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 SECTION I 

 

PREFACE 

 

 

This thesis is a collection of papers resulting from the research undertaken for 

my PhD on the seed-borne grass endophyte Neotyphodium occultans found in annual 

ryegrass (Lolium rigidum) in Australia and is composed of 3 sections.  Section I 

provides a review of the literature to complement the detailed information outlined 

within the following papers.  Section II comprises 8 papers, each of which describes a 

specific aspect of the research program and is presented as papers: prepared for 

submission, accepted or published.  Section III consists of the conclusions reached 

throughout this study, complementing the information provided in Section II with 

additional references, and together provides the reader with sufficient information on 

the research carried out during my PhD canditure.  The material in this thesis is unique 

and provides new information on the seed-borne grass endophyte N. occultans in annual 

ryegrass, whilst adding to the knowledge on grass/endophyte associations in general.   
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INTRODUCTION 

 

 

Farming in Australia 

Agriculture is an important sector of the Australian economy with a gross value 

of $41.8 billion in 2008/2009  (National Farmers Federation, 2010).  Upon initial 

settlement, farming practices were primitive with most of the work carried out using 

hand tools, horses and bullocks.  Experiences together with advances in research and 

technology have resulted in more sophisticated systems and a more holistic approach to 

production.  Farming systems have evolved with the availability of new equipment, 

improved knowledge of climatic and resource limitations, better varieties and farming 

practices and improved understanding of the need for better environmental 

management.  The philosophy of conservation farming has been progressively adopted 

since the 1980s.  

Conservation farming aims to protect natural resources and improve the 

efficiency of water, adopting practices that minimise soil degradation (Dumanski et al., 

2006). Adoption of conservation farming however increased farmers‟ reliance on 

herbicides for crop weed control. Such dependence is threatened by the evolution of 

herbicide resistance in some weeds.     

The patterns of rainfall in Australia are amongst the most variable in the world 

(Meinke et al., 2003). Generally, in southern Australia, the winter pattern of rainfall is 

conducive to winter/spring dominant pastures and winter crop production. In the 

cropping belt, pastures are short term (one to a few years) whereas permanent pastures 

exist on the tablelands and coastal areas. Pastures in both systems are legume-

dependant: permanent pastures commonly have a perennial grass component whereas 
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annual grasses invade the short rotation pastures in the cropping zone and become 

weeds during crop growth, competing for nutrients and soil moisture.  

The species Lolium is a common constituent both in permanent pastures and in 

the cropping system. In the former, perennial (L. perenne) and Italian (L. multiflorum) 

ryegrasses are commonly grown whereas annual ryegrass (L. rigidum), whilst a useful 

pasture grass, is one of the most challenging crop weeds. These ryegrasses commonly 

have an association with an endophyte, although the species of endophyte varies with 

the species of ryegrass.  Despite decades of research, annual ryegrass remains one of the 

worst weeds in the southern cropping regions of Australia.   

 

Annual ryegrass, the weed 

Annual ryegrass (Lolium rigidum Gaud.) is a widespread weed of southern 

Australian cereal crops and has the propensity to evolve herbicide resistance to most 

modes of action.  Ryegrasses are  native to Europe, Asia, North Africa and North 

Atlantic Islands and they play important roles in southern Australian agriculture (Kloot, 

1983) as useful grazing species.  Annual ryegrass (ARG) was deliberately introduced on 

a large scale into south eastern Australia in 1887, following research on pasture grasses 

(Kloot, 1983).  ARG seed was later categorised and traded as the ecotype Wimmera but 

with no official seed certification.   

ARG is now considered a major weed of economical and agricultural 

importance in grain crop production and in seed producing areas in southern Australia, 

occupying more than 40 million hectares (Powles et al., 1998).  The success of this 

weed can be attributed, in large part, to its high seed production of up to 45,000 seeds 

m
-2

 (Gill, 1996b), low level dormancy and staggered germination (Stanton, 2004).  
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ARG is a diploid, wind pollinated, outcrossing species able to adapt to a wide range of 

climatic and edaphic conditions giving rise to high genetic variability (Kloot, 1983).  

ARG has a propensity for rapid adaptation to biotic and abiotic stresses both 

natural and artificial. This species has an excellent capacity to tiller and compete for 

light, nutrients and soil moisture, contributing to its competitiveness as a weed in crops.  

