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Abstract 

Annual pastures in Australian agriculture are limited by dryland salinity and non-reliable 

rainfall resulting from climate change. In response to these limitations, perennial pasture 

crops are being developed for the wheat belt of Australia. Among these new perennial 

pasture crops is Cullen australasicum (Schltdl.) J.W.Grimes. A legume native to Australia, 

C. australasicum out-performed lucerne (Medicago sativa L.) in some field trials in low to 

mid-rainfall areas, and is currently included in a plant improvement program. The native 

range of C. australasicum overlaps parts of the Australian wheat belt. If paddocks of C. 

australasicum were established adjacent to natural populations of Cullen spp. then gene 

flow may occur between populations (Chapter 1). Furthermore, C. australasicum, as it is 

currently described, is interfertile with the three other recognized species of the Cullen 

patens-complex. The aim of this project was to determine whether the possibility of pollen 

from planted pastures of C. australasicum pollinating natural populations of C. patens-

complex taxa warrants further study. 

 

Delineation of the species boundary of C. australasicum was addressed first (Chapter 2). 

Using DNA sequence data from the nrDNA ITS and two cpDNA regions, phylogenetic 

analysis was used to test the hypothesis that C. australasicum could not be genetically 

distinguished from the other three species in the C. patens-complex. The hypothesis was 

false; C. australasicum can be distinguished from C. discolor, C. patens and C. pallidum 

using sequence data. The four species of the C. patens-complex did not appear to be 

monophyletic. 

 

To address the questions of pollen-mediated gene flow from agricultural to natural 

populations, robust genetic markers were needed to determine parentage of progeny. A set 

of microsatellite markers was developed for C. australasicum (Chapter 3). It was 

hypothesized that markers developed from a C. tenax genomic DNA library could be used 

in other species of Cullen. This proved true, and eight microsatellite markers were identified 

which were polymorphic in C. australasicum. In addition to C. tenax and C. australasicum, 

the microsatellite markers amplified products in C. cinereum, C. discolor, C. patens and C. 

pallidum. 
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A field experiment was designed to test the hypothesis that the rate of outcrossing in C. 

australasicum was negligible (Chapter 4). Ten individuals from two accessions of C. 

australasicum, which could be distinguished from each other using the new microsatellite 

markers (Chapter 3), were planted at distances ranging from one to six meters from their 

nearest neighbour. By using the microsatellite markers to test the paternity of seed harvested 

from eight mother plants, an outcrossing rate of 3-11% was estimated. 

 

A second field experiment tested the hypothesis that under ideal field conditions hybrids 

between C. australasicum and the other species in the C. patens-complex would occur 

spontaneously (Chapter 5). Four plants from each of the other three species in the C. 

patens-complex, C. discolor, C. patens, and C. pallidum, were grown surrounded by 56  C. 

australasicum plants, with a one meter spacing between each plant. Microsatellite markers 

(Chapter 3) were used to test 15 progeny from each non-C. australasicum plant. Only C. 

pallidum x C. australasicum hybrids were observed in these progeny arrays (Chapter 5). 

 

Further study of the pollination ecology of C. australasicum, particularly in the environments 

where C. australasicum paddocks are within the native range of natural populations C. 

patens-complex taxa, are merited (Chapter 6). The risk may be most significant between 

paddocks of C. australasicum and adjacent stands of C. australasicum and C. pallidum. 

The estimated outcrossing rate between  C. australasicum plants separated by distances of 

at least 6 meters was less than 3%.  The low rate of outcrossing between plants at relatively 

close distances suggests that modest isolation distances between planted pastures of C. 

australasicum and remnant vegetation may limit pollen movement between planted pastures 

of C. australasicum and natural populations of Cullen. 
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Chapter 1:  
Introduction – The need for new perennial legumes in southern 
Australia, and the need to maintain allelic diversity in adjacent 
natural populations 

Introduction 

New perennial pasture legumes are crucial to the ability of landholders in the low to 

medium- rainfall areas of southern Australia to address the spread of dryland salinity and 

the changing rainfall patterns resulting from climate change.  Identifying new perennial 

pasture legumes for this harsh environment is not easy. Even if they are found to be 

productive in the environmental conditions of the southern Australian agricultural zone, new 

legumes species cannot be used for pastures if they do not meet the needs of livestock. 

When a species is identified that thrives and allows stock to thrive, there remains the 

possibility that planting it on a wide scale may have unforseen negative consequences. 

 

This chapter presents the benefits of introducing novel perennial legume species, and the 

hazards of new crop introduction in general. After a brief discussion of the challenges 

facing the annual pasture system in southern Australia, the advantages of adopting 

perennial pastures in this region will be presented. This will be followed by an overview of 

the search for new perennial legumes for southern Australia, and the emergence of Cullen 

australasicum as the most promising of the native perennials trialled. The next section of this 

chapter will outline the potential drawbacks of deploying a domesticated native perennial 

legume. Finally the specific problems that could arise from large scale plantings of C. 

australasicum pastures will be discussed. 

 

Pastures in the low to medium-rainfall zones of southern Australia 

The pasture industry in Australia was estimated to be worth $13 billion in 2006 (Gout and 

Jones 2006).  The agricultural areas of southern Australia have a predominantly 

Mediterranean climate. In the wettest areas, perennial pastures are common, and these 

areas are responsible for much of the overall value of pasture production. In the low to 

medium-rainfall zone (200-600 mm precipitation p.a.) perennial pastures are less common, 
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and even the contribution of annual pastures to overall farm productivity has been 

perceived as not as great as that of grain legumes (Ewing et al. 1992). 

 

The progression of dryland farming systems in Mediterranean Australia has been reviewed 

elsewhere (Turner 2004). In brief, the low to medium-rainfall zone was traditionally an area 

of ley-farming, where self-regenerating annual legume-based pastures were rotated with 

Triticum aestivum L. (wheat) and other cereals (Donald 1965 in Turner 2004). Today, 

livestock is less profitable and the crops, which now include grain legumes and Brassica 

napus L. (canola), are often grown for many seasons between pastures. In phase farming, 

as this modification is called, the grain legumes provide many of the functions of annual 

pastures in ley-farming, including providing a disease break and biological  fixation of  N 

(Reeves and Ewing 2003). However the amount of N fixed by the grain legumes is not as 

great as that provided by legume pastures, causing increased use of N fertilizer (Angus 

2001). 

 

Dryland  salinity is one of the principal challenges to agriculture in southern Australia. In 

addition to causing a reduction in arable land and damage to infrastructure (Short and 

McConnell 2000), salinisation of soil and altered hydrology leads to changes in remnant 

native vegetation and, thus, changes in wildlife habitat (Briggs and Taws 2003). Few 

attractive options exist for reclaiming salinised land, thus much of the recent Australian 

research effort has focused on preventing additional land from becoming salinised, and 

profitably utilising moderately salinised land (Barrett-Lennard and Malcolm 1999) 

The advance of dryland salinity 
Dryland salinity results from the mobilisation of salts in the soil by water tables as they rise 

(Peck and Hatton 2003). Reducing the influx of precipitation to water tables in recharge 

and discharge zones can reduce the rate at which salty water nears the soil surface in 

discharge zones, thereby slowing the spread of dryland salinity (Clarke 2002). Watertable 

additions in agricultural areas vulnerable to salinisation can be reduced via engineering. 

These engineering options range from redirecting surface flow to different parts of 

catchments by altering the topography to installing drains (Trewin 2002). Returning critical 

areas to pre-clearing levels of perennial vegetation can also minimise watertable additions 

(Turner and Ward 2002b in Turner 2004). Perennial plants generally use more 



 3 

 

precipitation than annual plants, as their deep roots have access to water unavailable to 

most annuals (Bell et al. 2006). Furthermore, their year-round presence on the landscape 

allows perennial plants to use rainfall over a greater proportion of the year than is possible 

for the current annual cropping systems (Clarke 2002), thereby reducing the amount of 

water reaching the watertable. 

 

Because a large percentage of southern Australian agricultural land is vulnerable to 

salinisation, it is important that management options for these areas are as cost-effective as 

possible. Engineering solutions require large capital outlays and so revegetation with 

commercially valuable perennial plants has emerged as the most attractive option for 

slowing the spread of dryland salinity (Ridley and Pannell 2005). Perennial land use 

systems being developed for this purpose include farm forestry, forage shrubs, saltland 

pastures and herbaceous perennial pastures (Lefroy et al. 2005). Like other agronomic 

recommendations, large scale perennial plantings are more likely to be embraced if they 

offer a clear economic advantage. A further predictor of the rate of adoption for large scale 

perennial planting is the ease with which they can be integrated into current farming 

practices (Pannell 1999). Therefore, an ideal large scale perennial planting scheme would 

deliver short-term profits while requiring landholders to make only minor adjustments in 

their current operations.  

Perennial pastures 
Herbaceous perennial pastures are emerging as an attractive large scale perennial planting 

option for managing salinisation-susceptible land in low to medium-rainfall zones in 

southern Australia because the barriers to the integration of perennial pastures into existing 

profitable livestock production systems are comparatively minor. In addition to being 

theoretically capable of reducing deep drainage (Ward 2006), summer-active perennial 

pastures are able to take advantage of the more frequent out-of-season rain which is 

predicted as a feature of climate change in agricultural areas of southern Australia (CSIRO 

2001). The success of the traditional ley-farming system of southern Australia was due to 

the relatively reliable rainfall of the Mediterranean climate (Turner 2004). If the climate 

changes as projected, perennial pastures and other perennial plantings have been 

predicted to become more economically competitive with annual crops as a land use option 

(John et al. 2005). 
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A variety of perennial grasses have been developed for high rainfall southern Australian 

pastures (Kemp et al. 2000; Nie et al. 2008; Reed et al. 2008). However, perennial grass 

pastures don’t fix N or provide an opportunity for monocot weed control (Dear et al. 2006). 

These are disadvantages compared to the traditional annual legumes used for pastures in 

the wheat-sheep system prevalent in southern Australia. Pastures of the perennial legume 

Medicago sativa L. (lucerne)combine the water use advantages of perennial grass pastures 

with the crop rotation advantages of annual legume pastures (Doole and Pannell 2009). 

Furthermore, lucerne may be useful for minimizing the impact of salinity in low to medium-

rainfall agricultural regions (Ward et al. 2006). These benefits, combined with its 

exceptional feed quality (Robertson 2006) may lead to increased plantings of lucerne in 

southern Australia. 

Limitations of lucerne for Australian agriculture 
Unfortunately lucerne can not be grown in every paddock which would benefit from having 

a perennial legume cover. Principally, not all areas of the southern Australian wheatbelt 

receive enough precipitation to grow lucerne (Robertson 2006).  Even where precipitation is 

sufficient, lucerne is not ideally suited to acidic soils (Humphries and Auricht 2001) and its 

productivity is severely limited in waterlogged or saline soils (Humphries and Auricht 2001). 

Futhermore, lucerne requires vigilant management to avoid being removed by grazing 

(Dear et al. 2007; Nichols et al. 2006) making it unsuitable for intensively grazed areas 

when farmers don’t have the infrastructure or desire to implement a rotational grazing 

regime (Humphries and Auricht 2001). In Australian annual pasture systems there is a 

green feed gap at the time of autumn lambing. Because lucerne drops its leaves in response 

to drought stress (Bell 2007), it cannot reliably provide green feed to fill this feed gap.  A 

perennial pasture legume that is tolerant to acid soils and dry conditions could be used in 

areas where lucerne is poorly adopted (Dear et al. 2003). 

 

Efforts are underway to address the limitations of lucerne livestock systems in southern 

Australia (Humphries and Hughes 2006). However if a variety, or a few varieties with 

related parents, where developed  to overcome these limitations; therefore allowing more 

hectares of lucerne to be planted, eventually the prevalence of lucerne on the landscape 

would become a vulnerability. A review of crop losses due to narrow genetic bases of 
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various crops was written recently by Damania (2008). Australian agriculture would benefit 

from having additional perennial pasture crops (Dear et al. 2003) as it has benefited in the 

last fifteen years from the commercialization of new annual pasture legumes (Nichols et al. 

2006). New perennial pasture crops would be desirable even if the spread of dryland 

salinity was not a management goal. 

New pasture legumes for Australia 

In response to the challenge of dryland salinity, new pasture crops are needed. Perennial 

legume species, both exotic and native, are being evaluated for pastures in southern 

Australia (Dear and Ewing 2008).  However, the history of legume introductions in 

Australia has been problematic. The introduction of exotic new crops in Australia has had 

mixed results (Cook and Dias 2006). A survey of deliberate pasture plant introductions to 

northern Australia found that of 463 species only 21 were eventually judged to be of use, 

and 17 of these 21 species were determined to pose a weed risk (Lonsdale 1994). On this 

basis Lonsdale advocated that an introduction assessment scheme be developed for the 

purpose of determining the “…net national benefit” (Lonsdale 1994). More recently, 

Lonsdale and others proposed that legume introductions should cease until weed risk 

assessments could be improved (Paynter et al. 2003). Among the suggestions put forward 

for future weed risk assessment protocols is that intensive post introduction monitoring can 

be used not only to avert nascent problems but to refine the process of future assessments 

(Wallace 2006). It has also been suggested that by focussing unduly on a few flagship 

invasive weed species, research on invasive species may prevent the accurate estimation of 

the effect of other invasive species (Grice 2006). An environmental weed risk assessment 

model has been devised that will focus on novel forage species (Stone et al. 2008). 

Australian native legumes for pastures  
The challenge of predicting weediness applies to both new native and new exotic crops. In 

other areas there are advantages to domesticating native plants rather than exotic plants. A 

logistic advantage is that unlike introduced species, native species do not have to be 

submitted for approval through the Australian Quarantine and Inspection Service (AQIS), 

and the various state quarantine agencies. This process, as has recently been detailed 

(Hughes et al. 2008), can be a cumbersome. Australian natives are, in general, a little 

explored resource. However it is believed that native plants can be identified which are 
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already adapted to the agricultural environments which challenge traditional exotic pasture 

species (Cocks 2001).   

Cullen 
One of the genera of Australian native plants that Cocks (2001) identified as possessing 

particular potential for development as a pasture species was Cullen. Twenty-six of the 32 

currently recognized species in the genus Cullen are found in Australia (Grimes 1997). Ten 

of these 26 are herbaceous perennials occurring in areas of non-summer dominant rainfall 

averaging between 650 and 250 mm (Bennett et al. 2006). Ecogeographic analysis 

suggests that seven of these species, C. australasicum, C. cinereum, C. discolor, C. 

leucanthum, C. parvum, C. patens  and C. tenax, may be adapted to the soil and climate 

conditions of the Western Australian wheat belt (Bennett et al. 2006). Comparative 

agronomic trials have recently been conducted to determine how some or all of these 

species might be used as perennial pasture crops (Bennett et al. 2008; Dear et al. 2007; 

Dear et al. 2008; Li et al. 2008; Ryan et al. 2008). 

 

Current efforts are not the first time the agronomic potential of Cullen  species has been 

investigated. In Queensland there were a series of observations made, and experiments 

conducted, from the late 1950s through to the mid 1980s. All experiments were conducted 

on groups of interfertile taxa now identified as the modern species (C. australasicum 

(Schltdl.) J.W. Grimes, C. discolor (Domin) J.W.Grimes, C. pallidum (N.T.Burb.) 

J.W.Grimes, and C. patens (Lindl.) J.W.Grimes)) (Grimes 1997). In the following 

paragraph the taxa will be referred to collectively as the C. patens-complex.  

