 

Carlson et al. (1991) and Csaikl et al. (1998). 

Determination of ploidy  

The ploidy of most samples had been previously determined using flow cytometry 

and nuclear microsatellites (Chapter 2 and Chapter 5), but these analyses did not 

include the accessions with biconvex culms. Fresh material from these accessions 

was not available for flow cytometry at the time of the present study, therefore, 

nuclear microsatellites were used to estimate their ploidy. 

cpDNA and nrDNA sequencing 

The trnL-trnF intergenic spacer (trnL-F) was amplified from the chloroplast genome 

using primers e and f and the protocol described in Taberlet et al. (1991). Partial 

external transcribed spacer (ETS) was amplified from nrDNA using primers ETS-1F 

and 18S-R and the protocol described in Starr et al. (2003). The trnL-F and ETS 

regions have been widely used for phylogenetic studies in Cyperaceae (e.g. Muasya 

et al. 2001; Dhooge et al. 2003; Roalson and Friar 2004b; Zhang et al. 2004; Hipp et 

al. 2006; Slingsby et al. 2014; Yano et al. 2014), including Lepidosperma (Barrett 

2012). Polymerase chain reactions (PCR) with a total volume of 50 µL were used to 

amplify DNA using GeneAmp (Applied Biosystems, Forster City, USA) or Palm-

Cycler (Corbett Life Science, Concord, Australia) thermal cyclers. PCR products 

were visualised using a 2% agarose gel stained with SYBRSafe DNA gel stain 

(Invitrogen, Carlsbad, USA) to confirm a single product. PCR products were 

purified using AMPure beads (Agencourt Bioscience, Berverley, USA) and forward 

and reverse cycle sequence reactions were performed using the PCR primers and the 

BigDye terminator method (Applied Biosystems, Foster City, USA). Sequence 

determination was performed using ABI automated sequencers at Macrogen Inc. 
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(Seoul, Republic of Korea). For the two accessions with biconvex culms, direct 

sequencing of ETS produced unreadable heterozygous sequences, apparently due to 

superimposition of divergent sequences. For these accessions, PCR was repeated 

using SAHARA high fidelity polymerase (Bioline, Alexandria, Australia) to 

minimise artificial mutations, and products were cloned before sequencing (see 

below). 

Low-copy nuclear gene development 

To provide an independent assessment of the origin of tetraploid plants with 

divergent chloroplast haplotypes (Chapter 5), we used DNA sequence data from a 

low-copy nuclear gene. We targeted arogenate dehydrogenase (arodeh), an enzyme 

involved in the synthesis of the amino acid tyrosine (Holding et al. 2010). Arodeh 

was previously used to explore relationships within grass genera and in both 

instances gave results congruent with plastid and nrDNA phylogenies (Christin et al. 

2012a; Christin et al. 2012b), and provided evidence for an allopolyploid origin for 

Thyridolepis multiculmis (Poaceae; Christin et al. 2012b). In monocotyledons, 

arodeh is a three- or four-member family, with one member significantly more 

divergent than the others (Holding et al. 2010). We targeted the most divergent copy, 

AroDH-4 (Holding et al. 2010), to minimise the risk of non-target amplification and 

PCR recombination. 
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Table 6.1. Plant material analysed in the present study.  
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Table 6.1. Continued. 
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To identify conserved priming sites that would allow amplification of arodeh across 

Cyperaceae, we aligned transcriptome data from L. gibsonii (M. Barrett, unpublished 

results) and Neurachne lanigera (Poaceae; M. Ludwig, unpublished results) with a 

corresponding sequence from Oryza sativa (Os06g0542200). Primers were then 

designed to anneal to conserved regions within exon 2 (AroF1: 

ATGTTYGGSCCRGARAGTG) and exon 6 (AroR2: 

GCYCTRTCRAGRTTMTCMATCTG; Figure 6.1). We chose this portion of arodeh 

to balance the amount of intron sequence for examining relationships among closely 

related species, with exon sequence that could be used to assist alignment and 

identify paralogous copies. To confirm that the targeted member of the arodeh gene 

family was amplified and sequenced, we analysed data generated in the present study 

with sequences from the Poaceae arodeh gene family (see below).  

Arodeh was amplified using the primers described above and a Mastercycler thermal 

cycler (Eppendorf, Hamburg, Germany). The PCR contained 2 U SAHARA high 

fidelity polymerase, 2.5 µL SAHARA 10X buffer, 4 mM MgCl2, 2 mM each dNTP, 

0.5 µM each primer, and ~100 ng template DNA in a total volume of 25 µL. PCR 

conditions were: 95 °C for 10 min, followed by 36 cycles of 95 °C for 1 min, 50 °C 

for 1 min, and 68 °C for 1.5 min. Final extension was 68 °C for 20 min. 

 

 

 

Figure 6.1. Diagram of the portion of the Lepidosperma arogenate dehydrogenase 
(arodeh) gene used in this study. Exons are abbreviated to “Ex” and are numbered 
according to the Oryza sativa gene (Genbank accession: Os06g0542200). Exon and 
intron lengths are to scale. The dashed line below the gene indicates the 
approximately 1100 bp region sequenced. Arrows indicate the location and direction of 
PCR primers (AroF1 and AroR2). 
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Cloning 

Cloning was carried out for all arodeh amplifications and for two ETS 

amplifications that produced heterozygous signals when the sequences were 

determined directly. PCR products were purified using the Wizard kit (Promega, 

Alexandria, Australia). PCR products (1 µL) were inserted into the pJET1.2 cloning 

vector (Fermentas, Hanover, USA) and then used to transform competent 

Escherichia coli cells using the heat shock method. Transformed cells were spread 

on selective ampicillin medium overnight at 37 °C and colony PCR was used to 

identify colonies that contained inserts of the expected size. Inserts were sequenced 

from purified plasmids using the BigDye terminator method and the sequencing 

primers provided with the cloning vector. Products were separated using ABI 

automated sequencers at the Ramaciotti Centre for Genomics (Sydney, Australia). 

Cloned sequences with minor differences were considered to have arisen from the 

introduction of polymerase errors during amplification and consensus sequences 

were corrected based on sequences from the same individual. To detect PCR-

mediated recombination, which is a well-known problem when cloning PCR 

products from polyploids (Cronn et al. 2002a), cloned sequences were analysed 

using DualBrothers v1.1.1, with a window width of 200 and a step width of 10 

(Suchard et al. 2003; Minin et al. 2005).  

 

 

Table 6.2. Summary of sequence matrices used for phylogenetic analysis.  
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Phylogenetic analyses 

Sequences were manually edited using Geneious (v5.6.4; Kearse et al. 2012) and 

aligned using MAFFT (Katoh et al. 2002). Further adjustments to the alignments 

were made manually and gaps were treated as missing data in all analyses. Four 

matrices were analysed (ETS, trnL-F, arodeh exon, and arodeh). The ETS and 

trnL-F matrices included relevant sequence data from Barrett (2012; Table 6.1). The 

arodeh exon alignment included exons 3-5 from data generated in the present study 

and sequences from Zea, Oryza, and Sorghum used in Holding et al. (2010). Based 

on previous studies (Holding et al. 2010; Barrett 2012), Tetraria capillaris was 

chosen as the outgroup for the ETS and trnL-F analyses, L. resinosum for the arodeh 

analysis, and Zea mays AroDH-1 for the arodeh exon analysis. Best-fit models of 

nucleotide evolution were chosen using Jmodeltest v2.1.7 (Darriba et al. 2012) and 

the Bayesian information criterion (ETS, arodeh, and arodeh exons: HKY + G; trnL-

F: HKY). Bayesian analysis was performed as implemented in MrBayes v2.0.5 

(Huelsenbeck and Ronquist 2001). For each of the four datasets, two independent 

runs of four chains (Markov Chain Monte Carlo) were run for 1,000,000 generations. 

Chains started with a random tree and were sampled every 200 generations. 