New seeds are dormant for the first 8 to 9 weeks before the first flush of seeds 

germinate.  Staggered dormancy allows the plant protracted emergence in variable 

growing conditions.  Rain exceeding 20mm usually results in 75-80% germination of 

ARG seeds with the remaining 15-20% remaining in the seed bank to germinate when 

ideal growing conditions are reached (Cook et al., 2010).  Seedlings which emerge 

within crops directly compete for nutrients as early as the two-leaf stage of the crop 

(Britton, 2001).  

Changes in farming practices from cultivation, being the main tool for weed 

control, to minimum or no-tillage systems has placed heavy dependence on herbicides 

to control weeds. Herbicides are categorised according to their mode of action and are 

listed in Pratley and Stanton (Pratley and Stanton, 2003).  Although herbicide resistance 

has been documented globally since the 1950s, the first report in Australia was by Heap 

and Knight (1982) in ARG to diclofop methyl, a Group A herbicide.  There followed 

widespread resistance in ARG to this group of chemicals across the winter cropping 

zone of Australia.  The incidence of resistance to other selective herbicides followed, 

particularly Group B, but to a lesser extent Groups C and D.  

This weed is of significant practical and scientific concern, as studies have 

shown cross-resistant biotypes to be present in all mainland states of southern Australia 

(Powles and Howat, 1990).  Multiple resistance has also emerged in ARG with Heap 

(1997) describing multiple resistance in ARG as one of the most challenging resistance 
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problems.  Glyphosate is the most widely used herbicide in the world, accounting for 

11% of world herbicide sales (Powles et al., 1997) and so the discovery of resistance of 

the non-selective Group M  herbicide glyphosate (Pratley et al., 1996) is of particular 

concern in conservation farming. 

 

Grass endophytes 

Grass endophytes are defined as “fungi that live their entire life cycle within the 

aerial portion of the host grass, forming non-pathogenic, systemic and usually 

intercellular associations” (Bacon and De Battista, 1992).  Grasses have evolved to 

develop associations with fungi that grow in or on their roots (mycorrhizal fungi) or 

systemic in grass shoots (grass endophytes).  The endophyte-grass associations are 

generally thought to be mutualistic although they can be classified into three types of 

interactions: type I antagonistic, type II as mixed and type III as asymptomatic.  Type II 

and III seed-transmitted endophytes occur only in grasses with C3 photosynthetic 

mechanism in the subfamily Pooideae (Schardl and Phillips, 1997).  Other endophyte 

genera exhibiting Type I contagious spread are generally found in the warm season C4 

grasses. 

Common grass endophytes, formerly known as Acremonium, belong to the 

Family Clavicipitaceae (Ascomycetes). The family is characterised by three 

subfamilies.  Fungal pathogens belong to subfamily Clavicipitaceae (Diehl, 1950).  The 

taxa are further subdivided into three tribes: Clavicipiteae, Balansieae and 

Ustilaginoideae (Diehl, 1950).  Most grass pathogens belong to the tribe Balansieae and 

are epibiotic on leaves or inflorescences or form intercellular, systemic endophytic 

infections within their host and in addition to forming external reproductive stromata 

(Diehl 1950).  Balansieae include the teleomorphic taxa Atkinsonella, Balansia, 
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Balansiopsis, Myriogenospora and Epichloë (Diehl, 1950).  The genus Epichloë has 

generated a diversity of asexual forms (Clay and Schardl 2002).  Glen et al. (1996) 

proposed that the anamorphs of Epichloë and their asexual relatives be reclassified from 

Acremonium into the new form genus Neotyphodium.  Moon et al. (2000b) surveyed 

Lolium species for seed-borne Neotyphodium endophytes and identified two new 

endophyte taxa with the proposed names Neotyphodium occultans found in Lolium 

rigidum and Neotyphodium typhinum var canariense found only in Lolium edwardii.  

Epichloae grass endophytes (i.e. encompassing Epichloë and Neotyphodium) can 

be grouped by means of reproduction, either sexual or asexual.  Sexual epichloae have a 

parasitic nature and reproduce sexually, transmitting infection to new host plants by 

forming stromata on the reproductive tillers within their host and in the developing 

inflorescence.  In these associations, hyphae may emerge from the leaf sheath to form 

external stromata which prevent inflorescence emergence (choke disease). Conidia are 

produced on the stromata and are transferred to neighbouring plants.  Ascospores 

germinate and produce hyphae that penetrate stigmata or culms, a process known as 

horizontal (contagious) transmission (Christensen et al., 2002).   