 

Following a decline in the rabbit population, a natural population of C. patens-complex 

taxa was reported to have supported cattle at a stocking rate of about 5 head/hectare 

(Skerman 1957). Ten years later it was determined that 90% of plants in a natural 

population persisted for at least 20 months, and a 12 month cumulative DM yield of 10 

plants in a different natural population was between 520 and 550 g (Kerridge and 

Skerman 1968).  Furthermore, a glasshouse study comparing yield under different cutting 

regimes found that over a year, cutting C. patens-complex taxa every 12 weeks produced 

dry matter yields comparable to those of lucerne (Kerridge and Skerman 1968). Based on 

these results, the C. patens-complex taxa were deemed to have potential as a pasture 
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species for the dry tropical regions of Queensland (De Lacy and Britten 1970). Glasshouse 

studies measuring yield and survival rate at different defoliation intervals were undertaken 

again for C. patens complex taxa (Gutteridge and Whiteman 1975). C. patens complex 

taxa yields in a one year field trial in Queensland were comparable to lucerne yields for 

certain planting densities when harvested at six month intervals (Britten and De Lacy 1979).   

 

In the current round of investigations into the suitability of Cullen spp. for improved pastures 

in the southern Australian low to medium-rainfall wheat belt, C. tenax (Lindl.) J.W. Grimes 

was found in greenhouse trials to have dry matter digestibility and crude protein levels well 

in excess of the basic requirements of ruminants (Robinson et al. 2007).  However, C. 

australasicum, one of the C. patens-complex taxa has been the standout thus far. 

Observations of C. australasicum suggest that this species germinates and establishes 

readily (Nichols et al. 2006). In three-year field trials at ten total locations in three states 

(New South Wales, South Australia and Western Australia) C. australasicum was the best 

performing native species (Li et al. 2008). Overall, it ranked 4th of 47 trialled species for 

total herbage (Li et al. 2008). In a separate two-year trial at a low rainfall site in the wheat 

belt of Western Australia, some accessions of C. australasicum were both more productive 

and persistent than lucerne (Bennett et al. 2008). These results, combined with its drought 

tolerance and ease of germination (Dear et al. 2007), have allowed C. australasicum to 

progress into a more intense pre-breeding evaluation. 

 

As C. australasicum is developed as a pasture crop, duty of care obligations must be met. 

In the pasture context, the duty of care has been defined as taking reasonable precautions 

to protect animal health, prevent new pasture crops from becoming weedy, anticipate 

agronomic problems in the novel pasture crop, and maintain the genetic integrity of the 

cultivar (Revell and Revell 2006; 2007). An environmental weed risk assessment  was 

developed  in an effort to minimize the opportunity for novel pasture plants with a high 

chance of becoming weedy will be released (Stone et al. 2008).  It could be argued that 

similar guidelines are needed to prevent alleles of domesticated C. australasicum from 

entering natural Cullen populations which may be nearby. Although there is now no legal 

duty of care to the environment in this regard (Bates 2001) there is increasing public belief 

that biodiversity is a common good (Ferraro and Kiss 2002). 
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Protecting biodiversity can be defined as preventing species from going extinct. For the 

purposes of this thesis, biodiversity will be considered not as an instance of a species, but 

rather a species and the full range of allelic diversity which the species currently contains. 

With the possible exception of C. parvum (F.Muell) J.W. Grimes (Moxham et al. 2003), the 

Cullen  species treated in this thesis, particularly those of the C. patens-complex, have wide 

geographic distributions (Figure 1) (Grimes 1997) and are not believed to be under threat 

of extinction. Therefore the concern is not that species of Cullen would be lost due to gene 

flow between natural populations of it and adjacent planted pastures of C. australasicum. 

The concern is that gene flow between planted pastures of C. australasicum and natural 

populations of C. australasicum, or other species of Cullen, would result in loss of some of 

the genetic diversity of the natural population. Minimizing gene flow between the native 

populations of Cullen  species and planted pastures of C. australasicum would allow for the 

conservation of genetic or allelic diversity in Cullen as a genus. 

Domestication of Australian native plants 

Aside from the intrinsic value of allelic diversity in Cullen, or any Australian native plant, 

protecting the allelic diversity in Cullen protects germplasm which might be of societal 

and/or economic value if C. australasicum is domesticated and commercialized. In situ 

conservation of germplasm is vital if breeders are going to have the genetic diversity 

available to continue to make yield gains (Gepts 2006). In situ genetic conservation of 

genetic diversity can be achieved by encouraging the continued use of landraces, especially 

in the regions where the crop originated (Bardsley and Thomas 2005). In situ conservation 

can also mean prevention of habitat loss, so that native populations of the wild relatives of 

crops do not go extinct (Frisvold and Condon 1998). Along the same lines, in situ 

conservation can be achieved by preventing gene flow from domesticated  species to 

natural populations (Birnbaum et al. 2003). It is this form of in situ conservation that should 

be undertaken for Cullen at this early stage of the C. australasicum domestication process. 

 

 



 

Figure 1. Distribution of C. patens-complex species, with shaded area representing the wheatbelt, as 

approximated by freehold land receiving less than 600 mm precipitation p.a. 

 

In Australia it has not generally been necessary to worry about in situ conservation of 

agricultural germplasm. In other places in the world, gene flow, and even hybridizations 

between crops and their wild relatives, are common place (Ellstrand 1992). In Australia, 

however, few native plants have been fully commercialized as broadacre crops.  

 

For the Australian native plants that have been partially or fully domesticated, biological 

risk assessments which have been done have tended to focus on weediness. Macadamia 

integrifolia F. Muell. was domesticated in Hawaii from at least two different collections 

made in Australia (Aradhya et al. 1998).  Subsequent Australian macadamia orchards did 

not have a reputation as being invasive, however weeds are known to have resulted from 

native species planted beyond their range (Williams and West 2000). Several species of 

the Australian native woody legume genus Acacia have been domesticated (Midgley and 

Turnbull 2003).  This occurred despite the propensity of members of the genus to become 

weedy, due in part to the superior invasive performance of some variants (Morgan et al. 
 9 
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2002). Furthermore, a recent assessment of the Australian native herbaceous perennial 

legume Swainsona sejuncta Joy Thomps, recommended that the weed risk was such that 

without further information the plant ought not to be released commercially as an 

ornamental (Martyn et al. 2003).  

 

There are also examples of Australian native grasses which have been domesticated. Three 

cultivars of the Australian native weeping grass Microlalena stipoides var. stipoides (Labill.) 

R.Br. were released in 1996, and more recently the potential of M. stipoides as a grain 

crop has been explored (Davies et al. 2005). The only Australian native grass cultivars to 

be released earlier were species of Danthonia, registered in 1992 (Lodge 1996). True 

commercialization, at least for turf purposes, has not yet occurred (Martin 2004). No risk 

assessment seems to have been undertaken prior to the registration, but this may be 

because M. stipoides, as a wide ranging native, is unlikely to be invasive, and as it 

primarily bears cleistogamous spikelets is unlikely to contaminate local populations. 

 

Undesired gene flow, particularly as it pertains to genetically modified crops, is sometimes 

referred to as genetic contamination (Ellstrand 1992) or genetic pollution. In the literature 

pertaining the domestication of Australian natives, genetic contamination has been used to 

refer to the gene flow between Grevillea macleayana (McGill.) Olde & Marriott in urban 

gardens and remnant populations (Whelan et al. 2006). 

 

Perhaps the most extensive genetic contamination risk assessment to date for an Australian 

native was instigated by the replacement of pines in Australian agroforestry with eucalypts 

(Strauss 2001). The authors of a review of the gene flow between plantations and native 

populations of eucaplypts to propose a “framework for assessment of the risk of genetic 

pollution”(Potts et al. 2003). Among the issues addressed were pollen dispersal (Byrne et al. 

2008) and mating systems (Millar et al. 2000). Taxonomic and phylogenetic studies were 

also undertaken to elucidate species boundaries (Elliott and Byrne 2004).  

 

Although C. australasicum is an herbaceous perennial, rather than a woody tree, some 

parallels can be drawn with the eucalypt situation. As for the eucalypts, the species 

relationships within the genus Cullen are not clearly defined.  This is due to changes in 
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nomenclature (Figure 2, Chapter 2), a contested species complex (Chapter 2 and Chapter 

5), and a lack of congruence between traditional taxonomy (Grimes 1997; Lee 1980) and 

interfertility observations (De Lacy and Britten 1970; De Lacy and Britten 1977). Better 

understanding of the species relationships between the named Cullen taxa would allow 

gene flow analyses to be characterized as within species outcrossing or interspecific 

hybridization. 

The potential of genetic contamination from C. australasicum 

Pollination ecology in Cullen 
A critical factor determining whether a population will be susceptible to gene flow is the 

rate at which it outcrosses. The mating system of C. australasicum has not previously been 

the subject of detailed  study. The Cullen patens-complex, to which C. australasicum 

belongs, has been described as mostly cleistogamous with also some possible insect 

pollination (De Lacy and Britten 1970) or autogamous (De Lacy and Britten 1977).  Lee 

(1980) believed the complex to be comprised of non-obligate self-pollinating plants. 

 

All accessions of what was known as the Cullen patens-complex (most likely consisting of 

the modern C. australasicum, C. discolor, C. pallidum and C. patens) were found to be 2n 

=22, with normal meiosis (De Lacy and Britten 1970). The perennial, prostrate members of 

the C. patens-complex (most likely C. patens) have a membranous stigma, which led to 

speculation that they required insect rupture for pollination to occur (Britten and Dundas 

1985). The annual, erect accessions of the C. patens-complex (most likely C. australasicum) 

do not have this membrane. Meiotic regularity was observed in the pollen mother cells, and 

hand manipulation could be used to produce self-pollinated seed, ruling out self-

incompatibility for the five accessions examined (Britten and Dundas 1985).  

 

Almost nothing else is known about the reproductive ecology of Cullen.  Experiments have 

demonstrated that twelve to thirteen hours of daylight are required for flowering in several 

species (Britten and Lacy 1977).  An inverse relationship between time to flowering and day 

length was found for C. patens-complex taxa (Britten and Lacy 1977). Seed set percentage 

on C. patens-complex taxa was reported to be no more than 40% (Kerridge and Skerman 

1968).  
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Hybridisation with the C. patens-complex 
While very little is known about Cullen, there are reasons to believe that the introduction of 

one of the species as a pasture crop could result in genetic contamination via interspecific 

hybridization. The first is that there will be opportunity. The low to medium-rainfall portion 

of the wheat belt overlaps with the natural range of all the species of the C. patens-complex 

(Figure 1). These species, presumably the modern C. discolor, C. pallidum, and C. patens, 

as well as C. australasicum,  have been reported to be so inter-fertile that they were 

considered ecotypes by researchers examining their agricultural potential at the University 

of Queensland (UQ) (Britten and De Lacy 1977; 1979; Britten and Dundas 1985; De Lacy 

and Britten 1970; De Lacy and Britten 1977). For these researchers, creating hybrids 

among these taxa via hand pollination was routine (De Lacy and Britten 1970; De Lacy and 

Britten 1977).  It has also been observed that members of the complex appeared to “…lack 

clear-cut genetic barriers” (Lee 1980, pg.129). These findings suggest that not only might 

taxa currently classified as C. discolor, C. pallidum and C. patens be susceptible to gene 

flow from planted pastures of C. australasicum, but that gene flow might be better 

considered intra- rather than interspecific hybridisation. Molecular phylogenetic analysis 

would allow this question to be addressed. 

Taxonomic and phylogenetic context of Cullen 
The relationships between the currently recognized species of the C. patens-complex have 

not been studied with molecular phylogenetic analysis. The genus Cullen belongs to the 

family Leguminosae (Fabaceae). Systematically, Cullen belongs to the tribe Psoraleeae, 

which currently consists of nine genera: Bituminaria, Cullen, Hallia, Otholobium, Psoralea, 

Hoita, Orbexilum, Pediomelum and Psoralidium (Grimes 1986). Phylogenetic analysis of 

the family Leguminosae (Fabaceae) places Cullen in the monophyletic subfamily 

Papilionoideae (Kajita et al. 2001; Wojciechowski et al. 2004).  An analysis using matK 

chloroplast sequences suggested that within the Millettioid clade C. cinereum is most closely 

related to members of the genera Rupertia, Psoralidium, Otholobium and Glycine 

(Wojciechowski et al. 2004), only two of which are part of the tribe Psoralee. The first 

molecular phylogenetic analysis to include multiple species of Cullen (Egan and Crandall 

2008) was as study of the North American species of the Psoraleeae tribe, and the included 

Australian Cullens were used as outgroups. Initially, using both nuclear and chloroplast 

sequences, strong evidence for species relationships was not found (Egan and Crandall 



 13 

 

2005). It is not known if the low levels of diversity observed in these genera will also be 

observed in Cullen, but if low levels of diversity were observed among the taxa of the C. 

patens-complex it would be evidence against the recent split into separate species (Koehler 

et al. 2008). 

Research objectives 

This thesis provides a foundation for addressing the risk that planted pastures of C. 

australasicum pose to the genetic integrity of native stands of C. australasicum and other 

species of Cullen. First, in Chapter 2, phylogenetic analysis is used to determine if there is 

support for C. australasicum as a species, distinct from the other taxa in the C. patens-

species complex.  In Chapter 3 the development of a set of microsatellite markers for use in 

the genus Cullen is described. Chapter 4 examines the risk of gene flow between planted 

pastures and natural populations of C. australasicum by quantifying the outcrossing rate of 

C. australasicum. Finally, Chapter 5 is a preliminary assessment of the risk of natural 

hybrids emerging between C. australasicum and field populations of the other members of 

the species complex, by measuring rates of hybrid production on C. patens-complex mother 

plants swamped by C. australasicum, and therefore C. australasicum pollen. 

Microsatellites for documenting pollination 

Microsatellites were chosen for quantifying gene flow in this study due to their robustness 

and versatility, but a variety of markers and marker systems have been used to document 

gene flow. Among these markers are morphological traits (Marshall and Broue 1973), 

herbicide resistance (Beckie et al. 2003; Lavigne et al. 1998; Trucco et al. 2004; Warwick 

et al. 2003) green fluorescent protein (GFP) (Warwick et al. 2003), isozymes (Barbour et 

al. 2002), random amplified polymorphic DNA analysis (RAPD)(Amand et al. 2000; 

Yamamoto et al. 2006) and amplified fragment length polymorphisms AFLPs (Bleeker and 

Matthies 2005; Warwick et al. 2003) . Because they are highly polymorphic, selectively 

neutral, and codominant, microsatellite markers are now often used to document gene flow 

(Birnbaum et al. 2003; Cunliffe et al. 2004; Viard et al. 2004).. 

  

Microsatellites (Litt and Luty 1989) or simple sequence repeats (SSRs) (Tautz et al. 1986) 

are genomic regions where very short sequences of nucleotides (1-6) are tandemly 

repeated.  Microsatellites are highly variable relative to the genome as a whole; the 
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mechanisms behind this have been reviewed in detail elsewhere (Ellegren 2004). Briefly, 

when DNA replication is interrupted in a microsatellite region, polymerases are less likely to 

resume replication where they left off than in a non-repeating region. This is   phenomenon 

is referred to as replication slippage (Levinson and Gutman 1987) and it, as well as 

unequal crossing over and non-functional DNA mismatch repair genes (Strand et al. 1993), 

are thought to be responsible for the hypervariability of microsatellite regions. 

 

The downside of using microsatellite markers to document gene flow, relative to other 

marker systems, is that microsatellite markers need to be developed specifically for the 

species to be studied (Zane et al. 2002). Most of this effort is spent testing potential primer 

pairs, after the library has been constructed (Squirrell et al. 2003). The effort of developing 

microsatellites may prove very worthwhile however, because they allow for fine-scale 

ecological questions to be addressed experimentally (Selkoe and Toonen 2006). 