Majority-rule consensus trees were computed with 200,000 chains excluded as burn-

in. In each case, convergence was achieved as indicated by stationarity in analysis 

parameters and standard deviations of split frequencies < 0.01 (data not shown). 

  

Table 6.3. Matrix of variable trnL-F sites for L. costale, L. asperatum, L. aff. tenue, 
L. aff. scabrum and putative allopolyploids. Positions are numbered with reference to 
the L. costale OPP510 sequence. Dashes (-) indicate that the character state is the 
same as L. costale OPP510.  
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Results 

Ploidy of accessions with biconvex culms 

Analysis of accessions with biconvex culms using nuclear microsatellites revealed 

the accession from Wubin Rocks had three to four alleles per locus, and the 

accession from Kalguddering Rock had two to three alleles per locus. These results 

suggest that both accessions are tetraploids. 

Nuclear ribosomal DNA dataset 

The ETS alignment contained simple sequence repeats and indels that were difficult 

to align, and these ambiguous regions were excluded from analysis. The final matrix 

included 47 accessions and 549 characters, of which 193 (35%) were variable and 

104 (19%) were potentially parsimony informative (Table 6.2). A single ETS 

genotype was recovered from all accessions using direct sequencing, except the two 

accessions with biconvex culms. For these two accessions, PCR products were 

cloned and seven clones from each accession were sequenced. Two different ETS 

sequences were recovered and these were both included independently in the 

phylogenetic analysis. Bayesian analysis of ETS data resulted in a majority rule 

consensus tree shown in Figure 6.2. The L. costale species complex was strongly 

supported as monophyletic (excluding putative allopolyploids), and included two 

well-supported clades. The first clade includes only diploid accessions collected 

from Wubin Rocks. The second clade contains the remaining L. costale s.l. 

accessions, including tetraploid samples from Wubin Rocks and all putative 

allopolyploids with divergent chloroplast haplotypes. Both accessions with biconvex 

culms possessed one ETS homeologue that resolved in the main L. costale s.l. clade. 

The accession from Kalguddering Rock possessed a second homeologue that was 

placed in a well-supported clade that included L. pruinosum, and the accession from 

Wubin Rocks possessed a second homeologue that was placed in a well-supported 

clade with L. tenue.  
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Plastid DNA dataset 

The trnL-F alignment of 37 sequences was 407 characters long and included 23 (6%) 

variable positions and only five (1%) potentially parsimony informative positions 

(Table 6.2). Consequently, the Bayesian majority-rule consensus tree of cpDNA data 

(Figure 6.3) was not as well resolved as that inferred from nrDNA data. Diploid and 

putative autotetraploid L. costale s.l. accessions were placed in a moderately 

supported clade that included the two accessions with biconvex culms, 

L. angustatum, L. asperatrum, L. ferricola, and L. gladiatum. Despite the lack of 

resolution in the trnL-F analysis, incongruence in the position of the tetraploids with 

divergent haplotypes was apparent. These accessions were placed together in a well-

supported (but poorly resolved) clade, together with L. scabrum s.l. Polyploids with 

divergent haplotypes are therefore placed in the L. scabrum s.l. clade by cpDNA and 

in the L. costale s.l. clade by nrDNA, which reveals that nrDNA homogenisation has 

proceeded toward L. costale s.l. Both accessions with biconvex culms had trnL-F 

sequences identical to L. costale. s.l. For the accession collected from Wubin Rocks, 

the two putative parents based on ETS sequence data (L. costale s.l. and L. tenue s.l.) 

differ by a 1-bp substitution in trnL-F (Table 6.3), which indicates that L. costale s.l. 

was the chloroplast donor. For the accession collected from Kalguddering Rock, the 

two putative parents based on ETS sequences (L. costale s.l. and L. pruinosum s.l., 

the latter is represented by the L. asperatum accession in the cpDNA dataset) have 

identical trnL-F sequences so the chloroplast donor cannot be distinguished using 

these data.  

Low-copy nuclear DNA dataset 

In total, 73 arodeh clones were sequenced from 14 accessions. Nine clones were 

apparent recombinants between homeologous sequences and these were excluded 

from analysis. After removal of identical or very similar clones retrieved from a 

single accession, 25 clones were included in the final matrix.  

To confirm sequenced copies came from the targeted member of the arodeh family, 

we aligned data from exons 3–5 generated in the present study with AroDH1–4 

sequences from Zea, Oryza, and Sorghum used in Holding et al. (2010). The 

alignment of these exons did not require indels and there were no unexpected codons 
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in the alignment. This alignment included 17 accessions and 225 characters, of 

which 110 (49%) were variable and 95 (42%) were potentially parsimony 

informative. The Bayesian analysis of these data produced the consensus tree shown 

in Figure 6.4. All arodeh sequences generated in the present study resolved in a 

strongly supported clade that contained the Zea mays AroDH–4 member of the gene 

family, indicating that the targeted gene was amplified. 

To explore the putative allopolyploid origin of accessions with divergent haplotypes, 

we aligned arodeh intron and exon data for 25 clones from 14 accessions. Parts of 

the data matrix that contained simple sequence repeats or were difficult to align were 

removed from the dataset resulting in a total of 1078 aligned base pairs, of which 

161 (15%) were variable and 79 (7%) were potentially parsimony informative. The 

Bayesian majority-rule consensus tree of arodeh is depicted in Figure 6.5. All 

arodeh sequences from diploid L. costale. s.l. accessions were placed within a single 

well-supported clade. All sequences obtained from putative autotetraploids fell 

within the same clade, supporting an autopolyploid origin for these accessions. In 

contrast, two types of homeologues were recovered from the putative allopolyploid 

accessions and these homeologues resolved in two different clades. The first 

homeologue was placed in the L. costale s.l. clade reflecting the pattern in the ETS 

data, while the second homeologue was placed in the L. scabrum s.l. clade reflecting 

the pattern in the trnL-F data. This pattern strongly supports independent 

allopolyploid ancestries for these two accessions.  

	    



	   115 

	  
	  
	  
	  

	  
 
Figure 6.2. Majority rule consensus topology inferred from nuclear ribosomal external 
transcribed spacer (nrDNA ETS) data. Posterior probabilities of the nodes are 
indicated above branches as percentages. Tetraria capillaris was designated as the 
outgroup. Accessions are denoted by species epithet and collection number 
(according to Table 6.1), followed by the clone number for the two polyploid 
accessions with biconvex culms. Putative allopolyploid accessions with divergent 
haplotypes (Chapter 5) are indicated in red. Putative allopolyploid accessions with 
biconvex culms are indicated in blue and green. 
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Figure 6.3. Majority rule consensus topology inferred from chloroplast trnL-F 
intergenic spacer (cpDNA trnL-F) data. Posterior probabilities of the nodes are 
indicated above branches as percentages. Tetraria capillaris was designated as the 
outgroup. Accessions are denoted by species epithet and collection number 
(according to Table 6.1). Putative allopolyploid accessions with divergent haplotypes 
(Chapter 5) are indicated in red. Putative allopolyploid accessions with biconvex culms 
are indicated in blue and green. 