 

In addition to being flexible tools for ecological studies, microsatellites have utility in 

breeding programs. They can be used to create a core collection of germplasm, allowing 

the limited resources available for seed increase, storage, curation, and germplasm 

development to preserve a large proportion of genetic diversity of a collection in a smaller 

number of accessions (populations) (Erskine and Muehlbauer 1991; Nair et al. 2006; Zong 

et al. 2008). Quantifying the outcrossing and hybridization rate for C. australasicum will 

allow informed decisions to be made on the precautions which need to be taken in seed 

increase plots to protect the integrity of accessions. The natural outcrossing rate will also 

determine what types of breeding schemes might be appropriate for C. australasicum, as 

has been done for other crops (Suso et al. 2001) . 

 

The goal of this thesis is to gain a better understanding of the vulnerability natural 

populations of Cullen species may have to gene flow from planted pastures of C. 

australasicum.  Marker systems other than microsatellites may have been sufficient to 

document pollen movement to address the objectives of this thesis. However, the 

development of a  set of microsatellite markers for use in Cullen will allow for both 

ecological and agricultural questions raised by the results of this study to be tackled. This in 
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turn will allow for the domestication of C. australasicum to proceed in a manner which 

protects the genetic diversity of Cullen species in Australia. 
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Chapter 2. 
Cullen australasicum can be differentiated from other members 
of the Cullen patens-complex using molecular phylogenetic 
analysis 

Abstract 

Although considered a single species by those conducting breeding experiments, the taxa of 

the Cullen patens-complex have twice been affirmed as species by taxonomists. Delineation 

of the species boundary of C. australasicum was addressed first. Using DNA sequence data 

from the nrDNA ITS1, 5.85 and ITS2 region, and two cpDNA regions, trnQ-5'rps16 and 

rpl32-trnL maximum parsimony analysis was undertaken to test three hypotheses. The first 

was that the four currently recognized species of the C. patens-complex could not be 

distinguished from each other on the basis of DNA sequence data. The hypothesis was 

false; C. australasicum can be distinguished from C. discolor, C. patens and C. pallidum 

using sequence data. The other two hypotheses, that the four species of the C. patens-

complex were monophyletic, and that all the species of the clade the C. patens-complex 

belonged to in a previous taxonomic treatment of the genus were monophyletic, also proved 

false. 

Introduction 

Cullen Medik (Leguminosae: Papilionoideae) consists of 35 species with 26 endemic to 

Australia (Grimes 1997). Among the Australian species is a group of four purportedly 

interfertile taxa (De Lacy and Britten 1970; De Lacy and Britten 1977) collectively known as 

the Cullen patens-complex (C. australasicum (Schltdl.) J.W. Grimes, C. discolor (Domin) 

J.W.Grimes, C. pallidum (N.T.Burb.) J.W.Grimes, and C. patens (Lindl.) J.W.Grimes)) 

(Grimes 1997). The taxa of the complex are wide-spread, with overlapping distributions 

(Figure 1). Members of the C. patens-complex have shown promise for use as a pasture 

crop in lower rainfall environments (Bennett et al. 2008; Dear et al. 2007; Gutteridge and 

Whiteman 1975; Kerridge and Skerman 1968; Skerman 1957). In recent field trials, 

accessions of C. australasicum were among the standouts of novel perennial pasture species 

(Li et al. 2008). Due to its performance in agricultural trials, C. australasicum will be bred 

for release as pasture varieties (R. Nair, personal communication). 
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The Australian species of Cullen (including the C. patens –complex) had been included as 

part of Psoralea L. until relatively recent revisions by Grimes (Grimes 1996), who followed 

the resurrection of the genus by Rydberg (1928). The C. patens-complex species have had 

an unstable taxonomic history (Figure 2).  Early treatments recognized two species based 

on habit. Psoralea patens (=C. patens) was described as prostrate (Lindley, 1838 in Grimes 

1997) while P. australasica (= C. australasicum) was described as erect (Schlechtendal, 

1847 in Grimes 1997).  Bentham (1848, in Grimes 1997) described P. eriantha Benth. as 

a prostrate plant and later included P. australasica  in synonymy with P. patens (Bentham 

1864, in Grimes 1997). Psoralea patens was subsequently used for erect specimens, and P. 

eriantha for prostate specimens (De Lacy and Britten 1970). Two further closely allied 

species were also recognized. P. discolor (= C. discolor) was distinguished from P. eriantha 

by Domin (1925, in Grimes 1997) on the basis of geography (De Lacy and Britten 1970), 

and P. dietrichiae  Domin was recognized the following year (Lee 1980).  

  



 

 
Figure 1. Distribution of the four taxa of the Cullen patens-complex, as inferred from herbarium 

records. The shaded area is freehold land receiving less than 650 mm precipitation p.a., which 

approximates the low to mid rainfall agricultural area where C. australasicum would be deployed as 

a pasture species. 
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Figure 2.  Schematic showing the taxonomic history of the taxa comprising the Cullen patens-

complex. 
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Accessions of the C. patens-complex used in the earliest published agricultural experiments 

were attributed to P. eriantha (Skerman 1957). These plants were probably what are now 

considered C. pallidum because they are described as being covered with soft white 

tomentum, which is characteristic of C. pallidum but not the other species in the complex. A 

later publication states that “P. eriantha appears to be closely related to P. patens with some 

taxonomic confusion existing between the two species” (Kerridge and Skerman 1968).  

However Kerridge and Skerman (1968) also report, as evidence for two distinct species, 

that root nodulating bacteria collected from P. patens were found to be less effective in 

nodulating P. eriantha than root nodulating bacteria collected from other P. eriantha. 

 

Species now recognized as forming the C. patens-complex were first referred to as a group 

or complex by de Lacy and Britten (1970). When they began publishing breeding 

experiments with various Psoralea, De Lacy and Britten (1970; pg. 284,) stated, “the forms 

of the genus P. eriantha, P. australasicum, P. patens, and P. discolor all actually belong to a 

single species” and that “…. no biologically meaningful distinctions can be made between 

any member of the group”.  To describe the interfertile plants they were studying De Lacy 

and Britten used the terms P. eriantha group and P. eriantha complex (De Lacy and Britten 

1970), Psoralea eriantha-patens complex (Britten and De Lacy 1977; 1979) P. eriantha-

patens group (De Lacy and Britten 1977) and finally, after taxonomic revisions by Lee 

(1980), Psoralea patens-complex (Britten and Dundas 1985).  Given that researchers at The 

University of Queensland did not recognize the species as they are currently delineated, 

interpretation of their results relies on the assumption that accessions they referred to as 

erect are what is now known as C. australasicum, accessions that they referred to as semi-

erect are what is now known as C. pallidum, and accessions that they referred to as 

prostrate were the modern C. patens and C. discolor.  They had success with hand 

pollinations between all these forms (De Lacy and Britten 1970; De Lacy and Britten 1977).  

 

A taxonomic study of the P. eriantha-patens complex was made by Lee (1980) who 

examined herbarium specimens then recognized as P. eriantha, P. australasica, P. patens, 

P. discolor, P. dietrichiae and P. pallida.  Psoralea pallida had only recently been separated 

from P. eriantha (Burbidge 1980). Acknowledging that members of the complex appeared 

to “…lack clear-cut genetic barriers” and that “outbreeding does occur in nature” Lee 
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(1980, pg.129) proposed recognizing three species. Her Psoralea patens complex 

recognized: 1) P. patens (considering P. eriantha and P. discolor as synonymns); 2) P. 

australasica (P. dietrichiae synonymous); and 3) P. pallida (Figure 2). Grimes (1996; 1997) 

in his revision of Cullen (now including all Australian Psoralea) followed Lee’s (1980) 

species recognition with the exception of also recognizing C. discolor. Grimes (1997) 

supported his treatment of the C. patens-complex using a morphometric analysis of 15 

inflorescence and floral characters scored from 20 individuals from each of 20 Cullen 

patens-complex populations (Grimes 1997). Multigroup discriminant analysis found no 

significant differences between populations for any of the characters but canonical analysis 

of discriminance did identify four groups which generally coincided with flower color and 

habit based species assignment of each individual (Grimes 1997). In his analysis Grimes 

sometimes assigned individuals from the same population to different species. 

 

Grimes (1997) also used morphological data to perform a cladistic analysis of the newly 

defined Cullen and found the species were resolved into two clades. All the members of the 

C. patens-complex resolved into the C. australasicum-clade along with several other species 

from Australia and North America, supported by a synapomorphic character, stem bases 

with persistent leaf bases, and a homoplasious character, veins which proceed to the 

margin of the leaflet (Grimes 1997). Within the C. australasicum-clade Grimes identified 

three groups. All of the Australian species in the C. australasicum-clade grouped together, 

supported by their persistent bracts. This group was comprised of members of the C. 

patens-complex, C. tenax (Lindl.) J.W. Grimes, C. microcephalum (Rchb. Ex Kunze) J.W. 

Grimes, C. parvum (F.Muell) J.W. Grimes, C. cinereum (Lindl.) J.W. Grimes, and C. 

graveolens (Domin.) J.W. Grimes (Grimes 1997). 

 

The areas of the Australian wheat-sheep agricultural belt where C. australasicum varieties 

would be deployed as pasture plants coincide with the natural distribution of the species, as 

well as other species of the Cullen patens-complex (Figure 1). This proximity would provide 

the opportunity for pollen mediated gene flow between planted pastures of C. australasicum 

and natural populations of the species of the C. patens-complex. To protect biodiversity, the 

risk of gene flow between planted pastures of C. australasicum and native populations of 

the C. patens-complex will need to be assessed prior to the release of varieties of C. 
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australasicum. As a starting point it will be important to better understand species 

boundaries and relationships of the species from a phylogenetic perspective given the 

unstable taxonomic history of the complex (Figure 2). Delineation of the species boundary 

of C. australasicum may not change which species need to be included in a risk assessment 

plan to determine the susceptibility of natural populations of Cullen to pollination by 

pastures of improved C. australasicum, but it will determine whether such outcrossing events 

should be considered interspecific hybridisations or merely intra-species gene flow. 

 

Given the unstable taxonomic history of the C. patens-complex the aim of this study was to 

determine if the species of the C. patens-complex could be resolved in a phylogenetic 

context, with particular interest in C. australasicum, using DNA sequence data. Further, if 

the species could be differentiated, what are the relationships among the species of the C. 

patens-complex, and the other Australian species of Grimes’ (1997) C. australasicum clade, 

particularily C. tenax and C. cinereum?  The resilient crown of C. tenax and the high rate of 

seed set of C. cinereum are characters which it would be desirable to introgress into future 

cultivars of C. australasicum (Bennett et al. 2008). No previous molecular phylogenetic 

analysis has focused on a group of Australian species of Cullen, although four accessions 

were included in a study of the North American species of the Psoraleeae tribe (Egan and 

Crandall 2005; 2008). Molecular phylogenetic analysis of the group of Australian species 

in Grimes’ C. australasicum-clade was undertaken to test three hypotheses. Nuclear 

ribosomal DNA (nrDNA) internal transcribed spacer (ITS),  was used due to the primary 

interest in interspecific variation (Baldwin et al. 1995). These data were augmented by and 

chloroplast intron sequences. The chloroplast loci chosen for sequence analysis were those 

which had been identified as the most variable across plant species (Shaw et al. 2007). The 

first hypothesis was that the species of the C. patens-complex as they are currently 

described cannot be differentiated on the basis of DNA sequence evidence. The second 

hypothesis was that the Cullen patens-complex is monophyletic. The third hypothesis was 

that the group of Australian species in Grimes’ C. australasicum-clade is monophyletic. 

Materials and methods 

Taxon sampling 
Twelve Australian species of Cullen were sampled. Leaf material was obtained from 

herbarium specimens and collected from live plants grown in the greenhouse from seed 



 23 

 

recently obtained from natural field sites; details are given in Table 1. Plants grown for this 

study are vouchered at the University of Western Australia herbarium. Three accessions 

each of the four species in the C. patens-complex (C. australasicum, C. discolor, C. 

pallidum, C. patens) were sampled. One (C. parvum, C. microcephalum) or two (C. 

cinereum, C. tenax, and C. graveolens) accessions each of the other species in the 

Australian group of Grimes’ (1997) C. australasicum-clade were sampled. As potential 

outgroups we included one accession each of C. leucanthum (F.Muell.) J.W.Grimes, C. 

lachnostachys (F.Muell.) J.W.Grimes, and C. pustulatum (F.Muell.) J.W.Grimes from 

Grimes’ (1997) “second major clade”. The nrDNA ITS analysis also included C. 

americanum and Bituminaria bituminosa (Egan and Crandall 2008) as well as one 

additional sample each of C. australasicum, C. discolor, C. cinereum, and C. tenax (Egan 

and Crandall 2008). 

 

Sequence data from the nrDNA ITS and two chloroplast(CP) regions, trnQ-5'rps16 and 

rpl32-trnL (Shaw et al. 2007) were examined. Three data sets were constructed. The ‘ITS’ 

data set consisted of 28 accessions, all but one of the new Australian accessions plus the six 

sequences downloaded from Genbank. The CP data set was comprised of all the new 

Australian accessions. The CP data set was a concatenation of separate sequencing results 

from the forward and reverse primers of region trnQ-5'rps16, which did not overlap 

sufficiently, due to poly A tails, to create single contigs for each species, and the rpl32-trnL 

region.  The final data set combined ITS + CP and included only those taxa that were 

present in both data sets. 

 



Table 1. Source of germplasm, references beginning PER indicate specimens from the Western Australian Herbarbium.

Taxa Tree ID Seed Resource ID or reference Provenance

Cullen australasicum (Schltdl.) J.W.Grimes 1 AusTRCF320175 Queensland
Cullen australasicum (Schltdl.) J.W.Grimes 2 SA42778 South Australia
Cullen australasicum (Schltdl.) J.W.Grimes 3 SA44468 South Australia
Cullen australasicum (Schltdl.) J.W.Grimes 4 Egan, 2008 Northern Territory

Cullen discolor  (Domin) J.W.Grimes 1 SA42974 Western Australia
Cullen discolor  (Domin) J.W.Grimes 2 PER06090524 Western Australia
Cullen discolor  (Domin) J.W.Grimes 3 PER05693748 Western Australia
Cullen discolor  (Domin) J.W.Grimes 4 Egan, 2008 Western Australia

Cullen pallidum (N.T.Burb.) J.W.Grimes 1 SA41740 NSW
Cullen pallidum (N.T.Burb.) J.W.Grimes 2 SA44387 NSW
Cullen pallidum (N.T.Burb.) J.W.Grimes 3 SA42722 South Australia

Cullen patens (Lindl.) J.W.Grimes 1 CB02CS Western Australia
Cullen patens (Lindl.) J.W.Grimes 2 SA42725 South Australia
Cullen patens (Lindl.) J.W.Grimes 3 SA42746 South Australia

Cullen cinereum (Lindl.) J.W.Grimes 1 SA42970 Western Australia
Cullen cinereum (Lindl.) J.W.Grimes 2 FFPCcin Western Australia
Cullen cinereum (Lindl.) J.W.Grimes 3 Egan, 2008 Northern Territory

Cullen graveolens (Domin) J.W.Grimes 1 AusTRCF320184 Queensland
Cullen graveolens (Domin) J.W.Grimes 2 FFPCgrav Queensland

Cullen microcephalum (Rchb. Ex Kunze) J.W.Grimes GR (cutting) Victoria

Cullen parvum (F.Muell.) J.W.Grimes NIND017 cultivar

Cullen tenax  (Lindl.) J.W.Grimes 1 AusTRCF320092 Queensland
Cullen tenax  (Lindl.) J.W.Grimes 2 SA44421 New South Wales
Cullen tenax  (Lindl.) J.W.Grimes 3 Egan, 2008 Queensland

Cullen lachnostachys (F.Muell.) J.W.Grimes Nindethana Seed Service Pty Ltd cultivar

Cullen leucanthum (F.Muell.) J.W.Grimes BILL01CL Western Australia

Cullen pustulatum (F.Muell.) J.W.Grimes Nindethana Seed Service Pty Ltd cultivar

Cullen americancum Egan, 2008

Bituminaria bituminosa Egan, 2008

Abreviations for the Seed Resource IDs: AusTRF , Australian Tropical Crop & Forage Collection (QPIF, Biloela, Australia); SA, SARDI 
Genetic Resource Centre (SARDI, Adelaide, Australia); FFPC & BILL, UWA (Crawley, WA) Goldfields Revegetaion (Mandurang, 
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Figure 3. Location of germplasm collections for sequences new to this study. No location information 

is available for cultivars, and for accession AusTRCF320092 the collection location is presumed to be 

in Queensland, but as this is not certain no location is given. 

DNA isolation, amplification, and sequencing 
Genomic DNA was extracted using a modified phenol-chloroform protocol (Larkan et al. 

2007), with the following adjustments: 100 mg of fresh or dessicated tissue was placed 

directly into 600 μl of buffer and ground in a Precellys 24 mixer mill (Bertin Technologies). 

Further solution volumes were adjusted accordingly. Double-stranded DNAs were amplified 

using the polymerase chain reaction (PCR) in 25 μl volumes consisting of 10 μM of each 

primer, 10 ng of genomic DNA, 1X PCR buffer, 2 mM each dNTP, 25 mM MgCl2, and 0.2 

U Taq DNA polymerase (Fisher Biotech). Primer sequences and references are presented in 

Table 2. PCR amplification was performed on a Mastercycler epi gradientS thermocycler 

(Eppendorf). PCR amplification of the ITS region began with an initial denaturation at 95 ºC 

for 105 sec followed by thirty cycles of 95 ºC for 45 sec, 52 ºC for 45 sec, 72 ºC for 45 sec 

and a final extension at 72ºC for 7 min. Amplification of the cpDNA regions followed Shaw 
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et al. (2007) except also including a 0.3 ºC increase in annealing temperature every cycle 

beginning at 65 ºC. 

 

Table 2. Primer sequences and references.

Region Primer name and sequence (5'-3') Reference

ITS ITS4 TCCTCCGCTTATTGATATGC White et al . 1990
ITS5 GGAAGTAAAAGTCGTAACAAGG

trnQ-5'rps16 trnQ(UUG) GCG TGG CCA AGY GGT AAG GC Shaw et al.  2007
rpS16x1 GTT GCT TTY TAC CAC ATC GTT T

rpl32-trnL trnL(UAG) CTG CTT CCT AAG AGC AGC GT Shaw et al.  2007
rpL32-F CAG TTC CAA AA A AAC GTA CTT C

 

 

After being checked on agarose gels, some PCR products were submitted directly to the 

Royal Perth Hospital Sequencing Service (Perth, Australia) where they were sequenced on 

an Applied Biosystems (ABI) Prism 3730 48 capillary sequencer (Foster City, USA) using 

BigDye Terminator (ABI). Most PCR products were purified with ExoSAP-IT (USB, Ohio, 

USA), and then prepared for direct sequencing with 1/16th reactions of the Big Dye 

Terminator (ABI). Samples were then cleaned using an ethanol-sodium acetate method prior 

to submitting for sequencing at the State Agricultural Biotechnology Centre (Murdoch 

University, Perth, Australia) on a 3730 capillary sequencer (ABI). Sequences have been 

submitted to Genbank.  

Alignment and analyses 
Sequences were assembled and edited with Sequencher 4.1.2 (Gene Codes Corp., Ann 

Arbor, USA). Alignments were manually edited using MacClade 4.06 (Maddison and 

Maddison 2000).  Gaps were treated as presence/absence characters and placed at the 

end of the character × taxon matrix. ITS 2 could not be amplified for one C. discolor 

sample, C. discolor 3. Parsimony analyses were carried out in PAUP* version 4.0b10 

(Swofford 2003). Heuristic searches with random taxon addition sequences were used and 

tree bisection-reconnection with unordered, equally weighted characters and 500 analysis 

replicates.  Indels were treated as presence/absence characters and added to the edge of 

the data matrix.  PAUP* was also used to calculate measures of homoplasy, ensemble 
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consistency index (CI; Kluge and Farris 1969 in (Nei and Kumar 2000)), ensemble 

retention index (RC), ensemble retention index (RI; Farris 1989 in (Nei and Kumar 2000)) 

as well as the level of internal support (boostrap values; (Felsenstein 1985). Bootstrap 

analyses were performed as above using 1000 replicate heuristic searches. 

Results 

ITS 
Twenty-eight accessions were included in the ITS analysis, 22 of the 28 taxa were new to 

this study, and six were downloaded from GenBank. The ITS data set included 644 

characters; 636 bp aligned sequence and 8 characters for gap coding.  Eighty-eight of 

these characters were variable, and 30 of the variable characters were parsimony 

informative. Parsimony analysis yielded 36,409 most parsimonious trees. Bituminaria 

bituminosa was set as an outgroup. Each tree was 117 steps (CI=0.846, RC= 0.721, RI= 

0.852). Figure 4 displays the strict consensus tree. A phylogram representing branch 

lengths is given in Figure 5.  

 

The analysis of the ITS sequences support the monophyly of the C. australasicum accessions 

sampled here (Figure 4, 97% bootstrap support) and that it is divergent from other members 

of the C. patens complex. There is not support for the monophyly of the C. patens-complex. 

Grimes’ (1997) C. australasicum clade is paraphyletic in relation to tropical species of 

Australian Cullen. 



 

 

Figure 4. Consensus tree of ITS data set, numbers above branches are bootstrap values. 
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Figure 5. Phylogram displays of consensus trees for all three analyses. Top left is ITS data 

set. Top right is cpDNA data set. Lower left is combined ITS and cpDNA data set. 
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cpDNA 
The cpDNA dataset was made by appending the rpl32-trnL and trnQ-5'rps16 regions. The 

rpl32-trnL data set included 357 bp of aligned sequence. The trnQ-5'rps16  data set was a 

concatenation of 194 bp sequence and two gap characters from sequencing in the forward 

direction, with 164 bp aligned sequence in the reverse direction. Of these characters eight 

were variable, and seven of the variable characters were parsimony informative. Based on 

the results of the ITS analysis, C. tenax and C. microcephalum were designated as 

outgroups. Parsimony analysis yielded 12 most parsimonious trees. Each tree was 6 steps 

(CI=0.667, RC= 0.540, RI=0.810).  Figure 6 displays the strict consensus tree. A 

phylogram representing branch lengths is given in Figure 5. 

 

There was very little variability in this data set, and much of what did exist was partitioned 

among accessions within species, rather than among species. None of the ingroup species 

were resolved nor were relationships among species. 



  

 

Figure 6. Consensus tree of cpDNA data set, numbers above branches are bootstrap 

values. 
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Combined ITS and cpDNA 
The combined data set was comprised of 22 of the 23 Australian accessions new to this 

study. ITS region of C. discolor 3 was not obtained. The data set included 1296 bp of 

aligned sequence and 10 gap characters; 55 of these characters were variable, and 31 of 

the variable characters were parsimony informative. Parsimony analysis yielded 19,178 

most parsimonious trees. Each tree was 80 steps (CI=0.725, RI= 0.782, RC= 0.567).  

Figure 7 displays the strict consensus tree. C. tenax was treated as the outgroup, based on 

results of the anyalyses that included Bituminaria.  This analysis resulted in a similar tree 

topology to that recovered from ITS alone, but some reduced support for relationships. A 

phylogram representing branch lengths is given in Figure 5.   

 

 

  



 

Figure 7. Consensus tree of combined ITS data set, numbers above branches are bootstrap 

values. 

Discussion 

The first hypothesis tested was that the species of the C. patens-complex as they are 

currently described would not be differentiated on the basis of DNA sequence evidence in a 

phylogenetic context. This was not completely supported by the ITS data. In the ITS analysis 

there was strong support for the monophyly of C. australasicum accessions (BS=97). The CP 

data did not support the monophyly of the C. australasicum accessions and provided little 
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support (all BS < 57) for groupings, resulting in poor resolution among all taxa in general.  

While there were a number of variable characters among the C. patens-complex species, 

few were parsimony informative.  In addition to the chloroplast loci used for these analyses 

we tested other chloroplast loci 3'trnV-ndhC (Shaw et al. 2007)  and trnCGCA-ycf6-psbM 

(Shaw et al. 2005). These loci were even less variable, leading to the selection of the loci 

used. 

 

Similar results were found in a larger study of the tribe Psoraleeae which focused on the 

North American genera (Egan and Crandall 2005; 2008). When their analysis included 

only ITS and two chloroplast intergenic spacers, they found only modest evidence for 

species relationships (Egan and Crandall 2005). When they concatenated six chloroplast 

and two nuclear loci, the overall resolution was better (Egan and Crandall 2008). The ITS 

results support the assessments of Grimes (1997) and Lee (1980) regarding C. 

australasicum and concurs even with some of writing of De Lacy, who believed the P. 

eriantha group was best considered as a single species, but that “If there are two taxa 

involved, then it is an error in the nomenclature to refer the upright forms to P. patens and 

the prostrate forms to P. eriantha as is now done. The upright forms should be P. 

australasica, and the prostrate forms P. patens” (1970 pg. 283). 

 

There was relatively weak support for a clade including C. patens (ITS and ITS + CP both 

(64 BS)) and C. discolor 4.  The C. discolor 4 sequence was obtained from a herbarium 

specimen which will need to be examined to verify correct identification (Egan and Crandall 

2008), but misidentification is somewhat unlikely as it had been lodged and verified by 

Grimes.  Alternatively, as C. discolor 4 was collected in New South Wales, its grouping 

with C. patens in the ITS analysis (the only analysis it was included in) could reflect a history 

of introgression and/or geographic patterns of variation among the taxa of the C. patens-

clade. The other C. discolor specimens (C. discolor 1 and C. discolor 2) were collected in 

Western Australia. These C. discolor accessions did not form a clade nor did the C. 

pallidum accessions, but were part of a polytomy with the other three species of Grimes’ C. 

australasicum clade (C. cinereum, C. parvum and C. graveolens), C. australasicum and the 

C. pallidum clade. Thus, these data do not support the second hypothesis that the C. patens-

complex is monophyletic.  
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This may either reflect that we do not have data variable at the appropriate level or, more 

likely, that relationships among the morphologically defined taxa are more complex. This 

branching structure/topology is characteristic of rapid radiations (Whitfield and Lockhart 

2007) which are believed to have occurred in other genera from central Australia (Crisp et 

al. 2004). Although most of these Cullen taxa did have autapomorphies that differentiated 

them from other accessions, there were not characters to support any of the other taxa as 

monophyletic. Perhaps the molecular variation reflects geographic distribution more than 

taxonomically informative variation. This inability to differentiate among a wider group of 

species than just the C. patens complex has precedent. In his Flora Australiensis (1864), 

Bentham notes in his entry for P. patens that “This plant, P. eriantha and P. cinerea, are all 

considered by F. Mueller as forms of one species…” (pg. 192).  Thus, our data recognize 

C. australasicum as unique from other C. patens-complex members but provided little 

support for other species in the complex. 

 

The final hypothesis, that the group of Australian species in Grimes’ (1970) C. 

australasicum-clade were monophyletic, is not supported by the data. Instead, the C. 

australasicum clade is paraphyletic in relation to the members of Grimes’ “second major 

clade” that were sampled for this study.   

 

The finding from the ITS analyses of C. tenax and C. microcephalum to be sister (BS 82) to 

a clade including members of Grimes’ (1997) “second major clade” and many species of 

Grimes’ C. australasicum clade was unexpected.   Also unexpected was that C. parvum 

was not allied with C. tenax and C. microcephalum in the ITS analysis, but rather with the 

rest of the C. australasicum-clade species. Grimes (1997) found all three species identical in 

terms of the 27 characters used in his cladistic analysis, and thus included only C. 

microcephalum in the analysis. He stated that these three species differed from each other 

only in leaf-structure, shape of calyx in fruit, and the size of stipules (Grimes 1997). These 

species are quite more compact, even under irrigation that any of the other Cullen species 

included in the study, and their leaves are palmate. The failure of C. parvum to group with 

C. tenax and C. microcephalum, but rather with the other taxa of C. australasicum-clade 
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may have conservation implications, as C. parvum is a threatened species (Moxham et al. 

2003).  

 

The unexpected relationship between C. tenax and the other taxa of the C. australasicum-

clade was even more surprising as the Australian species from tropical regions (members of 

the “second major clade”), were sister to Grimes’ other C. australasicum clade species 

(excluding C. tenax and C. microcephalum). Cullen leucanthum and C. pustulatum were 

placed by Grimes’ cladistic analysis in the “second major clade”, C. lachnostachys was 

identical to C. pustulatum for the characters used in his analysis. The distribution of these 

species, particularily C. pustulatum and C. lachnostachys, is in the non-winter rainfall 

dominant regions of northern Australia.  They are somewhat woodier than the C. patens-

complex species and the margins of their leaves are more regular. The placement of C. 

graveolens in two different clades in this analysis may again be a situation where the 

molecular variation reflects geographic divergence, as C. graveolens 1 was grown from an 

accession originally collected in Queensland, and C. graveolens 2 was from the Fortescue 

Flood Plain in Western Australia. 

 

Phylogenetic evidence (Figure 4) suggests that C. australasicum is distinct from the other 

taxa of the C. patens-complex. C. australasicum is not more closely related to other species 

of the C. patens-complex than to some other members of the genus, including C. cinereum, 

C. parvum and possibly C. graveolens using these data, as these taxa are all part of a 

polytomy.  If genetic relatedness predicts frequency of hybridisation and success of hybrids, 

C. australasicum is no more likely to hybridise with the other species of the C. patens-

complex than it is with C. cinereum and possibly C. graveolens and C. parvum.  From a 

breeder’s standpoint this may open doors for potential interspecific crosses with species 

adapted to different climates. 
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Chapter 3:  
Development, characterization and transferability of 
microsatellite markers for Cullen australasicum (Leguminosae). 

Abstract 

The development of eight polymorphic microsatellite markers for use in the Australian native 

legume Cullen australasicum is described. The number of alleles per locus ranged from 3 to 

8. Observed heterozygosity ranged from 0.208 to 0.667. The cross-species amplification of 

these eight markers and a ninth marker, which is monomorphic in the populations 

examined, but may be used to distinguish between species, was also tested in five other 

species. These microsatellite markers will be useful for investigating the population structure 

of natural populations of Cullen australasicum and other Cullen species which may be 

susceptible to genetic contamination via pollen mediated gene flow from planted pastures of 

Cullen australasicum. 

Introduction 

Cullen australasicum (Schltdl.) J.W.Grimes (Leguminosae: Psoraleeae) is a perennial legume 

native to south-central Australia. It produces fertile hybrids with at least three other taxa (De 

Lacy and Britten 1977), but little else is known about its pollination ecology. Cullen 

australasicum and other species of Cullen have demonstrated potential as pasture crops for 

low rainfall agricultural areas (Dear et al. 2007), and are being domesticated. However, 

the native ranges of several species of Cullen overlap with the wheat-sheep belt of southern 

Australia, where Cullen pasture crops would be sown. To preserve the genetic integrity of 

natural populations of Cullen growing near planted pastures of Cullen we need to identify 

species (or at least intrafertility) boundaries, document the existing natural population 

diversity and structure, describe the mating system(s), and estimate gene flow distances. We 

developed a set of microsatellite markers to provide tools with the power to address these 

questions in Cullen. 