	    



	   117 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
 
 
Figure 6.4. Majority rule consensus topology inferred from partial arogenate 
dehydrogenase (arodeh) sequences. The tree was created using data from exons 3–5 
from three grasses and arodeh sequences generated in the present study. Genus-
species codes are prepended to the accession number: Os, Oryza sativa; Sb, 
Sorghum bicolor; Zm, Zea mays. Sequences generated in the present study are most 
closely related to the targeted AroDH–4, the most divergent member of the arodeh 
gene family. See Holding (2010) for further details. Thickened braches have Bayesian 
posterior probability > 0.95. 
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Figure 6.5. Majority rule consensus topology inferred from partial arogenate 
dehydrogenase (arodeh) data. Accessions are denoted by species epithet and 
accession number (according to Table 6.1). Ploidy is given for L. costale s.l. 
accessions (2x or 4x) based on Chapters 2 and 5. The number of clones indicated 
represents the total number of clones sequenced; for the number of clones in the final 
data matrix see Table 6.1. Four L. costale s.l. accessions (GOM05, WUB16, CAM26, 
KOO11) are inferred to be autotetraploids because all clones resolved in a single 
clade with sampled diploids. Two L. costale s.l. accessions (GOOM04, CAT04; 
indicated in red) are inferred to be allotetraploids because clones resolved in the 
L. costale s.l. and the L. scabrum s.l. clades. Thickened braches have Bayesian 
posterior probability > 0.95.  
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Discussion 

The origin of polyploids 

This study revealed that polyploids in the Lepidosperma costale species complex 

have a variety of origins. Analysis of sequence data from nrDNA, cpDNA, and 

arodeh regions indicates that the majority of tetraploids in the species complex are 

autopolyploids. These autopolyploids maintain relatively high levels of genetic 

diversity (Chapter 5) and their widespread distribution (Figure 6.6) may derive from 

greater genomic flexibility and adaptive potential compared with diploids (Parisod et 

al. 2010). In contrast, data from the putative hybrid entities were consistent with an 

allopolyploid origin. Although similar results could be caused by lineage sorting, 

horizontal gene transfer, or sampling non-homologous genes (Wendel and Doyle 

1999; Hughes et al. 2006; Gehrke et al. 2010), the data provide strong evidence for 

an allopolyploid origin for the following reasons. First, incongruence between 

nrDNA and cpDNA phylogenies is only found in polyploids, which provides support 

for hybridisation over lineage sorting (Kim and Donoghue 2008). Second, 

incongruence between nrDNA and cpDNA phylogenies was supported by data from 

an independent low-copy nuclear gene. Third, multiple copies of arodeh and ETS 

from polyploid individuals were placed in different clades, which included taxa that 

occur in sympatry with L. costale s.l. Finally, phylogenetic incongruence and 

multiple gene copies were associated with morphological intermediacy, which is 

indicative of hybridisation (Lihová et al. 2006). Therefore, these polyploids are 

considered to be of allopolyploid origin and these results provide the first strong 

evidence for interspecific hybridisation in Lepidosperma. 

The three allopolyploid entities discovered in this study appear to have formed 

through hybridisation with three phylogenetically distinct Lepidosperma taxa that 

occur widely in southwest Western Australia, including in sympatry with 

L. costale s.l. (Barrett 2012; Barrett and Wilson 2012). We did not seek to identify 

parents beyond the level of clade because Lepidosperma is currently undergoing 

taxonomic revision and > 200 species remain to be formally recognised (Barrett 

2012). Individuals with divergent chloroplast haplotypes first identified in Chapter 5 

were confirmed as allopolyploids with a L. costale s.l. × L. scabrum s.l. hybrid origin 
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based on evidence from three independent markers. The allopolyploid origin of this 

entity is supported by possession of an L. costale-type ETS sequence and an 

L. scabrum-type trnL-F sequence. Further evidence comes from possession of two 

types of arodeh homeologues — one very similar to L. costale s.l. and the other very 

similar to L. scabrum s.l. If maternal chloroplast inheritance is assumed, then 

L. scabrum s.l. was the maternal parent. The L. costale s.l. × L. scabrum s.l. 

allopolyploid is common and widespread throughout the southern extent of the 

species complex (Figure 6.6). 

The two further allopolyploids, originally identified based on their intermediate 

biconvex culms, each possessed two divergent ETS sequences, which support the 

hypothesis of an allopolyploid origin. The individual collected from Wubin Rocks 

had one ETS sequence that resolved in the L. costale s.l. clade and one that resolved 

in the L. tenue s.l. clade. This individual possessed a trnL-F sequence that shared a 

1-bp substitution with L. costale s.l., which suggests that L. costale s.l acted as the 

maternal parent. The third instance of allopolyploidy at Kalguddering Rock involved 

an individual that also possessed two ETS sequences — one identical to 

L. costale s.l. and the other similar to L. pruinosum s.l. The trnL-F region is not 

sufficiently variable to distinguish L. costale s.l. and L. pruinosum s.l., therefore the 

direction of hybridisation cannot be ascertained. The full geographic extent of the 

two allopolyploids with biconvex culms has not been determined and they are 

currently only known to occur in the populations from which they were collected 

(Figure 6.6). Interestingly, the other putative parents of allopolyploids with biconvex 

culms occur in clades that contain only species with terete culms. This finding 

supports the hypothesis that the biconvex culms of these allopolyploids represent an 

intermediate state between the angular culms of L. costale s.l. and the terete culms of 

the other parent.  
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Figure 6.6. Map showing the distribution of L. costale s.l. based on the results of the 
present study, and Chapters 2 and 5. Symbols demonstrate co-occurrence of 
cytotypes, but do not represent relative frequencies within populations. 
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Pathways to allopolyploidy  

In the vast majority of instances, natural allopolyploids are presumed to have arisen 

via genome duplication after homoploid hybridisation between diploid species 

(Widmer and Baltisberger 1999; Mallet 2005; Kim and Donoghue 2008; Paun et al. 

2009). However, allopolyploids can also arise through hybridisation between 

autopolyploids (Ramsey and Schemske 1998). This latter pathway may be an 

important but overlooked pathway to allopolyploid formation especially given that 

autopolyploids are more common than once thought and postzygotic interspecific 

reproductive barriers frequently break down in autopolyploids (Ramsey and 

Schemske 1998; Soltis et al. 2007; Richardson et al. 2012). Indeed, there are ever 

more examples where postpolyploid hybridisation has been involved in the 

formation and maintenance of allopolyploids, for example in Arabidopsis, 

Artemesia, Crataegus, Capsella, and Rorippa (Slotte et al. 2008; Lo et al. 2010; Stift 

et al. 2010; Jørgensen et al. 2011; Richardson et al. 2012). The pathway to 

allopolyploid formation has a fundamental influence on genetic outcomes 

(Szadkowski et al. 2011; Tayalé and Parisod 2013); however, inferring the pathway 

can be difficult and it is often necessary to consider multiple lines of evidence 

(Hegarty et al. 2013). 

Evidence from the present study suggests that allopolyploids formed through 

hybridisation between autotetraploids because: 1) interspecific hybridisation was 

only observed in polyploids, not diploids; 2) in L. costale s.l., autopolyploids are 

more common and widespread than diploids; 3) tetraploid L. tenue s.l. and tetraploid 

L. scabrum s.l. occur in sympatry with the allotetraploids (unpublished results; 

ploidy of L. pruinosum s.l. has not been studied); 4) all three allopolyploid entities 

occur in sympatry with autotetraploid L. costale s.l., 5) only one of the three 

allopolyploids occur in sympatry with diploid L. costale s.l.; and 6) in the case where 

an allopolyploid does co-occur with diploid L. costale s.l., the allopolyploid does not 

share the unusual ETS sequence characteristic of diploids in the population but 

rather shares the ETS sequence characteristic of the sympatric autotetraploids. 

Although genome duplication after hybridisation between diploids cannot be ruled 

out, the studied allopolyploids likely formed through homoploid hybridisation 

among autopolyploids in all three cases examined. These data suggest that 
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autopolyploidy may drastically reduce postzygotic barriers to interspecific 

hybridisation in Lepidosperma and further experiments to compare barriers at the 

diploid and polyploid level should be undertaken to explore this idea. 

The fate of nrDNA after reticulation 

NrDNA has a variety of fates after reticulation (Álvarez and Wendel 2003). In the 

case of the two allopolyploids with biconvex culms, both copies of nrDNA were 

maintained and could be used to infer reticulation and identify parental lineages. 