Materials and methods 

DNA was extracted from leaves of mature Cullen tenax (Lindl.) J.W.Grimes (NSW) using a 

modified CTAB extraction protocol (Byrne et al. 2001).  A genomic library enriched for 
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microsatellite sequences was constructed following a modified method of Glenn et al. 

(2005).  Briefly, Genomic DNA was digested with Rsa I and then enriched using 

oligonucletides (AC13) and (AG13) and a Dynabead (Dynal) affinity beading procedure. 

Enriched fragments were then PCR recovered, transformed with a TA cloning kit 

(Invitrogen), and selectively plated. The surviving clones were cultured in LB, and these were 

used as PCR templates, the amplification products of which were used for a dot blot 

hybridisation (Bio_Rad) screen of the library.  Relative strength of hybridisation signal was 

used to select 73 of 574 clones, which were sequenced using an Applied Biosystems (ABI) 

Prism 3730 48-capillary sequencer. Duplicate sequences were identified by visual 

inspection in Sequence Scanner (ABI) and by text searches among clones selected for 

sequencing and their reverse complements. Primers were designed using an online 

implementation of the PRIMER 3 software (Rozen and Skaletsky 2000) and NetPrimer 

(Premier Biosoft). Twenty-seven primer pairs were tested in a subset of two C. tenax and 

three C. australasicum individuals. Twenty-one pairs consistently amplified a PCR product. 

Fluorescently labelled forward primers were synthesized for 12 of these loci. Nine of the 

resulting amplification products could be unambiguously scored, and eight displayed 

polymorphism within a test population.  

 

Markers were evaluated using a natural population of 24 C. australasicum individuals 

(Keyneton Road-Sedan Hill Road, near Mt. Pleasant, South Australia; 34° 33’ 43” South 

and 139° 13’ 9” East). Genomic DNA was extracted from desiccated leaves using a 

modified phenol-chloroform protocol of Larkan et al. (2007) with the following adjustments: 

100 mg of desiccated tissue was placed directly into 600 μl of buffer and ground in a 

Precellys 24 mixer mill (Bertin Technologies). Further solution volumes were adjusted 

accordingly. PCR reactions were performed in 25 μl volumes consisting of 10 μM of each 

primer, 10 ng of genomic DNA, 1X PCR buffer, 2 mM each dNTP, 25 mM MgCl2, 0.2 U 

Taq DNA polymerase (Fisher Biotech). The amplification program ran on a Mastercycler epi 

gradientS (Eppendorf) thermocycler with an initial denaturisation at 94 ºC for 3 min 

followed by thirty cycles of 94 ºC for 30 sec, 62 or 57 ºC for 30 sec, 72 ºC for 1 minute 

and a final extension at 70 ºC for 10 minutes. Up to four reaction products were pooled by 

individual for capillary electrophoresis on a 3730 capillary sequencer (ABI). GeneScan-500 



LIZ size standard (ABI) was used as an internal size standard. GeneMapper (ABI) was used 

to score alleles. 

Results 

Eight loci were polymorphic, with 3-8 alleles per locus. The mean number of alleles was 5 

and the observed heterozygosity ranged from 0.208-0.667 (Table 1). Microsatellite 

Analyzer (Dieringer and Schlötter 2003) was used to estimate diversity statistics. At each 

locus, estimations of P-values for deviations from Hardy-Weinberg equilibrium (HWE) and 

linkage disequilibrium (LD) were performed by the Markov chain algorithm as implemented 

in GenePop (Rousset 2008). After Bonferroni correction for multiple tests (Rice 1989) no loci 

deviated from HWE.  The trend towards heterozygote deficiency was not unexpected, as C. 

australasicum is thought to be largely self pollinating. No evidence for linkage 

disequilibrium was detected. 

 

Table 1 Characterization in C. australasicum of eight microsatellite loci identified in C. tenax. 

Included are locus name,  GenBank accession number, primer sequences (F, forward primer, R, 

reverse primer, fluorescent labels bolded), annealing temperature  used for PCR amplification of 

alleles (Ta), number of individuals genotyped (n), Ho, observed, and He, expected, frequency of 

heterozygotes. 
Locus GenBank accession nPrimer sequence (5'-3') Repeat T a (Cº) No. alleles Size range (bp) n H o He

Cul A VIC F:CTGGAACACAACCCAAGACC (AGAT)5 57 6 157-166 24 0.333 0.488
R:CGTGCTGTTATTCCCCATGA

Cul B VIC F:AGGCGCGTGACAAAATAGAC (CT)7(CA)10 62 4 195-211 22 0.545 0.659
R:CTGCCATGGAGACGGATAAC

Cul C NED F:CTTAACGGAGACGGTTCCTC (TC)13 57 5 149-156 24 0.583 0.710
R:CGGGACCGAAGTGACAATAG

Cul D 6FAM:CAGATACCCAAAACCCTGAGC (GA)12 62 3 140-149 24 0.333 0.504
R:GAAGCAACACGAAGCCACTC

Cul E PET F:TCTGGAGGCCCTGGATATG (CT)15 57 8 96-114 24 0.583 0.836
R:CCACAACTCAAGTCAGCATGG

Cul I PET F:CGATGATCAGAAAGGACAGC (TC)10 57 4 382-392 24 0.208 0.198
R:TCTAGTGGGTTGCCCTGAAC

Cul J 6FAM F:CTCAAGGATTTCGGAGTTGC (AG)10 62 3 242-247 21 0.381 0.484
R:GGGTGGCGTTGTTCACAG

Cul T 6FAM F:TAGGAAGCCCAAAAACGAAA (GT)19 57 7 197-215 24 0.667 0.698
R:GGGTAAAGCAAGGTGCAGAG  

 

Cross-species amplification of the eight microsatellite DNA primers was successful in C. 

cinereum, C. discolor, C. pallidum, C. patens, and C. tenax (Table 2). A ninth primer pair, 

F, (NED F:CCTATGTCTGGGCCATGAAG, R:CAAAAGAGGATTCGGCTGAG) was 

included because although it was monomorphic in the test population of C. australasicum, it 

varied between species and will be useful for confirming interspecific hybridisation. We 

anticipate that this set of microsatellite markers will allow us to describe the mating systems 

and genetic diversity of natural populations of C. australasicum and other Cullen species. 
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This information will be used to assess the threat planted pastures of Cullen would pose to 

natural populations of Cullen, so that effective conservation strategies can be designed. 

 

Table 2. Cross species amplification of nine microsatellite loci developed for C. australasicum in 5 

additional Cullen species. Given for each species are the number of individuals tested (n), and the 

size range of observed amplification products (bp) for each marker, a single number indicates the 

locus is monomorphic in tested individuals 

Species n Locus
Cul A Cul B Cul C Cul D Cul E CulF Cu lI Cul J Cu lT

C. cinereum 4 163 209 150 163 96 248 382 209
C. discolor 4 146 204 150 147 102-104 248 378 252 205-209
C. pallidum 4 141 198 154 142 102-104 240 378 219 197
C. patens 4 141 204 151 142 92 248 378 251 205
C. tenax 12 142-155 193-204 150-158 147-161 96-102 248-251 391-398 243 215
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Chapter 4. 
Estimates of outcrossing rates range from 2.5 - 13% in  
C. australasicum 

Abstract 

C. australasicum is a native perennial legume being domesticated for use as a planted 

pasture crop in southern Australia. The mating system of C. australasicum has not been 

studied, but it belongs to a species complex which has been described as autogamous. To 

test if the rate of outcrossing was less than 10%, which would indicate that C. australasicum 

was predominantly selfing, a field trial was designed to mimic the spatial distribution of a 

natural population. The field plot consisted of 20 plants, 10 from each of two accessions of 

C. australasicum. Two microsatellite markers were used to genotype the parents and 

progeny. The probability of outcrossing was estimated at 0.07, if it is assumed the two 

accessions behave as a single random mating population. As well as being the first 

quantification of outcrossing in C. australasicum, this study demonstrates the utility of these 

microsatellite markers for documenting pollination events amongst C. australasicum plants. 

Introduction 

Novel perennial legumes are sought for pastures in the mid to low rainfall agricultural areas 

of Australia. Cullen australasicum (Schltdl.) J.W.Grimes is a perennial legume native to 

central Australia. Interest in developing C. australasicum as a pasture crop began in 

Queensland (Britten and De Lacy 1977; 1979; Britten and Dundas 1985; De Lacy and 

Britten 1977; Kerridge and Skerman 1968; Skerman 1957) and after a hiatus has resumed 

(Bennett et al. 2006; Dear et al. 2007; Nichols et al. 2006; Robinson et al. 2007). In an 

Australia-wide field trial of novel perennial legumes, C. australasicum ranked in the top 10 

of 47 native and exotic species, and the best of the natives, as measured by herbage 

production and persistence (Li et al. 2008). In a field trial in Western Australia, several 

accessions of C. australasicum were both more productive and more persistent than the best 

adapted lucerne cultivar (Bennett et al. 2008). Because of this performance in field trials, 

accessions of C. australasicum are being evaluated at the South Australian Research and 

Development Institute (SARDI) and the University of Western Australia (UWA) to select the 

lines most suitable for breeding programs.  



 

The frequency of outcrossing in C. australasicum is critical information for planning a 

breeding program to develop pasture cultivars. For the next few years the breeding 

program will continue to consist largely of seed increase and field observation of 

germplasm. To maintain the distinctiveness of seed stocks it must be determined how much 

outcrossing is occurring between plants, and at what distance. In the longer term, the 

strategy taken for plant improvement will also depend on the mating system of C. 

australasicum, as it does for other crops (Suso et al. 2001). Furthermore, protecting the 

integrity of the genetic diversity of the native flora can be considered an obligation of new 

crop development (FFICRC 2008). The natural range of C. australasicum overlaps with 

some of the agricultural areas of southern Australia where C. australasicum would be 

deployed (Figure 1). The first step to evaluate the risk of gene flow through pollen 

movement, and therefore genetic contamination, between natural and planted populations 

of C. australasicum is to determine the frequency that seed set results from outcrossing 

events.  

 

 
Figure 1. Distribution of C. australasicum represented by herbarium records, relative to wheat belt as 

approximated by freehold land receiving less than 600 mm p.a. rainfall (shaded). 
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The mating system of C. australasicum has not previously been the subject of detailed study. 

The Cullen patens-complex, to which C. australasicum belongs, has been described as 

mostly cleistogamous with also some possible insect pollination (De Lacy and Britten 1970) 

or autogamous (De Lacy and Britten 1977).  Lee (1980)believed the complex to be 

comprised of non-obligate self pollinating plants. In our experience the self fertility of C. 

australasicum has been more variable. Members of our group have observed that C. 

australasicum plants set less seed in the greenhouse than they do in the field, and that 

tapping the florets during anthesis seems to increase seed set (R. Bennett, personal 

communication). Our observations are consistent with work in the Cullen patens-complex, 

where erect accessions were self compatible, but their seed set rate was less than 40% 

(Britten and Dundas 1985). We presume the erect accessions to have been C. australasicum 

as the other species in the complex are prostrate or semi-erect/decumbent. The same study, 

however, found that the erect accessions did not have a dry membrane surrounding its 

stigma that required rupturing for pollen receptivity, which had been found in the prostrate 

and semi-erect forms (Britten and Dundas 1985). Their finding suggests that pollination of 

C. australasicum is not dependent on insects working the flowers (Britten and Dundas 

1985). 

 

Considering these observations, we will test the hypothesis that C. australasicum is a 

predominantly selfing species, with a rate of outcrossing of less than 10% (Brown 1990).  

To test this hypothesis the rate of outcrossing of two accessions of C. australasicum was 

estimated. Microsatellite markers developed for C. australasicum were used to determine 

the paternity of seeds set on a selection of mother plants (Kroiss et al. 2009). As this was 

the first quantitative study of the mating system of C. australasicum, ideal field conditions 

have been created by planting the plants close together and at incremental distances with 

irrigation and fertilization.  

Materials and methods 

Plant materials 
Two South Australian accessions of C. australasicum served as pollen donors for this 

experiment; accession SA44468 and accession SA42778. Locations of collections are 

given in Figure 2. Accessions were obtained from the SARDI Germplasm Resource Centre 



(Adelaide, SA). Seed was threshed and then scarified. Imbibed seedlings were transplanted 

into either potting mix or sterilized sand and grown in the glasshouse. Plants were watered 

and fertilized as necessary, and those intended for the field were inoculated with root 

nodulating bacteria. 

 

 
Figure 2. Collection locations for accessions used in the study, relative to distribution of C. 

australasicum represented by herbarium records 

Field plot design 
Ten plants of each accession were transplanted to the Shenton Park Field Station, UWA, in 

Floreat in October 2006. The plants were arranged at one to six metre intervals on a 15 x 

34 metre grid (Fig. 3). The accessions were planted alternately, so the nearest neighbour to 

the north and south of each plant was a plant of the other accession. Plots were irrigated 

and fertilized as required. Seed from each plant was harvested in March and April of 

2007. Funds were not available to measure outcrossing under natural field conditions.  

Thus, this design was developed to approximate the spatial distribution of natural 

populations, which have been characterised as discrete colonies (Dear et al. 2007).  The 

design will also provide information about outcrossing behaviour under the conditions of 

UWA and SARDI seed increase plots. 
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Figure 3. Field plot plan. Each square of the grid is 1m2, and mother plants sampled for progeny 

analysis are shaded. 

Genotyping of parents 
Each plant in the field plot was genotyped using eight microsatellite markers. Genomic 

DNA was extracted using a modified phenol-chloroform protocol (Larkan et al. 2007), with 

the following adjustments; 100 mg of desiccated tissue was placed directly into 600 μl of 

buffer and ground in a Precellys 24 mixer mill (Bertin Technologies). Further solution 

volumes were adjusted accordingly. PCR amplification and genotyping methods follow 

(Kroiss et al. 2009). Microsatellite markers CulA and CulE from Kroiss et al. (2009) were 

chosen for genotyping the progeny as they differentiated the populations and were 

straightforward to score. 

Genotyping of progeny 
Depending on seedling survival, 9-20 progeny of four mother plants per accession, for a 

total of 140 progeny (Fig 3), were genotyped. Plants were grown in the glasshouse as for 

the parental generation, and leaves were harvested at week 2-6 and either desiccated using 

silica gel prior to DNA extraction or extracted fresh. Amplification and sizing of PCR 

products was done as for the parental generation using only primers CulA and CulE. 

Progeny which had a copy of a non-maternal allele at both screened loci were considered 

to not have arisen from self fertilisation, and thus were outcrossed progeny. All progeny 

included in the analysis had a copy of the maternal allele at each loci examined. 

Estimation of outcrossing 
The only outcrossing events which could be observed in this experiment were those where 

the paternal allele came from the non-maternal accession. The method that follows was 

 46 

 



used to estimate the actual outcrossing rate from the observed outcrossing rate. The number 

of observed outcrossed progeny was used to calculate the proportion of outcrossed progeny 

of the entire set of progeny genotyped (H). We considered p to be the relative frequency of 

the maternal allele (0.5) because the population of 20 mother plants was made up of 10 

SA44468 plants and 10 SA42778 plants, each with different alleles at the two assayed 

loci. The maximum likelihood estimate of t, the probability of outcrossing, was calculated 

using the equation of Marshall and Broué (Marshall and Broue 1973) which they attribute 

to Bailey (Bailey 1951): 

 

     t̂= H/p                                           (1)            

 

H is the proportion of outcrossed offspring observed in the sample, and p is the frequency 

of the maternal genotype. Because p is known, Marshall and Broué’s equation was used to 

calculate the variance of t̂ from maximum likelihood equations:  

 

     Var(t̂) = t̂ (1-t̂p)/np        (2) 

Results 

The probability of outcrossing for combined accessions of C. australasicum under the 

conditions of this experiment was 0.072.  The probability of outcrossing for accession 

SA42778 was 0.03 and the probability of outcrossing for accession SA44468 was 0.112. 