Generally, both copies of nrDNA are maintained for only the first few generations 

after hybridisation (Quijada et al. 1997; Widmer and Baltisberger 1999; Brysting et 

al. 2011), which suggests that these allopolyploids are relatively young. In the case 

of L. costale s.l. × L. scabrum s.l. allopolyploids, only one copy of ETS was 

recovered using direct sequencing. This suggests that these allopolyploids are older 

than the two allopolyploids with biconvex culms, a conclusion that is consistent with 

their wider geographic distribution. This finding also highlights that inferring 

polyploids with only a single nrDNA repeat type are autopolyploids may be 

premature. In the population genetics study in which the L. costale s.l. × 

L. scabrum s.l. allopolyploids were first identified, it was hypothesised that this 

allopolyploid had multiple origins (Chapter 5). If this hypothesis is correct, then 

L. scabrum s.l. has acted as the maternal parent and nrDNA has homogenised toward 

the paternal L. costale s.l. copy of nrDNA on multiple occasions (i.e. unidirectional 

hybridisation). In many allopolyploids, homogenisation of nrDNA can proceed 

toward different parental copies in single taxa such that they become fixed for 

alternate repeat types (bidirectional concerted evolution; Wendel and Doyle 1999; 

Doyle et al. 2004; Kovarik et al. 2005). Application of a low-copy nuclear gene to 

putative autopolyploids supported their autopolyploid origin in every case, which 

confirms that these accessions are indeed autopolyploids and not allopolyploids in 

which bidirectional concerted evolution has acted to erase evidence of reticulation 

(e.g. Kim et al. 2008). 
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Arodeh 

To date, only one low-copy nuclear marker has been developed for Cyperaceae 

(alcohol dehydrogenase; Roalson and Friar 2004a), and there is a need to develop 

further low-copy regions to provide independent estimates of the relationships 

among species (Starr and Ford 2009). In the present study we developed primers for 

and sequenced arodeh, which provided an explanation for incongruence between 

nrDNA and cpDNA phylogenies and supported the hybrid origin of the L. costale s.l. 

× L. scabrum s.l. allopolyploids. It is difficult to compare mutation rates among all 

three DNA regions used in this study because of different sampling strategies. 

However, comparing the number of DNA substitutions across two accessions for 

which data are available for all three regions reveals that arodeh has a nucleotide 

substitution rate equivalent to ETS, the most variable phylogenetic marker widely 

used in Cyperaceae (both ~0.05 substitutions / base), and a much higher rate than 

trnL-F (~0.002 substitutions / base). The relatively high substitution rate of arodeh 

suggests it may be useful for species-level phylogenetic studies in Lepidosperma and 

across Cyperaceae. In grasses, phylogenies based on arodeh were compatible with 

those based on cpDNA and nrDNA; however, relationships among species were 

generally poorly supported (Christin et al. 2012a; Christin et al. 2012b). Although 

the potential of arodeh as a phylogenetic marker in Cyperaceae is yet to be 

thoroughly explored, the results reported here demonstrate that it provides a 

powerful tool for discriminating between autopolyploids and allopolyploids, and for 

addressing species-level questions.  

Conclusions 

This study revealed that both autopolyploids and allopolyploids occur in the 

L. costale species complex. Autopolyploids are common and widespread, which 

adds to the growing body of evidence that autopolyploids possess increased genomic 

flexibility that allows them to adapt and persist across heterogeneous environments 

(Soltis et al. 2007; Parisod et al. 2010). Allopolyploids have formed repeatedly and 

recently (Chapter 5), and will therefore be useful for studying the initial molecular 

and cytological impacts of allopolyploidy. Future studies that compare the fitness of 

diploids, autopolyploids, and allopolyploids under different environmental 
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conditions will shed light on the ecological consequences of polyploidy and 

hybridisation in Lepidosperma. In other genera, some species are much more 

commonly involved in hybridisation than their congeners (e.g. Kim et al. 2008), 

therefore it remains to be discovered whether frequent hybridisation is a feature of 

L. costale s.l. only, or widespread across Lepidosperma. Further molecular studies in 

Lepidosperma are necessary to quantify the contribution of polyploidy and 

hybridisation to the diversification of this species-rich genus.  
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Chapter 7 

General discussion 

This thesis employed extensive and intensive study of ploidy distribution, novel 

nuclear and chloroplast microsatellite markers, and a novel low-copy nuclear gene to 

provide the first evidence for polyploidy, apomixis, and hybridisation in 

Lepidosperma sedges. These processes contribute to biodiversity and it has been 

demonstrated that they have led to complicated evolutionary histories within the 

L. costale species complex. For example, four DNA ploidy levels occur in the 

species complex: diploid, triploid, tetraploid, and pentaploid. Furthermore, some 

polyploids are of hybrid origin (with L. scabrum sensu lato, L. pruinosum s.l., and 

L. tenue s.l.). The following discussion begins by summarising the major entities 

within the species complex. The taxonomic treatment, conservation, and ecological 

restoration of these entities is then discussed. Finally, future research directions are 

considered, with a particular focus on the role of polyploidy, hybridisation, and 

apomixis in generating and maintaining biodiversity in one of Australia’s most 

species-rich cyperaceous genera. 

Major entities in the L. costale species complex: a synthesis 

Synthesis of the preceding chapters and other investigations of the L. costale 

complex (Miller and Barrett 2010) allows identification of multiple entities within 

the species complex. Based on the distribution and frequency of ploidy levels and 

hybrids, combined with molecular data and morphological observations, recognition 

of eight entities is proposed. Four of these are considered “major” entities worthy of 

taxonomic recognition (Table 7.1 and Figure 7.1) and their characteristics are 

outlined below. The remaining four “minor” entities are hybrids or odd ploidy levels, 

and occur at very low frequencies, usually intermixed with other entities, and so are 

likely to be rare local variants maintained only through apomixis or clonality, and as 

such probably do not warrant formal recognition at this stage. 
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Major entity 1. Lepidosperma gibsonii R.L.Barrett 

Currently, L. gibsonii is the only readily diagnosable species in the L. costale species 

complex (Barrett 2007). Lepidosperma gibsonii is an exclusively diploid entity 

(Chapter 2; Chapter 5; Miller and Barrett 2010) and possesses a suite of 

morphological characters, primarily related to its fine terete or sub-terete culms, 

which differ from all other entities in the species complex. The difference in culm 

morphology between L. gibsonii and other L. costale s.l. entities was maintained 

when grown in the same glasshouse environment for > 4 years (personal 

observation). This strongly suggests that culm morphology in L. costale s.l. is 

controlled by genetic factors and is therefore a reliable taxonomic character. 

Lepidosperma gibsonii maintains high levels of genetic variation within populations, 

despite only occurring on a single banded ironstone formation (Chapter 5; Miller and 

Barrett 2010). Although L. gibsonii is morphologically distinct from the remainder 

of the species complex, genetic differentiation between L. gibsonii and other diploid 

L. costale s.l. populations is weak (Chapter 5). This weak genetic differentiation is 

less likely due to ongoing gene flow and more likely due to the longevity and large 

effective population size of L. gibsonii (Miller and Barrett 2010), which have acted 

to reduce differentiation by genetic drift (e.g. Peakall and Whitehead 2014). The 

weak genetic differentiation does suggest that the distinctive culm morphology of 

L. gibsonii is under the control of one or few genes and morphological 

differentiation has proceeded more rapidly than genetic differentiation (e.g. Ramsey 

et al. 2008). Similar patterns of incongruence between morphology and population 

genetics are commonly observed in the southwest Western Australian flora (Coates 

2000). 

Major entity 2. Other diploids 

Diploid plants with angular culms (i.e. all diploids in the complex excluding 

L. gibsonii) are another major entity within the L. costale species complex. These 

diploids are relatively common but are generally restricted to the drier north-eastern 

portion of the range of the species complex (Figure 7.1 and Table 7.1). Diploids are 

more likely to grow on banded ironstone formations than other entities, and tend to 

occur in single cytotype populations, but occasionally co-occur with autotetraploids 
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(Figure 7.1). Diploid populations are characterised by high levels of genetic variation 

within populations and low differentiation among populations. There was no 

evidence of interspecific hybridisation or clonality in any diploid population. 

Major entity 3. Autotetraploids 

Autotetraploids are the most common and widespread cytotype (Figure 7.1). On 

average, they occur in wetter and cooler climates than diploids (Table 7.1). They 

tend to occur in single cytotype populations but occasionally co-occur with diploids 

and allotetraploids. Although genetic patterns suggest that autotetraploids may have 

formed recurrently, and are therefore polyphyletic, they are here considered a single 

major entity for practical purposes. Autotetraploid populations are characterised by 

moderate genetic variation within populations and moderate differentiation among 

populations. In most autotetraploid populations, genotypes are repeated, which 

indicates clonal reproduction (probably including apomixis). Genetic differentiation 

among diploids and autotetraploids was low when estimated using AMOVA but 

analyses of nuclear allele and chloroplast haplotype sharing suggest that diploids and 

autotetraploids are reproductively isolated (Chapter 5). However, there are 

exceptions because intercytotype hybridisation likely gave rise to the triploid 

individuals discovered in two of the four mixed diploid-autotetraploid populations. 

These triploids are rare and possibly sterile, so are not considered a major entity. 

Major entity 4. L. costale s.l. × L. scabrum s.l. allotetraploids 

In the population-level screen (Chapter 5), 89 putative allotetraploids that possessed 

divergent chloroplast haplotypes, but were broadly morphologically consistent with 

L. costale s.l., were found across six populations. DNA sequencing confirmed the 

allopolyploid origin of these individuals and revealed that they formed through 

hybridisation with a member of the L. scabrum clade (Chapter 6). After initial 

characterisation using genetic techniques, these allopolyploids can now be reliably 

distinguished from other entities based on their shorter and broader inflorescences. 

These allopolyploids occurred in wetter and cooler southern areas (Table 7.1), often 

in populations that also contained autotetraploids. Lepidosperma costale s.l. × 

L. scabrum s.l. allotetraploid populations were characterised by low levels of genetic 
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variation within populations and high differentiation among populations, largely due 

to more extensive clonality than in the other three entities. No isolation by distance 

among populations was found for L. costale × L. scabrum s.l. allotetraploids, which 

suggests they formed recurrently and are therefore polyphyletic (Chapter 5). Despite 

their polyphyletic and hybrid origin, the extensive distribution of L. costale s.l. × 

L. scabrum s.l. allotetraploids (widespread across the southern extent of the range) 

suggests that they are a stabilised component of the local flora, and are therefore 

considered a major entity. In contrast, the single pentaploid L. costale s.l. × 

L. scabrum s.l. genet is not considered a major entity.  

DNA sequencing of some morphologically intermediate plants at two sites revealed 

two further allopolyploid entities. These allopolyploids were formed through 

hybridisation of L. costale s.l. with L. pruinosum s.l. at Kalguddering Rock and 

through hybridisation between L. costale s.l. and L. tenue s.l. at Wubin Rocks. These 

allopolyploid entities were not included in the population-level study and are 

apparently restricted to single sites, therefore they are not considered major entities 

at this stage. Nonetheless, they may be an important component of biodiversity and 

prove to be more common and widespread upon further investigation. 
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Figure 7.1. Distribution of entities in the Lepidosperma costale species complex. The 
likely location of the original collections of L. costale (York), L. benthamianum (Bolgart) 
and L. sp. Blue Hills (Mt Karara) are shown. Symbols demonstrate co-occurrence of 
entities but do not represent relative frequencies within populations.  
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Taxonomy 

Formal recognition of the four major entities identified here 

Determining when morphological, ecological, or cytological variants should be 

considered distinct species has been a long-standing controversy, especially when 

polyploidy and hybridisation are involved (Soltis and Soltis 2009). Historically, the 

term ‘species’ has had many definitions based on concepts that include the ability to 

interbreed, common descent, and morphological distinctness (Rieseberg 1997). The 

application of various taxonomic approaches can result in a huge range of estimates 

of the number of species (Hilpold et al. 2014). Increasingly, polyploids are 

recognised as distinct taxa, albeit using different concepts and frameworks. For 

example, autopolyploids have been recognised at species rank when they are 

morphologically diagnosable (Meudt 2012; Sosa and Dematteis 2014), or when there 

is combined evidence for reproductive isolation, geographic disjunction, and 

morphological differentiation (Soltis et al. 2007). In contrast, autopolyploids have 

been considered as natural variation within a species and have therefore not been 

formally recognised (Hörandl et al. 2009). Allopolyploids have also been recognised 

at species rank based on genetic analyses, even when morphological differentiation 

was weak (Perrie et al. 2010) or cryptic (Brokaw and Hufford 2011; Les et al. 2015). 

Another taxonomic option for allopolyploids is to recognise them as nothotaxa and 

use a multiplication symbol to indicate their hybrid origin. For example, a sterile 

allopolyploid has recently been recognised as a nothosubspecies based on 

geographic distribution (Garmendia et al. 2015), meanwhile a group of polyphyletic 

apomictic allopolyploids were also considered nothospecies (Hörandl et al. 2009). In 

summary, botanists have adopted a wide variety of approaches for the taxonomy of 

polyploids and hybrids. This has resulted in numerous taxonomic outcomes and, as 

yet, there is no clear consensus. Decisions are generally made based on the merit of 

each particular case and the philosophical viewpoint of the individual scientists 

involved.  

One way to reconcile the differences between traditional approaches to species 

delimitation is to adopt a unified species concept (De Queiroz 2007), which is 

increasingly used in taxonomically complex groups (e.g. Gustafsson et al. 2009; 
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Meudt 2012). Traditional species concepts emphasise one property of species (e.g. 

reproductive isolation, phenetic differentiation, ecological distinctness). However, 

these properties are acquired over time and not always in the same order, therefore 

species concepts will often come into conflict (De Queiroz 2007). In contrast, a 

unified species concept considers species to be separately evolving metapopulation 

lineages, acknowledges the temporal aspect of speciation, and advocates the use of 

multiple and diverse lines of evidence when delimiting species (based on criteria 

used in traditional species concepts). Thus, rather than adopting a specific species 

concept that relies on a single property (e.g. reproductive isolation in the biological 

species concept), species are recognised on the basis of a variety of properties 

including morphology, geographic distribution, genetic differentiation, reproductive 

isolation, monophyly, and cytogenetic characters (De Queiroz 2007). Any one of 

these properties can provide evidence for the recognition of a species (De Queiroz 

2007) and adoption of the unified species concept is a justified approach to resolving 

the taxonomy of the L. costale complex. 

Species delimitation is generally difficult in Lepidosperma (Bentham 1878; Wilson 

1994). This thesis has revealed that polyploidy and hybridisation add further layers 

of complexity to the evolution of extant diversity in Lepidosperma, at least in the 

L. costale species complex. The research undertaken for this thesis was not 

specifically designed to test species boundaries or resolve the taxonomy of the 

species complex. However, based on the results of this thesis it seems reasonable to 

afford a taxonomic rank to the four major entities within the species complex based 

on ploidy level, geographic distribution, morphology, reproductive isolation, 

ecological differentiation, and breeding biology (reviewed in the previous section 

and Table 7.1). Given the number of significant evolutionary processes involved in 

the generation of these four entities, it seems reasonable to recognise each at species 

rank. Species rank has been suggested as appropriate for the vast majority of 

allopolyploids (Perrie et al. 2010) and many autopolyploids (Soltis and Soltis 2009). 

The results of this thesis pave the way for a new taxonomic treatment of the 

L. costale species complex and in the next section, the application of names to the 

major entities is considered.   
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Application of available names 

The formal taxonomic recognition of the major entities in the L. costale species 

complex requires the application of available names (L. costale, L. benthamianum, 

L. gibsonii and L. sp. Blue Hills; Table 7.1). The complicated evolutionary processes 

in the L. costale complex require type specimens to be matched with extant 

populations and entities using geographic, morphological, and genetic data. 