(Table 1). 

 

Table 1. Outcrossing estimations in a population comprised of two accessions of C. australasicum
Grouping n H p

all 140 5 0.036 0.5 0.072 0.001

SA4277801 68 1 0.015 0.5 0.03 0.001
SA4446808 72 4 0.056 0.5 0.112 0.003

> 5 m spacing 77 1 0.013 0.5 0.026 0.001
< 1 m spacing 63 4 0.063 0.5 0.126 0.004

outcrossing rate SENo. outcrossed 
progeny

No. progeny proportion of hybrids relative frequency of 
maternal allele
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The probabilities of outcrossing were estimated separately for the plants in the tightly 

clustered group of plants (< 1m spacing; Table 1) and plants at least 5 m from their nearest 

neighbour (> 5m spacing; Fig. 3, Table 1). The probability of outcrossing for plants in the 

clustered group was 0.126. The probability of outcrossing for plants at least 5 m from their 

nearest neighbour was 0.026 (Table 1). Only one seedling was identified to have arisen 

from a pollination event between plants outside of the clustered group. The distance 

between the pollen donor and the mother plant in this case was at least 7 m (Table 2). 

 

 

Table 2.  Outcrossed progeny observed per C.australasicum mother plant
Mother plant No. seeds assayed No. resulting from outcross Percent of total Min. dist. from potential observable pollen donor

SA4277801 20 1 5 7 m
SA4277803 20 0 0 5 m
SA4277805* 19 0 0 1.4 m
SA4277806* 9 0 0 1.4 m

SA4446805* 19 1 5 1.4 m
SA4446806* 16 3 19 1.4 m
SA4446808 17 0 0 5 m
SA4446809 20 0 0 7 m

*denotes plants in the clustered group

Discussion 

It was hypothesized that the rate of outcrossing in C. australasicum would be less than 10%; 

the threshold for considering a population to be predominantly selfing (Brown 1990). The 

overall experimental probability of outcrossing supports our hypothesis, and is consistent 

with past understanding of the mating system of the C. patens-complex, which includes C. 

australasicum (Britten and Dundas 1985; De Lacy and Britten 1970; Lee 1980). In this 

experiment it was not possible to detect outcrossing events within either accession due to the 

lack of within accession variability at the loci tested. The maximum likelihood estimate of t 

used in the analysis accounted for this mathematically. However, this estimation assumes 

random mating. It may not have been reasonable to assume that a plant from accession 

SA44468 was as likely to successfully pollinate a plant from accession SA42778 as it was 

to successfully pollinate another plant from accession SA44468. If most of the outcrossing 

occurred among plants of the same accession, because the field trial was actually 

functioning as two populations of 10, rather than one interbreeding population of 20, the 

likelihood equations used would have underestimated probability of outcrossing in C. 

australasicum. 

 

The separate estimations of outcrossing for the two accessions were not estimations of the 

within accession outcrossing rates of the two accessions. Rather, they were a doubling of 
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the between accession outcrossing rate. The estimated outcrossing rates, 0.03 for SA42778 

and 0.112 for SA44468 may or may not be a reasonable approximation of the within 

accession outcrossing rate for either accession. It is not uncommon for outcrossing rates to 

be variable between plant populations (Goodwillie et al. 2005). Accession SA42778 was 

generated from seed collected from a natural population of 10 plants, which had then 

undergone one generation of seed increase. This accession was fixed for seven of the nine 

markers used to genotype it (Chapter 3, data not explicitly shown). Accession SA44468 

was original seed collected from a population of 25 plants. Accession SA44468 was fixed 

for all nine microsatellite markers tested. Low levels of variability are characteristic of 

populations with very low rates of outcrossing (Zwettler et al. 2002). It has been suggested 

that outcrossing rates might change quickly in self pollinating populations (Imam and Allard 

1965) so it is not necessarily contradictory that the accession with the slightly lower rate of 

variability exhibited a higher rate of outcrossing. 

 

It was not possible to directly measure within accession outcrossing rates, because of the 

uniformity of the accessions. This reduced the power of the experiment. Microsatellite 

development began at the same time as the field experiment was planted, with the intention 

of doing multilocus estimates of the outcrossing rate (Ritland and Jain 1981). Therefore, the 

accessions were not genotyped prior to the field season. Fortunately although neither 

accession was variable, SA42778 and SA44468 had different alleles at six of nine loci, 

allowing for between accession gene flow to be documented. It is not surprising that the 

populations are genetically discrete as they are assumed to be inbreeding (Schoen and 

Brown 1991). If future experiments are conducted using populations with higher genetic 

variability, this limitation can be avoided.  

 

Accession SA45562, not used in this experiment, has also been genotyped (Chapter 3) 

(Kroiss et al. 2009). It would have been sufficiently variable for a multilocus estimate of 

outcrossing. The number of alleles per locus ranged from 3 to 8. Observed heterozygosity 

ranged from 0.208 to 0.667. So, given that it is possible that populations of C. 

australasicum with different variability have different outcrossing rates, further estimates of 

these rates in natural populations of C. australasicum should be done in populations such 

as SA45562, to allow multilocus estimates of outcrossing rates to be performed.  Inferring 
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the mating system of all C. australasicum populations from outcrossing estimates done on 

only more variable populations may not be representative, but may help estimate the 

overall variability in outcrossing rate of C. australasicum if combined with the results from 

populations with low genetic variability, as used in this study.  

 

The overall probability of outcrossing was 0.07 for a population of two accessions of C. 

australasicum under irrigated field conditions in Western Australia.  This result supports the 

hypothesis that C. australasicum is a predominantly selfing species. While this experiment 

does not answer the question of whether gene flow will occur between planted pastures of 

C. australasicum and natural populations of C. australasicum, it does demonstrate that 

highly differentiated populations of C. australasicum, up to at least 500 km apart, can be 

interfertile. It was also observed that the rate of outcrossing may vary among accessions 

and this is a subject that deserves further enquiry. The utility of the microsatellite markers 

developed for C. australasicum (Chapter 3) for documenting pollination events among C. 

australasicum accessions was demonstrated.  The estimates of the probability of outcrossing 

arrived at in this study can be used to determine sampling density for planning experiments 

to describe the mating system of natural populations of C. australasicum. The rates of 

outcrossing and the distances of pollen movement observed in those experiments will allow 

the potential for gene flow between planted pastures and natural populations of C. 

australasicum to be evaluated.  
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Chapter 5. 
Field hybridisation occurs between C. pallidum and C. 
australasicum, but not between C. discolor and C. 
australasicum or C. patens and C. australasicum 

Abstract 

The species of the Cullen patens-complex are known to be inter-fertile when hand crossed, 

and are thought to hybridise in the wild. One species of the complex, C. australasicum may 

be deployed as a pasture crop in the native range of other species of the C. patens-

complex. Gene flow through hybridisation of introduced C. australasicum with natural 

populations of the other C. patens-complex species could lead to genetic contamination. To 

test if spontaneous hybridisations could occur under field conditions, 65 C. australasicum 

plants were grown in a field plot that also included four plants of C. discolor, C. pallidum 

and C. patens. Seedlings grown from seed collected from the C. discolor, C. pallidum, and 

C. patens plants were assayed with two microsatellite markers to determine the species of 

the pollen donor. Five C. pallidum x C. australasicum hybrids were identified of 44 plants 

tested (11%). No C. discolor x C. australasicum or C. patens x C. australasicum hybrids 

were identified. The rate at which C. australasicum pollinates C. discolor or C. patens under 

the field conditions of this study is likely be less than 8%.  The rate of hybridisation between 

C. pallidum and C. australasicum observed in this experiment argues for more detailed risk 

assessment prior to the release of C. australasicum cultivars. 

Introduction 

The geographic distributions of many Cullen spp. overlap across Australia, providing the 

opportunity for natural interspecific hybridisation. The herbaceous perennial legume Cullen 

australasicum (Schtdl.) J.W. Grimes is widespread in mainland Australia (Skerman 1957). 

The natural range of C. australasicum overlaps with those of several other members of a 

reportedly inter-fertile group of species, C. discolor, C. pallidum, and C. patens, that has 

come to be known as the Cullen patens-complex (Grimes 1997)(Figure 1). These species 

can be distinguished morphologically (Grimes 1997)  However, they have been reported to 

be so inter-fertile that they were considered ecotypes by researchers examining their 

agricultural potential at the University of Queensland (UQ) (Britten and De Lacy 1977; 



1979; Britten and Dundas 1985; De Lacy and Britten 1970; De Lacy and Britten 1977). For 

these researchers, creating hybrids among these taxa via hand pollination was routine (De 

Lacy and Britten 1970; De Lacy and Britten 1977).  

 

 
Figure 1. Distribution of C. patens-complex species, with shaded area representing the wheat belt, as 

approximated by freehold land receiving less than 600 mm precipitation p.a. 

 

The mating system of the species of the C. patens-complex is not well understood.   They 

have been described as non-obligate self pollinators, which together “…constitute a single 

gene pool…” (Lee 1980).  Furthermore, in her examination of the taxonomy of the C. 

patens-complex, Lee (1980) acknowledged that “in nature…the whole population of the 

complex at anytime contains the results of hybridisations”. Combined with the ease with 

which hybrids were produced via hand crossing (De Lacy and Britten 1970; De Lacy and 

Britten 1977), these observations suggest that hybrids among the species of the C. patens-

complex could arise frequently. However such hybrids have not been documented 

genetically. Furthermore, the group working at UQ did not notice spontaneous hybrids in 
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their field trials (Ian De Lacy, personal communication). There are several possible reasons 

they may not have observed hybrids. Conditions at the UQ trial location may not have been 

conducive to spontaneous hybridisation, due to row plot arrangement or the timing of 

flowering, or hybridisation may have been occurring, but field trial conditions may have 

selected against the hybrid seedlings, as Lee speculated occurred to natural hybrids (1980).  

 

Recent efforts to domesticate C. australasicum for use as a pasture crop provides a new 

impetus for characterising hybridisation between the species of the C. patens-complex. 

Interest in using species of Cullen in planted pastures predates the work done on Cullen at 

UQ (Skerman 1957), and has now been revisited (Bennett et al. 2006; Dear et al. 2007; 

Nichols et al. 2006; Robinson et al. 2007) in an effort to identify perennial legumes for 

medium-low rainfall environments. In an Australia-wide field trial of novel perennial 

legumes, C. australasicum ranked in the top 10 of 47 native and exotic species, and the 

best of the natives, as measured by herbage production and persistence (Li et al. 2008). 

Due to this performance, accessions of C. australasicum are being evaluated at the South 

Australian Research and Development Institute (SARDI) and the University of Western 

Australia (UWA) to select the lines most suitable for breeding programs.  

 

Planted pastures of C. australasicum may pose a genetic contamination threat to natural 

populations of other Cullen patens-complex species. If C. australasicum was deployed as a 

pasture crop in the eastern states of Australia it could potentially be in physical proximity to 

natural populations of other species of the C. patens-complex (Figure 1). Furthermore, there 

is unlikely to be any temporal barrier to hybridisation as species of the complex flower from 

spring to fall in climates as diverse as Queensland (Kerridge and Skerman 1968) and 

Western Australia (Richard Bennett, personal communication). In the absence of a genetic 

(De Lacy and Britten 1970), physical, or temporal barrier, pollen from planted pastures of 

C. australasicum could fertilise adjacent native stands of C. patens-complex species. If a 

new hybrid population arose which was competitive with the mother population, it could 

potentially displace the mother population (Mallet 2007). Furthermore, it has been 

suggested that hybridisation provides an avenue for plants to become invasive (Ellstrand 

and Schierenbeck 2000), perhaps because hybrids are sometimes able to colonize niches 

which neither parent species could exploit as effectively (Mallet 2007)  Although it has been 
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argued that genetic variation is enhanced by hybridisation (Grant et al. 2005), the outcome 

could be negative not only for the preservation of allelic diversity among the species of the 

C. patens-complex, but also for future development of C. australasicum as a crop.  

Hybridization in the wild could potentially reduce the germplasm available for future C. 

australasicum germplasm improvement via interspecific crosses.  

 

It is hypothesized that under field conditions, hybrids will form without human intervention 

between C. australasicum and other members of the C. patens-complex. Situations where 

C. australasicum serves as the pollen donor are of most interest.  This is because C. 

australasicum is the primary Cullen species being developed as a pasture crop and, at this 

time, the drive is to maintain biodiversity in native populations rather than the integrity of C. 

australasicum cultivars, To test the hypothesis, microsatellite markers were used to determine 

the pollen parent of plants grown from seed set on C. discolor, C. pallidum, C. patens and 

C. cinereum plants grown in mixed stands with C. australasicum.  

Materials and methods 

Plant materials 
Two South Australian accessions of C. australasicum served as potential pollen donors for 

this experiment (SA42778 and SA44468). The maternal plants consisted of C. cinereum 

(SA42970) from New South Wales, C. discolor (SA42974) from Western Australia, and 

and C. pallidum (SA41740) and C. patens SA42725 from South Australia. Seed 

accessions were obtained through the SARDI Germplasm Resource Centre (Adelaide, SA). 

 

Seed preparation 

Seed was threshed and then scarified. Imbibed seedlings were transplanted into either 

potting mix or sterilized sand and grown in the glasshouse. Plants were watered and 

fertilized as necessary, and those intended for the field were inoculated with root nodulating 

bacteria (Rutherglen Centre, Department of Primary Industries, Victoria, Australia). 

Field plot design 
Eighty-one two month old seedlings were transplanted from the glasshouse to a research 

plot at The Department of Agriculture and Food Western Australia in Kensington, Western 

Australia in October, 2007.  The plot was divided into a 9 x 9 m grid of 1 m2 squares 



(Figure 2). The perimeter was comprised of C. australasicum. At each of the four corners of 

the remainder of the grid, four plants of each of the other four species were arranged at the 

corners of 3 x 3 grids, with C. australasicum plants filling the other five spaces of these 

smaller grids. All other positions were planted with C. australasicum. Therefore, the 16 non-

C. australasicum plants were surrounded on all sides by the 65 C. australasicum plants. 

 

C. cinereum 2 C. cinereum 1 C. discolor 2 C. discolor 1

C. cinereum 3 C. cinereum 4 C. discolor 3 C. discolor 4

C. pallidum 2 C. pallidum 1 C. patens 2 C. patens 1

C. pallidum 3 C. pallidum 4 C. patens 3 C. patens 4

 
Figure 2. Experimental plot plan. Boxes represent 1 m spacing between plants. Shaded boxes are C. 

australasicum, and white boxes are mother plants sampled for experiment, species as noted. 

Genotyping of parents 
Each of the non-C. australasicum plants, hereafter referred to as “mother plants” were 

genotyped using eight microsatellite markers. Each plant in the field plot was genotyped 

using eight microsatellite markers. Genomic DNA was extracted using a modified phenol-

chloroform protocol (Larkan et al. 2007), with the following adjustment; 100 mg of 

desiccated tissue was placed directly into 600 μl of buffer and ground in a Precellys 24 
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mixer mill (Bertin Technologies). Further solution volumes were adjusted accordingly. PCR 

amplification and genotyping methods given previously (Kroiss et al. 2009). The parents of 

the C. australasicum plants used in this field experiment had been previously genotyped 

(Chapter 4).  Therefore all possible parental alleles for these loci were known. Two markers, 

CulA and CulE (Kroiss et al. 2009), were chosen for genotyping the progeny, as they had 

distinct alleles among the C. australasicum accessions and these were distinct from alleles 

found in C. discolor, C. pallidum and C. patens. Markers could not be identified to 

distinguish between these accessions of C. australasicum and C. cinereum, so C. cinereum 

progeny were not genotyped.  A marker CulI, (Kroiss et al. 2009) was identified that 

distinguished the other members of the C. patens-complex from C. cinereum, so it was 

possible to ascertain that C. australasicum, rather than C. cinereum, was the pollen donor 

for the identified hybrids 

Genotyping of progeny and identification of hybrids 
Depending on seed set, up to fifteen progeny from each mother plant were genotyped 

(Table 1).  Seed was harvested from the field site in April and May of 2008, beginning 

when 50% of C. australasicum plants were flowering.  Progeny seedlings were grown in the 

glasshouse, as for the parental generation. Leaves were harvested from weeks 2-6. Leaves 

were either used fresh or desiccated prior to extraction. Amplification and sizing of PCR 

products was done as for the parental generation, except the primer complex consisted only 

of CulA and CulE. Progeny with genotypes different than that of their mother plant at the 

loci amplified by both CulA and CulE were deemed to have arisen from a hybridsation 

event.   

Estimation of hybridisation rates 
Whether a seedling is a hybrid or not is a binary outcome. Therefore exact 95% binomial 

confidence intervals were calculated to estimate the likely range of hybridisation rates, given 

the observed hybridisation rate. This was done by hand in a spreadsheet or with an online 

calculator http://statpages.org/confint.html.  This methods was suggested by the UWA 

statistical consulting service, but is has been described for use in a plant breeding context 

(Sedcole 1977). 

http://statpages.org/confint.html


Results 

C. pallidum x C. australasicum hybrids observed  
Of the 44 seedlings grown from seed collected from C. pallidum, five C. pallidum x C. 

australasicum hybrids were detected (Table 1). This is an 11% rate of hybridisation, and 

because hybrid status can be considered a binary outcome, the exact 95% binomial 

confidence interval was calculated as 4-25% hybridisation. The individual rate of 

hybridisation by plant varied from 0 to 33%. Four of the five hybrids were pollinated by C. 

australasicum SA42778 and the fifth by C. australasicum SA4468. 
Table 1.  Hybrids identified per mother plant

No. seeds No. hybrids
Mother plant Species total assayed identified Percent hybrids Pollen donor species 
C. discolor  1 15 0 n.a. n.a.
C. discolor 2 9 0 n.a. n.a.
C. discolor 3 12 0 n.a. n.a.
C. discolor 4 0 0 n.a. n.a.

C. discolor 0/ 36
C. pallidum 1 13 1 8 C. australasicum
C. pallidum 2 14 3 21 C. australasicum
C. pallidum 3 3 1 33 C. australasicum
C. pallidum 4 14 0 0 n.a.

C. pallidum 5/ 44
C. patens 1 9 0 n.a. n.a.
C. patens 2 15 0 n.a. n.a.
C. patens 3 10 0 n.a. n.a.
C. patens 4 12 0 n.a. n.a.

C. patens 0/ 46
 

C. discolor x C. australasicum and C. patens x C. australasicum hybrids not observed  
No hybrids were observed for C. discolor or C. patens mother plants. To determine how 

likely it is that this result reflects an inability of C. australasicum to pollinate these accessions 

of C. discolor and C. patens without intervention, rather than being an artefact of small 

sample size used to detect a rare event, exact 95% binomial confidence intervals were 

calculated. Observing no C. discolor x C. australasicum hybrids in a sample of 36 plants 

suggested that the rate of hybridisation was less than 8% with 95% confidence. Similarly, 

observing no C. patens x C. australasicum hybrids in a sample of 46 plants suggested the 

rate of hybridisation between these two species was less than 7% with 95% confidence 

(Table 2). 
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Maximum hybridisation rate No. of progeny sampled species
1.000 0
0.500 4
0.100 28

0.080 36 C. discolor

0.063 46 C. patens

0.050 58
0.040 73
0.030 98
0.020 148
0.010 298
0.001 2994

Table 2. Maximum hybridisation rate, when observed rate is 0, for various sample sizes, as 
calculated by exact 95% binomial confidence intervals for hybridisation rate

 

Other hybridisations 
No C. discolor x C. pallidum or, C. discolor x C. patens or C. pallidum x C. discolor or C. 

pallidum x C. patens or C. patens x C. discolor or C. patens x C. pallidum hybrids were 

identified.  

Discussion   

Hybrids were detected between two species of the C. patens-complex, C. pallidum and C. 

australasicum. These are the first hybrids confirmed between species in the complex using 

DNA evidence. Hybrids resulting from hand crossing were previously documented using 

intermediate habit as a defining character (De Lacy and Britten 1977). The C. pallidum x C. 

australasicum hybrids confirmed in this study are the first documented hybrids between 

species of the Cullen patens-complex to have arisen without the intervention of hand 

crossing, although Lee (1980) believed that such hybrids occurred in natural populations 

and may have observed them, although she does not explicitly state so. The demonstrated 

potential for the unassisted production of C. pallidum x C. australasicum hybrids will need 

to be considered if C. australasicum pastures are planted in the native range of C. 

pallidum. However, because of the challenges that face hybrids (Mallet 2007) the 

production of F1s does not necessarily mean that new hybrid ecotypes will emerge.    
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Both C. australasicum accessions included in the field plot served as the pollen parent for at 

least one of the identified hybrids. The two C. australasicum accessions were collected from 

climatically different areas of South Australia (Figure 3), had different microsatellite 

genotypes (Chapter 4) and could be morphologically distinguished based on leaf size and 

general shape of plant.  The ability of these two distinctive C. australasicum accessions to 

pollinate C. pallidum shows that the potential for hybridisation is not limited to a single C. 

australasicum seed stock.  

 

 
Figure 3. Seed source locations for accessions discussed in results. SA42778 and SA44468 are C. 

australasicum, SA42974 is C. discolor, SA41740 is C. pallidum, and SA42725 is C. australasicum. 

 

The aim was to determine if C. australasicum would pollinate C. discolor, C. pallidum, and 

C. patens under field conditions. The formation of hybrids with C. australasicum as the 

mother plant and C. discolor, C. patens, or C. pallidum as the pollen donor was not tested.  

Currently, it seems that C. australasicum is the C. patens-complex species most likely to be 

planted on a wide scale as a pasture crop (Dear et al. 2007). From the standpoint of 

protecting allelic diversity in Cullen, it would not be significant if gene flow was to occur 

from a native population into a planted pasture, i.e., from native stands of C. discolor, C. 

pallidum, or C. patens into an pasture of an improved C. australasicum cultivar.  Although 
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from the perspective of pastoralists, gene flow in this direction might result in reduced 

pasture productivity over time.   

 

No hybrids were identified among the other species of the Cullen patens-complex. Although 

we did not set out to determine whether hybrids would form naturally under these field 

conditions between C. discolor, C. patens, and C. pallidum, our microsatellite assay was 

sensitive enough to do so. This result is unexpected as there is no indication from earlier 

hand crossing experiments that C. pallidum x C. australasicum hybrids were easier to 

create than other combinations among the species of C. patens-complex (De Lacy and 

Britten 1977). 

 

Cullen pallidum x C. australasicum hybrids were detected under the field conditions of this 

experiment. The rate at which the accessions of C. australasicum used in this study 

successfully pollinated the accessions of the other species of the C. patens complex, C. 

discolor, and C. patens, was comparable to the rate at which outcrossing occurs among C. 

australasicum (Chapter 4). Pollination rates and distance of pollen movement may be 

different in areas of southern Australia where pastures of C. australasicum could be planted 

within proximity of natural populations of other species of the C. patens-complex. 
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Chapter 6:  
General discussion: Enhancement of the C. australasicum 
breeding program 

Introduction 

The results of this thesis suggest that gene flow may be possible between planted pastures of 

Cullen australasicum and natural populations of Cullen. The most important finding that 

indicates the potential for gene flow is the C. australasicum outcrossing rate estimation of 

between 2.5 and 13%. Although phylogenetic analysis of the ITS region gave good support 

for C. australasicum as a species, the rate of hybridisation observed between C. pallidum 

and C. australasicum was as high as the C. australasicum outcrossing rate. The 

microsatellite markers developed for these field studies will be useful for future studies of 

outcrossing and hybridization rates of Cullen spp., as well in the breeding of C. 

australasicum as a perennial pasture crop. 

Higher than anticipated outcrossing among C. australasicum 

The outcrossing rate for accession SA4277801 was estimated to be about 3% and the 

estimation of the outcrossing rate for SA4446808 was about 11% (Chapter 4). A 

predominantly selfing species is defined as one with an outcrossing rate of less than 10% 

(Brown 1990). The C. patens-complex, to which C. australasicum belongs, has been 

understood to be comprised of self-pollinating species (Lee 1980). The outcrossing rates 

estimated in the field study described in Chapter 4 suggest that C. australasicum may be 

more accurately considered to have a mixed mating system (Brown 1990). 

 

The microsatellite development effort provided further evidence that all accessions of C. 

australasicum may not be predominantly selfing (Chapter 3). The microsatellite markers 

were tested on a third C. australasicum accession, SA45562. For each of eight loci, in 

accession SA45562 estimations of P-values for deviations from Hardy-Weinberg 

equilibrium (HWE) and linkage disequilibrium (LD) were performed by the Markov chain 

algorithm as implemented in GenePop (Rousset 2008). After Bonferroni correction for 

multiple tests (Rice 1989) no loci deviated from Hardy-Weinberg Equilibrium (HWE). A key 
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assumption of HWE is random mating, or that a plant in a population is no more likely to 

be pollinated by itself than by any other plant in the population.  

 

The lack of deviation from HWE of the microsatellite loci, as well as the heterozygosity 

observed in accession SA45562 (Chapter 3), provides further evidence that all populations 

of C. australasicum are not necessarily predominantly self-pollinated. 

 

Further estimations of the rate of outcrossing in C. australasicum ought to be undertaken. 

The microsatellite markers which have been developed (Chapter 3) should be sufficient to 

conduct estimations in natural populations as variable as SA5562. The initial measurement 

of the rate of outcrossing ought to have been done in the field. This was not proposed due 

to the expense of making such field trips relative to the operation funds available. 

Outcrossing rates should be estimated in multiple natural populations of C. australasicum. It 

will be necessary to sample the parents prior to taking the effort to sample the progeny 

arrays, as the three C. australasicum accessions genotyped thus far have demonstrated 

different degrees of variability (Chapter 4). 

 

If future mating system studies in C. australasicum are carried out in natural popuIations 

which are as variable as SA45562, multilocus estimations of outcrossing rates will be able 

to be made. In an effort to take full advantage of the three years of stipend funded for this 

thesis, the microsatellite development project and the design and planting of the field 

experiments occurred simultaneously. Due to the timing, germplasm for the field 

experiments was not screened for genetic variability prior to being planted. The assumption 

was made that if a sufficient number of microsatellite markers were developed, paternity 

analysis would be possible for the progeny arrays in the gene flow experiment (Chapter 4).  

 

In the testing phase of the microsatellite development project it became evident that the C. 

australasicum populations which had been used in the gene flow field experiment were not 

sufficiently diverse to allow paternity analysis and, therefore, multilocus estimates of 

outcrossing rates. Accession SA42778 was generated from seed collected from a natural 

population of 10 plants, which had then undergone one generation of seed increase. This 

accession was fixed for seven of the nine markers used to genotype it (Chapter 3). 



Accession SA44468 was original seed collected from a population of 25 plants and was 

fixed for all nine microsatellite markers tested. The low variability in SA42778 relative to 

SA45562 could be explained by original population size (10 as opposed to >30) or the 

fact that SA42778 had undergone a generation of seed increase. The different 

environments of the two collection sites may also provide an explanation. None of these 

explanations for the differences in variability between SA45562 and SA42778 is as likely 

when it is considered that the least variable population, SA44468 was collected less than 

100 km from SA5562 (Figure 1) and from a population of similar size. Another possibility 

is that SA44468 exhibits founder effects. Although it is possible that populations of C. 

australasicum with different variability have different mating systems, the first estimates of 

outcrossing rates in natural populations should be done in more variable populations to 

allow multilocus estimates of outcrossing rates to be done. Pre-screening of potential natural 

populations will be necessary to select sufficiently variable populations. 

 

Figure 1. Collection locations of three genotyped C. australasicum accessions. SA42778 was 

variable for 2/9 loci, SA44468 was variable for 0/9 loci, and SA45562 was variable for 8/9 loci. 
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Whether the outcrossing rate estimates for the more variable populations made in the future 

will accurately reflect the outcrossing rate of the less variable C. australasicum populations 

is an open question. It may be desirable to identify additional microsatellites for Cullen 

which are more variable than those which have been screened so far. This might allow 

multilocus outcrossing rates to be estimated for less variable populations, such as the source 

populations of accessions SA4777 and SA44468 are presumed to be, if collection data is 

accurate. 

 

There are several avenues for generating more, or more variable, microsatellite markers for 

C. australasicum. Additional microsatellite markers developed for this thesis (Chapter 3, 

data not shown) were tested on agarose gels and are known to amplify products of the 

predicted size. Due to availability of operating funds these microsatellite markers have not 

yet been synthesized with fluorescent tags, so their variability in the three C. australasicum 

populations discussed above is not known. They therefore were not published in the primer 

development manuscript (Kroiss et al. 2009), but the sequences of these microsatellite 

regions have been submitted to Genbank. The accession numbers, repeat motifs, and 

annealing temperatures for these additional markers are given in Table 1. 

 



 

Locus GenBank accession no. Primer sequence (5'-3') Repeat Ta (Cº) Size range (bp)
Cul K GQ281119 F GCAATCTGCAGTGTGCTGAG (AC)9 57 168

R AACCCGAGGCTTCTCATTC
Cul L GQ281111 F TAGCTTGGGCTAGGGAGTTG (AG)19 57 185

R CAAAACCATCTCTGGGTGCT
Cul M GQ281112 F TTAGCTCACCCAGAGGCATT (TC)20 57 347

R CCCGAAAAGCGATAAGCAG
Cul N GQ281108 F GCTTGAATGAGAAAGTGGAAT (AG)16 57 172

R AAACCTAACTCTTGCGTGTAA
Cul O GQ281123 F TCTATGGAGCGTCCACAAGTT (CA)8GGCAAAA(AG)7 57 227

R CCAAAGAAGCAAAAGCAGTG
Cul P GQ281110 F ACGAGGGAGCAGAAACAG (AG)15GG(AG)10 57 153

R CCCCCAACACAAGAACAC
Cul Q GQ281109 F GGGACTCTACAGTTGGGTTAG (CT)15 57 292

R AAGCTTGAATGAGAAAGTGG
Cul R GQ281113 F AGTGGGTTAGGCCAAAAGTG (CA)9 57 289

R AGCTGCAAAATGGGCAAC
Cul S GQ281113 F TAGGAAGCCCAAAAACGAAA (GT)9 57 205

R GGGTAAAGCAAGGTGCAGAG
Cul U GQ281115 F GGGACTCTACGGTTGGGTTAG (CT)14 57 291

R GTGTAAAGCTTGAATGAGAAAGTGG
Cul V GQ281116 F GTGGGTGTATTTTGTGTGTAAAGC (AG)9 57 179

R CACAAATCTAACTCTTGCGTCTAAG
Cul W GQ281117 F TGGAACCTTTCAATCCCAAA (CT)9 57 151

R GAATCCAAAGCCGTTAGTGG
Cul X GQ281118 F GGGACTCTACGGTTGGGTTA (CT)11 57 285

R GTGTAAAGCTTGAATGAGAAAGTGG
Cul Y GQ281120 F CTAGAATGAGCTCACATGAGTATAGG (AG)10 57 232

R CTCTTGCGTCTAAGGTATCATTG
Cul Z GQ281121 F CGAACAAGGGAGAAGACACA (GT)6(GA)7 57 123

R TGGCGCTGATTATTCTTGTT
Cul Delta GQ281122 F GTGTCCAGGCTTCGTGGTAT (TGTTG)6 57 245

R AAAACTGCTCACCGGAAATG

Table 1. Sixteen uncharacterized microsatellite loci identified in C. tenax, known to amplify products of the expected size in 
C. australasicum. Included are locus name,  GenBank accession number, primer sequences (F, forward primer, R, 
reverseprimer), microsatellite repeat motif, annealing temperature, and expected size of amplification product.