Unfortunately, recent reinvestigation of the L. costale and L. benthamianum type 

specimens has revealed that type localities are not well described or have been 

incorrectly recorded (Barrett 2012a; Barrett and Wilson 2012). Extensive vegetation 

clearing since the collection of these type specimens > 120 years ago further limits 

relation of extant entities with types. Nonetheless, recent attempts have been made to 

identify extant populations that match type collections.  

Barrett and Wilson (2012) suggest that the closest extant population to the type 

collection of L. costale is near York, ~80 km east of Perth (Figure 7.1). So far, 

autotetraploid and allotetraploid (L. costale s.l. × L  scabrum s.l.) plants have been 

found in this region. The morphology of the type specimen, although only a young 

ramet, is consistent with a non-hybrid member of the L. costale complex and it is 

therefore likely that the type collection of L. costale is an autotetraploid. The 

location of the original collection of L. benthamianum is also unclear; however, it 

was likely collected near Bolgart, ~100 km northeast of Perth (Figure 7.1; Erickson 

1969; Barrett and Wilson 2012). Extant populations in this region include 

autotetraploids and allotetraploids, however, the minimal branching of the young 

inflorescence suggests that this collection may represent a L. costale s.l. × 

L. scabrum s.l. allotetraploid. Finally, the voucher for the phrase named taxon 

L. sp. Blue Hills, which has angular culms, likely represents a (non-L. gibsonii) 

diploid, given that only diploid plants were found in the area where this collection 

was made. This entity has not been formally named and will require a novel 

description.  

It is, therefore, possible that the (formal and informal) names currently available for 

the L. costale complex apply to each of the major entities described above (Table 

7.1). Specifically, L. gibsonii refers to a geographically restricted diploid entity with 

terete or sub-terete culms; L. sp. Blue Hills refers to a geographically more 
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widespread diploid entity; L. costale probably refers to an autotetraploid entity; and 

L. benthamianum may refer to an allotetraploid entity (L. costale s.l. × 

L. scabrum s.l.). Based on the currently available evidence, a preliminary proposal 

for the application of available names to the major entities is given in Table 7.1. 

Confident matching of type specimens with extant entities will, however, benefit 

from detailed genetic investigation of type specimens.  

The genetic techniques outlined in this thesis offer a potentially accurate means of 

determining the entity to which original and type collections belong. The proposed 

analyses are possible because a small amount of material from the L. costale type 

specimen has been obtained (R. Barrett, pers. comm.), and duplicates of the 

L. benthamianum type specimen are available in Australia (at MEL). Flow cytometry 

and nuclear microsatellites can be used to determine the ploidy of the type 

specimens. Flow cytometry has been used to successfully estimate the genome size 

of herbarium specimens (especially when using DAPI as a fluorochrome; Suda and 

Travnicek 2006), including recently in Cyperaceae (Seeber et al. 2014). Success of 

this technique depends heavily on specimen age and storage conditions but 

Lepidosperma spp., which have rigid leaves and few secondary metabolites, should 

produce reliable results (Suda and Travnicek 2006). Flow cytometry is likely to 

provide reliable ploidy estimates for recently collected specimens (e.g. L. sp. Blue 

Hills, ~10 years), however, it is much less likely to be informative for older 

specimens (e.g. L. costale, > 160 years). If flow cytometry cannot be used to 

determine the ploidy of these type specimens, nuclear microsatellites may still be 

informative because nuclear DNA remains intact much longer than the nuclear 

membrane when stored under herbarium conditions (Seeber et al. 2014). For 

example, Seeber et al. (2014) recently used nuclear microsatellites to determine the 

ploidy of Kobresia (Cyperaceae) herbarium specimens when nuclear membrane 

degradation precluded the use of flow cytometry. The highly polymorphic nuclear 

microsatellites developed for Lepidosperma spp. (Chapter 4), are well-suited to the 

determination of ploidy in the L. costale species complex. 

Once the ploidy level of the type specimens is determined, genetic techniques can be 

used to determine whether specimens are of hybrid origin. If sufficient DNA in the 

type specimens has remained intact, DNA sequencing using the nuclear and 
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chloroplast sequencing primers described in Chapter 6 can be used to detect 

reticulate origins. If, on the other hand, DNA has degraded such that sequencing is 

not possible, microsatellites may still have utility because these short stretches of 

DNA are likely to survive even after considerable DNA degradation. In particular, 

the chloroplast microsatellite markers developed in this thesis (Chapter 3) may be 

useful for detecting hybridisation for two reasons:  

1) chloroplast DNA is present in high copy number within cells so is more 

likely to amplify from herbarium specimens, and  

2) several of the cpSSR markers developed in this thesis can be used to identify 

allopolyploids using diagnostic insertions and deletions (in the L. scabrum s.l 

chloroplast genome; Chapter 3).  

Combined application of flow cytometry, microsatellite markers, and DNA 

sequencing methods developed in this thesis affords the best opportunity to 

accurately relate type specimens to the above proposed entities.  

Conservation 

The level of legislative protection that major entities in the L. costale species 

complex receive from threats such as mineral extraction will depend on whether they 

are listed on the Census of Western Australian Plants (Western Australian 

Herbarium 1998-2015). Plant taxa must be listed before they are afforded protection 

under Western Australian law (Coates and Atkins 2001). This approach has been 

criticised as a major impediment to biodiversity protection because it places 

unnecessary emphasis on the recognition of taxa and overlooks the often significant 

ecological and genetic variation among populations in southwest Western Australia 

(Coates and Atkins 2001; Hopper and Gioia 2004). Until a taxon receives formal 

recognition, the best opportunity for protection is chance inclusion in conservation 

reserves (Hopper and Gioia 2004). However, effective conservation action can occur 

independently of taxonomic status (Knapp 2008). 

The major entities in the L. costale complex have unique evolutionary histories and 

trajectories. Consequently, until the legislated protection afforded by taxonomic 
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recognition is in place, it would be prudent to independently conserve and manage 

the major entities in the L. costale species complex. For example, the major entities 

can be considered Evolutionary Significant Units or Management Units (e.g. Moritz 

1994) because they have different evolutionary histories and are largely 

reproductively isolated. Similar approaches to intra- and infra-specific conservation 

have recently been proposed for other Western Australian taxa in order to protect 

genetic and ecological diversity, and evolutionary processes and potential (e.g. 

Nistelberger et al. 2014; Llorens et al. 2015). Considering each major entity in the 

L. costale species complex separately will allow a more realistic estimate of the 

number of individuals within each conservation unit, an important criterion in 

conservation assessments (Coates and Atkins 2001). Furthermore, the effect of 

clonality, which is common in polyploid L. costale s.l. populations and significantly 

reduces reproductive population sizes, should be considered to ensure that 

conservation priorities are set appropriately (Elliott et al. 2002; Binks et al. in press). 

On average, estimates of reproductive population sizes based solely on the number 

of ramets in L. costale s.l. populations overestimate the number of genets by at least 

a factor of 3 in autopolyploid populations and by a factor of 5 in allotetraploid 

populations. Given the dispersed sampling in this thesis, these are minimum 

estimates, especially if short-scale vegetative clonality occurs, as in some other 

Lepidosperma taxa (Binks et al. in press). Until such time as the taxonomic 

treatment of the L. costale species complex is finalised, conservation and restoration 

can be improved by utilising the results reported in this thesis. 

Ecological restoration 

Optimal sourcing of germplasm for ecological restoration is a complex field of 

research and a subject of ongoing debate. Much of the debate has centred on the 

difficulty of predicting the consequences of, and trade-offs between, inbreeding and 

outbreeding depression in homoploid systems (Severns et al. 2013). In contrast, the 

consequences of sourcing germplasm of non-matching ploidy during ecological 

restoration is comparatively straightforward to predict (Severns et al. 2013). Mixed-

ploidy populations are generally characterised by lower total fitness and reproductive 

output due to reproductive interference (Levin 1975; Ramsey and Schemske 1998). 