 

It might be advantageous to construct a second microsatellite library, this time using 

genomic DNA from C. australasicum. The original library (Chapter 3) was made with 

genomic DNA from C. tenax, which turned about to be as genetically distant from C. 

australasicum as any of the Australian Cullen species in the phylogeny study (Chapter 2). 

While cross species amplification of microsatellite markers is routine (Rossetto 2001), more 

variable markers might be identified if C. australasicum is used for the library construction. 

This is because a loss of polymorphism usually accompanies the transfer of markers 

between species (Rossetto 2001). 

 

If a second microsatellite library is constructed, another suggestion would be to use a 

different enrichment motif. The oligionucleotides used for enrichment (AC)13 and (AG)13, 

Chapter 3) were chosen simply it was suggested by the method (Glenn et al. 2005) and 

had worked well with various species in the laboratory where the library construction was 

done. After the clones had been sequenced it was apparent that the repeat lengths were 

somewhat short (Chapter 3). Although microsatellite repeat length is not necessarily 
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correlated with polymorphism (Yu et al. 2000), shorter repeats are often considered less 

desirable.  

 

Because Cullen is closely related to Glycine (Kajita et al. 2001; Wojciechowski et al. 2004) 

it was asked what the most prevalent microsatellite motifs were for soybean (Glycine max 

(L.) Merr.), as the genome of that species is relatively well characterized. At the time 

(October 2006) this data summary was unavailable (Shultz et al. 2006). Glycine max 

microsatellite sequences were there downloaded from a site at Latrobe University (Jewell et 

al. 2006), which essentially just retrieved the sequences from the Genbank-EMBL-DDBJJ 

record system. A perl script (Appendix 1) was written to parse the 1472 microsatellite 

records of Glycine max available at that time to determine frequency of repeat motifs Table 

2. According to this count, (AG) (Table 2) was the second most prevalent in soybean, but 

still much less common than AT. Three trinucleotide repeats were more common than AC. 

Although the motif distribution is not necessarily the same in Glycine and Cullen, these more 

prevalent motifs ought to be considered for enrichment oligonucleotides if another Cullen 

library is constructed. 

 

  

Repeat Instances Proportion of total
AT 515 0.35
AG 325 0.22
TTA 161 0.11
TTC 98 0.07
AGA 97 0.07
TAT 81 0.06
AC 42 0.03
CCG 22 0.01
ATC 21 0.01
CAA 18 0.01
ATG 13 0.01
CGA 11 0.01
GCA 10 0.01

Table 2 . Microsatellite motifs in Glycine max , prepared from 1472 
GenBank records, available in October 2006. Shown are those which are 
at least 1% of total

Hybridization between C. pallidum and C. australasicum 

The observed hybridization rate between C. pallidum and C. australasicum was 7% 

(Chapter 5). This is as high as the overall estimated rate of outcrossing in the C. 

australasicum field trial (Chapter 4). This was somewhat surprising because the 

phylogenetic analysis showed support for C. australasicum as a species. Furthermore, there 

was no evidence that C. australasicum was more phylogenetically similar to C. pallidum 

than it is to the other members of the C. patens-complex, C. discolor and C. patens, with 
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which it was not observed to hybridize in this field experiment. The results of Chapter 2 

suggest that the absence of observed hybridization between C. australasicum and C. 

discolor and C. patens may be accession specific, rather than general.  

 

The difference in hybridization rates between the species cannot be attributed either to 

temporal barriers. The seed was collected after more than 50% of C. australasicum plants, 

and all plants of the other species, had begun to flower. In the hybridization field 

experiment the difference in hybridization rates observed was not due to differences in 

flowering time. C. pallidum, or the accession of C. pallidum used in the field experiment 

presented in Chapter 5, may have a higher outcrossing rate than did the accessions of C. 

discolor and C. patens used in this study, rather than an inherent receptiveness for C. 

australasicum pollen. This could be tested by measuring outcrossing rates in the populations 

from which the various C. patens-complex accessions were derived.  

 

The observed outcrossing between C. pallidum and C. australasicum presents an 

opportunity for widening the genetic base of C. australasicum. On the one hand, the 

unassisted hybridization observed between C. pallidum and C. australasicum requires the 

scope of future studies to protect the biodiversity of natural populations of Cullen from 

pollen influx from planted pastures of C. australasicum to extend to C. pallidum. Including 

C. pallidum in the C. australasicum breeding program may permit the superior drought 

tolerance of C. pallidum (Bennett et al. 2008) to be transmitted to C. australasicum. 

Hybridization between C. australasicum and C. tenax 

The C. australasicum gene flow field experiment (Chapter 4) was originally intended to 

measure the outcrossing rates of both C. tenax and C. australasicum, because at the project 

planning phases the two species were believed to be equally promising for use as pasture 

crops. The arrangement of the C. tenax plants was an overlapping mirror image of the C. 

australasicum plants. There was no reason to believe that these two species were inter-

fertile, so essentially it was designed as two separate experiments in the same 

physical/temporal space.  

 

The parental generation of C. tenax was genotyped (Chapter 2, Table 2) and seed was 

collected from these plants, as it had been for C. australasicum. Unfortunately, the two C. 
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tenax accessions were found to be fixed for all loci. Each accession had a distinct set of 

alleles at six of the loci, and were the same at the remaining two, CulJ and CulT. This meant 

insufficient variability for performing paternity analysis was available, as was the case for 

C. australasicum. By the time this genotyping was completed there were no longer 

immediate plans to breed C. tenax as a pasture crop because the C. tenax accessions which 

had been trialled were not as productive under the low rainfall conditions of WA as had 

been anticipated (Bennett et al. 2008).  Due to the insufficient variability and the reduced 

agricultural interest in C. tenax this part of the field study was discontinued. 

 

No C. australasicum x C. tenax hybrids were observed when the 140 C. australasicum 

progeny were tested in the C. australasicum gene flow trial (Chapter 4). Although we did 

not measure the outcrossing rate for C. tenax, its presence in the C. australasicum gene flow 

experiment (Chapter 4) would have allowed detection of any significant rate of 

hybridization between C. australasicum and C. tenax. The exact 95% binomial confidence 

interval for the overall hybridization rate between these two C. tenax accessions and the 

two C. australasicum accessions was calculated as  no greater than 2.1% (data not shown). 

Further applications of the microsatellite markers developed for Cullen 

The microsatellite markers developed in this study amplify products in all of the Cullen 

species thus far tested (Chapter 2). Four of the microsatellite loci also amplified products in 

a few subspecies of the genus Bituminaria, which has been found to be sister to Cullen 

(Egan and Crandall 2008)(data not shown). This cross-genera amplification suggests that at 

least some of the microsatellite markers developed in this study will be able to be used in 

mating system studies and diversity analyses for all Cullen species, and possibly for 

Bituminaria species. 

Implications for C. australasicum germplasm management 

The development of C. australasicum into a pasture variety presents a unique opportunity to 

systematically approach a domestication program. There are relatively few people involved, 

and one principle funding body. Furthermore, there are currently only about 70 accessions 

of C. australasicum in the South Australian Research and Development Institute( SARDI) 

collection. This combination of circumstances will allow practices to be put in place to 
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maximize the potential of the C. australasicum germplasm.  Similar work been has done in 

some Australian tree species (Moran et al. 2000). 

 

The microsatellite markers developed for C. australasicum (Chapter 2) should be used to 

catalogue the current C. australasicum collection.  The entire collection, about 70 

accessions, was planted at SARDI in the spring of 2008 for further evaluation (M. Nair, 

personal communication). Thirty individuals were planted for each species.  Rows are 2.9 

meters apart, and within rows plants of the same accession are 0.5 m apart, with gaps of 

1.5 m between accessions within row. The cultivation of a sufficient number of individuals 

for each accession to be genotyped is a significant expense. The opportunity to collect 

leaves in the remainder of 2009 should not be missed. If the DNA cannot be extracted 

immediately the leaves ought to be stored at -80 ºC or in silca gel until such time as they 

can be genotyped.  

 

Genotyping the 70 extant accessions with the microsatellite markers developed in this thesis 

will provide superior passport information. It will allow redundant accessions to be set 

aside, and not be grown in future wide evaluations. Microsatellite genotyping will also 

allow a robust core collection to be made, enabling expensive future evaluations to be done 

on the most genetically diverse accessions possible (Zong et al. 2008). A database that 

combined genetic and morphological traits would provide information to make the strongest 

possible selections for the C. australasicum breeding program. 

 

Field observations of agronomically desirable traits could be associated with genotypes.  

Once prepared, microsatellite genotypes could be compared to 2009 SARDI field 

observations. The microsatellite genotypes could also be compared to the phenotypic  

measurements made of 45 of the 70 accessions at two locations (Bennett et al. 2008).  A 

mini-core collection has been made by performing principle components analysis on this 

phenotypic data (R. Bennett, unpublished thesis). It would be of interest to compare 

phenotypic core collection to a genotypic core collection. Furthermore, the genotypic data 

could be used to assess how well accessions used in multi-state field trials represent the 

collection as a whole. 
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The genotypic data in combination with accession collection data will assist targeting of 

future collections. For example, collections could be targeted to regions where most prior 

collections were genetically distinct from other collections, in an effort to broaden the overall 

genetic diversity of the C. australasicum germplasm collection. Alternatively, future 

collections could be made at locations where collected accessions exhibit high allelic 

diversity.  

  

Microsatellite genotypes will allow the existing accessions to be quickly identified, and 

future collections to be considered in the genetic context of earlier, better studied 

accessions. Furthermore, the success of hand crosses can be conclusively determined (Nair 

et al. 2006). If heterosis is significant in C. australasicum, genotypic information will allow 

for it to be exploited by breeders. This, in combination with the information about mating 

systems, will allow more rapid improvement to be made in C. australasicum than through 

recurrent selection alone.  This thesis provides both the tools for genotyping the C. 

australasicum germplasm collection, and the first quantification of any aspects of the mating 

system of C. australasicum and the other species of the C. patens-complex 

Conclusion 

Further study of the pollination ecology of C. australasicum, particularly in the environments 

where C. australasicum paddocks are within the native range of natural populations of the 

C. patens-complex taxa, are merited by the estimated outcrossing rate of C. australasicum 

and the observation of spontaneous C. pallidum hybrids.  The microsatellites that have been 

developed will allow such work to be undertaken as soon as funding becomes available. 

However, the estimated outcrossing rate between C. australasicum plants separated by 

distances of at least 6 meters was less than 3%.  The low rate of outcrossing between plants 

at relatively close distances suggests that modest isolation distances between planted 

pastures of C. australasicum and remnant vegetation may be sufficient to limit pollen 

movement between planted pastures of C. australasicum and natural populations of Cullen. 

Although it was not the primary aim of this project, the development of the microsatellites 

and the preliminary mating system work provide valuable information for the development 

of C. australasicum as a pasture crop.  
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As we consider the commercialization of? C.  australasicum, as with any new crop, the 

benefits must be weighed against any risks associated with use, such as weediness or 

genetic pollution (Bennett and Virtue 2005). An opportunity exists to simultaneously 

examine both the potential C. australasicum has to provide benefit to Australian agriculture, 

and the potential it has to do harm to both Australian agriculture and the environment. This 

is perhaps an unprecedented situation, both because so few Australian native species have 

been fully commercialized, and because the will to protect the continent’s biological 

resources has never been greater. Whether resources will be allocated for fully developing 

C. australasicum into a crop will depend not as much on the magnitude of C. 

australasicum’s projected contribution to farming systems, or the likelihood of negative 

consequences resulting from its deployment, but on the ratio between them. 

  



 72 

 

Appendix 1. Script used for tabulating microsatellite motifs from Glycine records 
 
#!/usr/bin/perl 
#input 
#file "toydataset" consisting of pent/quad/tri/di and then the repeat motif,separated by tabs 
#output 
#file of the number of instances of shortest repeat motif 
#purpose 
#to determine the relative prevalence of different microsat sequences 
#$typemotif = di/tri/tet/pent 
#$motif = nt in smallest unit 
my %hash = (); 
###read input file 
#open file 
open (TOY, "glycineSSR.txt"); 
while ($line = <TOY>){ 
$line =~ /(.*\t)/; 
#print $1; 
$typemotif = $1; 
#print "This is now the typemotif: $typemotif\n"; 
if ($typemotif =~ /dinucleotide/){ 
#take the first 2 letters after the tab 
$line =~ /\t([A-Z]{2})/; 
$motif = $1; 
#print "here is the motif: $motif\n"; 
$compmotif = $motif; 
$compmotif =~ tr/ACGT/TGCA/; 
#print "here is the motif: $motif and the compmotif:$compmotif\n"; 
if (exists $hash{$motif}){ 
$count = $hash{$motif}; 
$newcount = $count+1; 
$hash{$motif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
elsif (exists $hash{$compmotif}){ 
$count = $hash{$compmotif}; 
$newcount = $count+1; 
$hash{$compmotif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
else{ 
$hash{$motif} = "1"; 
} 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
68 
} 
if ($typemotif =~ /trinucleotide/){ 
#take the first 3 letters after the tab 
$line =~ /\t([A-Z]{3})/; 
$motif = $1; 
#print "here is the motif: $motif\n"; 
$compmotif = $motif; 
$compmotif =~ tr/ACGT/TGCA/; 
#print "here is the motif: $motif and the compmotif:$compmotif\n"; 
if (exists $hash{$motif}){ 
$count = $hash{$motif}; 
$newcount = $count+1; 
$hash{$motif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
elsif (exists $hash{$compmotif}){ 
$count = $hash{$compmotif}; 
$newcount = $count+1; 
$hash{$compmotif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
else{ 
$hash{$motif} = "1"; 
} 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
if ($typemotif =~ /tetranucleotide/){ 
#take the first 4 letters after the tab 
$line =~ /\t([A-Z]{4})/; 
$motif = $1; 
#print "here is the motif: $motif\n"; 
$compmotif = $motif; 
$compmotif =~ tr/ACGT/TGCA/; 
#print "here is the motif: $motif and the compmotif:$compmotif\n"; 
if (exists $hash{$motif}){ 
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$count = $hash{$motif}; 
$newcount = $count+1; 
$hash{$motif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
elsif (exists $hash{$compmotif}){ 
$count = $hash{$compmotif}; 
$newcount = $count+1; 
$hash{$compmotif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
else{ 
$hash{$motif} = "1"; 
} 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
69 
if ($typemotif =~ /pentanucleotide/){ 
#take the first 5 letters after the tab 
$line =~ /\t([A-Z]{5})/; 
$motif = $1; 
#print "here is the motif: $motif\n"; 
$compmotif = $motif; 
$compmotif =~ tr/ACGT/TGCA/; 
#print "here is the motif: $motif and the compmotif:$compmotif\n"; 
if (exists $hash{$motif}){ 
$count = $hash{$motif}; 
$newcount = $count+1; 
$hash{$motif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
elsif (exists $hash{$compmotif}){ 
$count = $hash{$compmotif}; 
$newcount = $count+1; 
$hash{$compmotif}=$newcount; 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
else{ 
$hash{$motif} = "1"; 
} 
#{my @temp = %hash; print "\n here is the whole hash: @temp\n";} 
} 
} 
#to print motif distribution 
while (($k, $v) = each %hash){ 
print "$k\t$v\n"; 
} 
close TOY; 
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