Prezygotic isolation mechanisms can drastically reduce the rate of inter-ploidy 
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pollination (Husband and Sabara 2003). When successful inter-ploidy pollination 

does occur, fewer seeds are produced, seeds are often inviable or have lower 

germination rates, and plants produce at least partially infertile progeny (Ramsey and 

Schemske 1998; Pannell et al. 2004). This reproductive interference, commonly 

referred to as exclusion, is expected to occur even if cytotypes are equally fit and 

initially common in a population (Levin 1975; Fowler and Levin 1984; Husband 

2000). Exclusion may ultimately lead to the extinction of particular cytotypes and 

cause the loss of locally adapted alleles (Delaney and Baack 2012). 

To increase long-term restoration success of L. costale s.l. populations, it is 

imperative that ploidy variation is taken into account when planning ecological 

restoration of native plant communities that include the L. costale complex. 

Restoration of plant communities on banded ironstone formations is difficult 

(Hopper 2009; Yates et al. 2011), so it is advisable to avoid creating potentially 

unstable mixed-ploidy populations (McKay et al. 2005; Severns and Liston 2008; 

Delaney and Baack 2012), even when mixed-ploidy populations occasionally occur 

naturally (Brown and Young 2000). All sampled L. costale s.l. populations affected 

by current or proposed mining contain a single ploidy level and this should be 

maintained during restoration. Accidental mixing of cytotypes is a particular risk 

because populations of mismatched ploidy occur within 20 km (Figure 7.1) and 

could easily be mistaken as appropriate provenance germplasm. The mapping of 

cytotypes (Chapter 2) and major entities (Figure 7.1) provides a preliminary guide 

for germplasm collection. However, given that ploidy variation was common across 

the sampled populations, and occasionally occurred within populations, it is 

advisable to screen the ploidy of specific germplasm used for restoration (e.g. 

Severns and Liston 2008). Safeguarding against the creation of mixed-ploidy 

populations will increase the likelihood of long-term restoration success (Severns et 

al. 2013). 
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Future studies in SWWA Lepidosperma 

Chromosome evolution 

Chromosome evolution has played an important role in diversification across 

Cyperaceae. Studies of cytoevolution in Lepidosperma, however, are hampered by 

the inability to observe and count chromosomes under a microscope, despite testing 

a variety of treatments and preparation techniques (unpublished results; de Lange et 

al. 2004; J. Greilhuber personal communication reported in Kodym et al. 2012). It is 

not clear why Lepidosperma chromosomes are so difficult to observe but it is likely 

due to their minute size (Kodym et al. 2012) and high number (probably > 30 from 

best attempts to date). Future attempts to observe chromosomes in Lepidosperma 

may benefit from the use of fluorescent dyes (e.g. DAPI; Gamage and Schmidt 

2009), which can assist in the resolution of small chromosomes. Chromosome 

counts will allow exploration of the role of aneuploidy, if any, in the L. costale 

species complex and across Lepidosperma. It is likely that aneuploidy occurs in 

Lepidosperma because holokinetic chromosomes are evident across Cyperaceae and 

all studied genera contain some aneuploidy, even if polyploidy is the major mode of 

cytoevolution (e.g. Yano et al. 2004; Kaur et al. 2012). Studying both aneuploid and 

polyploid evolution in Lepidosperma will be particularly important given recent 

findings that, in contrast to the predominant view, aneuploidy may play an enduring 

evolutionary role (Escudero et al. 2014b).  

The flow cytometry and nuclear microsatellite protocols described in this thesis 

allow polyploidy to be studied across Lepidosperma, despite the difficulty 

experienced in attempting to count chromosomes. Lepidosperma is particularly 

amenable to flow cytometry because it contains few inhibitory compounds 

(unpublished results; Kodym et al. 2012), and can be stored for several weeks at 4 oC 

without appreciable degradation of nuclei. When used in concert with highly 

polymorphic nuclear microsatellites, flow cytometry provides reliable estimates of 

ploidy across Lepidosperma. The number of alleles amplified per locus in the 

L. costale complex (Chapter 5) and other distantly related Lepidosperma spp. 

correlates well with ploidy estimates obtained using flow cytometry (M. Wallace & 

M. Barrett, unpublished results). The nuclear microsatellites developed in Chapter 4 
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are appropriate for determining ploidy in Lepidosperma because of the generally 

high heterozygosity associated with outcrossing (Chapter 5; Barrett 2013; Binks et 

al. 2015) and relatively few null alleles, which can lead to underestimation of ploidy 

level in other taxa (Seeber et al. 2014). Studies of polyploidy in other Lepidosperma 

taxa are recommended because preliminary screening of five distantly related 

Lepidosperma taxa associated with granite outcrops in southwest Western Australia 

found that all taxa contained ploidy variation (unpublished results). Whether based 

on chromosome counts, flow cytometry, or nuclear microsatellites, studies of ploidy 

evolution in Lepidosperma will provide critical insights into chromosome evolution 

in Schoeneae, especially now that results can be interpreted in a phylogenetic context 

(Barrett 2012b). 

The identification of several diploid-autotetraploid contact zones in the L. costale 

species complex provides an ideal opportunity to experimentally investigate the 

consequences of polyploidy and interactions among cytotypes (Petit et al. 1999). In 

particular, the detailed mapping of cytotypes in a diploid-triploid-autotetraploid 

contact zone (1,619 individuals, Chapter 2) provides a useful model system for 

exploring the morphology, geographic disjunction, and ecological interaction of 

ploidy levels. For example, this population affords the best opportunity to investigate 

whether autopolyploids are morphologically distinguishable from diploids because 

differences between cytotypes within a single population are more likely to be 

genetically driven (Hardy et al. 2000). In the present study, polyploids were more 

common, widespread, and had greater ecological breadth than their diploid 

counterparts, which emphasises the important contribution polyploidy has made to 

the geographic distribution of the L. costale species complex. Reciprocal transplant 

of cytotypes to microsites within the exhaustively-sampled population may shed 

light on the role of ecological and physiological differences in the success of 

polyploids generally, and the causes of the largely disjunct distribution of cytotypes 

within the population and across the range of the species complex (e.g. Flegrová and 

Krahulec 1999; Baak and Stanton 2005; Buggs and Pannell 2007; Raabová et al. 

2008). Additionally, this population provides a useful system to examine the effect 

of polyploidy on interactions with other organisms (e.g. Thompson et al. 2004; 

Münzbergová et al. 2015), especially in light of the important ecological interactions 

among Lepidosperma spp. and > 100 other organisms (Barrett 2013). Informal 
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observations made at this site suggest that diploid plants, when compared with 

sympatric autotetraploids, may be more susceptible to smut infection and more 

heavily grazed by rabbits and kangaroos. Quantification of differences in infection 

and predation among cytotypes will provide insight into the ecological consequences 

of polyploidy in Lepidosperma.  

Interspecific hybridisation 

Allopolyploids cannot be obtained directly from hybridisation of two haploid 

gametes (Szadkowski et al. 2011). Generally, natural allopolyploids are presumed to 

have arisen through genome duplication after homoploid hybridisation between two 

diploid species (e.g. Mallet 2005). However, allopolyploids also form through 

hybridisation between two autopolyploids (Ramsey and Schemske 1998), although 

this mode of formation is often overlooked (Richardson et al. 2012). Autopolyploidy 

reduces postzygotic reproductive barriers and can result in extensive intergradation 

among autopolyploids (Ramsey and Schemske 1998). Distinguishing between these 

two major pathways (i.e. hybridisation ‘rescued’ by polyploidisation versus 

polyploid-driven hybridisation) is important because the relative timing of 

hybridisation and polyploidisation in the formation of an allopolyploid is 

fundamental to genetic outcomes (Szadkowski et al. 2011; Tayalé and Parisod 

2013).  

In the L. costale species complex, no interspecific hybridisation was observed at the 

diploid level, however, several examples of allopolyploidy were discovered. This 

pattern, combined with the observation that allopolyploids generally occur in areas 

without extant diploids, suggests that allopolyploids formed through homoploid 

hybridisation among autopolyploids of different species (Richardson et al. 2012). 

Postpolyploid hybridisation has been involved in the formation and maintenance of 

other allopolyploids in Arabidopsis, Artemesia, Crataegus, Capsella, and Rorippa 

(Slotte et al. 2008; Lo et al. 2010; Stift et al. 2010; Jørgensen et al. 2011; 

Richardson et al. 2012). Controlled crosses between Lepidosperma taxa that contain 

ploidy variation could be used to determine the extent to which interspecific 

reproductive barriers are removed through polyploidisation (e.g. Comai et al. 2000). 

Experiments should be performed under glasshouse conditions because in situ 
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experiments could be compromised by unreliable rainfall and low seed set in extant 

populations (personal observation). Genotyping the experimentally generated seed 

using polymorphic microsatellite markers could distinguish between seed that is the 

result of a successful interspecific cross or the product of apomixis (e.g. Andrew et 

al. 2003). Quantifying the degree to which reproductive barriers are reduced through 

polyploidy will provide a better understanding of the role of hybridisation in 

generating diversity in Lepidosperma.  

Interspecific hybridisation can increase genetic diversity, transfer adaptations, and 

create new ecotypes (Rieseberg and Willis 2007). In particular, allopolyploidy 

provides a mechanism to obtain hybrid vigour and an expanded ecological niche 

without the problems associated with segregation in the progeny of diploid hybrids 

(Otto 2007). The expanded ecological niche of allopolyploids often includes 

disturbed environments (Ramsey and Schemske 1998), and the L. costale s.l × 

L. scabrum s.l. allopolyploids are commonly associated with disturbed roadside 

clearings. Further work is required to characterise the ecological niche of 

L. scabrum s.l. to determine whether the association with disturbed environments is 

due to allopolyploidy per se or is a characteristic acquired from L. scabrum s.l. 

Further study of allopolyploids could also focus on interactions with other organisms 

to determine their fitness relative to other cytotypes. For example, field observations 

indicate that L. costale allopolyploids are less susceptible to smut infection than 

sympatric autotetraploids; in contrast to Carex hybrids that are more susceptible than 

non-hybrids (McIntire and Waterway 2002). To date, five different smut fungi have 

been reported from Lepidosperma species, including a Lepidosperma-specific smut 

genus, suggesting long-term specificity between smuts and sedges (Barrett 2013). 

The allopolyploids in the L. costale complex provide an interesting model for 

studying the association between polyploidy and hybridisation in southwest Western 

Australia. 

The results presented in this thesis reveal multiple instances of interspecific 

hybridisation in Lepidosperma, the first such records in the genus. In other 

Cyperaceae genera where species delimitation is difficult, hybridisation is often 

invoked to explain morphological complexity (Escudero et al. 2014a). Difficulty 

resolving species has rarely been attributed to hybridisation in Lepidosperma, though 
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occasional small populations that are likely to be of hybrid origin have been 

identified in the field (unpublished data and R. Barrett pers. comm.). This is likely 

due to 1) poor taxonomic circumscription of species within the genus, 2) 

morphological similarity between well-circumscribed species, which reduces 

confidence when identifying species, let alone detecting intermediates, and 3) the 

high diversity of species, such that hybrid species with intermediate morphology can 

approximate other, non-parental species. Therefore, many further Lepidosperma 

hybrids probably remain to be discovered. The development of a low-copy nuclear 

marker, arodeh, and a nuclear ribosomal DNA cloning protocol in this thesis 

(Chapter 6), will aid the future identification and study of hybrids in Lepidosperma. 

However, these markers may not provide the resolution necessary to study 

hybridisation among closely related taxa. In this case, genotyping-by-sequencing, 

which has high resolution and has been successfully used to explore reticulate 

origins in Carex, is a promising alternative approach (Escudero et al. 2014a). 

Chloroplast inheritance 

To date, no studies have investigated chloroplast inheritance in Lepidosperma and it 

has therefore been assumed that inheritance is maternal (Chapter 5; Binks et al. 

2015), as in the majority of angiosperms (Birky 1995). However, the weak 

geographic haplotype structure and the remarkably high haplotype diversity within 

Lepidosperma populations (Chapter 5; Binks et al. 2015) may be attributable to 

paternal or biparental chloroplast inheritance. There are many examples where 

detailed study has revealed that chloroplast inheritance is not strictly maternal in 

angiosperm taxa (e.g. Hansen et al. 2007; McCauley et al. 2007; Ellis et al. 2008). 

Although chloroplast inheritance has not been investigated in detail in Cyperaceae, 

chloroplasts were observed in mature pollen grains of Carex baccans (Zhang et al. 

2003), therefore it is likely that non-maternal chloroplast inheritance occurs in some 

Cyperaceae taxa. The predominant mode of chloroplast inheritance in Lepidosperma 

can now be studied using the polymorphic chloroplast microsatellite markers 

developed in this thesis. Controlled crosses between diploid L. costale s.l. 

individuals, which do not reproduce via apomixis, can be used to generate progeny 

that can be genotyped to investigate chloroplast inheritance. The unreliable 

germination of Lepidosperma spp. (Turner 2013) could be overcome through 
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embryo extraction (Panaia et al. 2009), and extracted embryos can be genotyped 

directly or used to generate seedlings. Determining the mode of chloroplast 

inheritance will guide the interpretation of chloroplast haplotype data and shed light 

on the remarkable haplotype diversity in Lepidosperma.  

Clonal reproduction 

Clonal reproduction is commonly observed in polyploids and may be critical for 

their establishment and persistence (Thompson and Lumaret 1992; Campbell et al. 

1997; Paun et al. 2006). Repeated multilocus genotypes in polyploid L. costale s.l. 

populations, particularly allopolyploid populations, suggests that polyploidy is 

associated with a shift to clonal reproduction. Interestingly, excavation of some 

individuals failed to find significant rhizomatous growth between adjacent clumps 

(15 m apart) and some of the repeated genotypes are distributed over 250 m of 

exposed granite, which suggests that clonal reproduction may be via apomixis rather 

than vegetative spread. Further experimental work is required to confirm apomictic 

reproduction and, if present, determine the mechanism of apomixis to understand the 

relationship between polyploidy and clonality in Lepidosperma. Two approaches 

developed in this thesis will facilitate investigation of apomixis in Lepidosperma. 

Firstly, the highly polymorphic nuclear microsatellite markers can be used to 

determine whether seedlings (or embryos) have an identical genotype to their mother 

(e.g. Andrew et al. 2003). This approach could be expedited by screening seed (if 

any) produced by emasculated and bagged inflorescences. Secondly, if apomictic 

reproduction was confirmed, flow cytometry could shed light on the mechanism of 

apomixis by comparing the relative ploidy of embryo and endosperm (Matzk et al. 

2000; Kao 2007). Although Lepidosperma embryos are small, sufficient nuclei can 

be extracted for ploidy determination using flow cytometry (unpublished results), 

which suggests that flow cytometry of seeds will be an efficient method of 

investigating the role of apomixis in the establishment and persistence of polyploids.  

Conclusions 

This thesis has revealed that complex genetic processes including polyploidy and 

hybridisation have contributed to the formation of morphologically cryptic entities in 
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the L. costale species complex in the southwest Australian biodiversity hotspot. 

Drivers of diversification in Lepidosperma may be more similar to those in 

Eleocharis, in which polyploidy and hybridisation are common (Košnar et al. 2010), 

than to Carex, in which these processes are rare (Hipp et al. 2009). These 

evolutionary processes must be taken into consideration in future taxonomic 

treatments of Lepidosperma and when planning conservation and ecological 

restoration of threatened populations. The geographic distribution of entities 

described in this thesis provides an a priori classification from which germplasm 

collection for restoration and future studies of polyploid evolution can be planned. 

Further study will improve knowledge of this ecologically significant but poorly 

understood component of the Australian flora, and may reveal similar complex 

genetic patterns and cryptic diversity within other Lepidosperma lineages.  
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