Asexual epichloae endophytes that do not produce stromata are classified 

separately in the anamorph genus Neotyphodium (Glen et al., 1996; Moon et al., 2004).   

Vertical transmission of the Neotyphodium endophyte occurs through the penetration of 

the embryo within the seed (White Jr et al., 1996).  Asexual fungi transmit via seeds 

from infected mother plants (vertical transmission) and lack the ability to spread 

contagiously so there is no regular mechanism of genetic recombination.  Asexual 

endophytes show evidence of less genetic variation than sexually recombining 

endophytes, and tend to grow slower in pure culture relative to sexual endophytes (Clay 

and Schardl, 2002).  Most of the slowest growing Neotyphodium species are non-
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hybrids with the endophyte N. occultans being the notable exception (Clay and Schardl 

2002). Hybrid Neotyphodium species are common, although N. occultans is the first 

group of endophyte to be identified with ancestors related to both Epichloë bromicola 

and Epichloë baconii.  The hybrid N. occultans cannot be maintained in culture (Moon 

et al. 2000b).  The large number of hybrid endophytes reported suggests hybrid 

endophytes in some circumstances may be positively selected by attaining several 

favourable characteristics from multiple endophyte ancestors and may have higher 

fitness than non-hybrid ancestors (Clay and Schardl 2002: Moon et al. 2004).    The 

relationship between Neotyphodium endophytes is well-adjusted, resulting in 

symptomless hosts.  Studies have revealed the existence of a large number of hybrid 

endophytes, suggesting positive selection for hybrids (Clay and Schardl, 2002; Moon et 

al., 2004).   

Asexual endophytes tend to have greater variation in the alkaloids produced 

compared with sexual Epichloë species.  Hybrid asexual endophytes may accumulate 

alkaloid producing genes resulting in greater alkaloid expression in these host plants.  

Phylogenetic analysis is a suitable tool for investigating evolutionary origins of hybrid 

endophytes.  Studies using allozyme and microsatellite analysis report that asexual 

endophytes tend to have multiple loci for genes whereas sexual endophytes have single 

loci thus confirming hybrid origins found using phylogenetic analysis (Moon et al., 

2004; 2000a). 

Epichloë and most Neotyphodium endophyte hyphae are found predominantly in 

the lower leaf sheath, grow characteristically parallel to the longitudinal axis of the plant 

cells and are infrequently branched (Christensen et al., 2002).  Neotyphodium 

endophytes occur intercellular but do not invade the plant cells, sharing a symbiotic 

relationship without visible expression within their host.  Endophyte growth is highly 
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regulated in the aboveground meristematic tissue, growing between dividing and 

enlarging plant cells as if hyphae are plant tissue.  This synchronised growth between 

endophyte/grass ceases when plant cells cease dividing (Christensen et al., 2008). 

However, the hyphae remain metabolically active for the life of the leaf.   

Plants infected with most Epichloë and Neotyphodium endophytes contain 

hyphae within the leaves.  Such hyphae are relatively evenly distributed within the 

mesophyll of sheaths and tend not to be close to vascular bundles (Christensen et al., 

2002),  although differences do occur across the various associations between host and 

endophyte species.  Endophytes, with the exception of N. occultans, may be readily 

isolated from their respective host and grown out on agar plates to be inoculated into 

host plants.   

N. occultans infection has characteristics distinct from other endophytes.  The 

hyphae (1 to 2µm in diameter) are found basally (1 to 2mm), primarily in the base of the 

lower leaf sheaths but are not found in the leaf blade (Christensen et al., 2002).  The 

hyphae have been described as convoluted, infrequently branched and reside in the 

intercellular spaces between the plant cells (Moon et al., 2000a). 

The symbiotic relationship between fungi and host provides the endophyte 

protection from desiccation, predators and parasites, access to nutrition and a means of 

dissemination through the seed.  The presence of Neotyphodium fungi generally confers 

increased resistance to biotic and or abiotic stress.  Hosts may be afforded increased 

biotic stress tolerance against insects, other invertebrates, nematodes and grazing 

mammals through the synthesis of alkaloid compounds (Hesse et al., 2003; Malinowski 

and Belesky, 2000; Popay et al., 1999).  In addition some grass species have been found 

to be more tolerant of abiotic stresses such as drought or nutrient stress. A recent study 

(Vila-Aiub et al., 2005) showed endophyte-infected Lolium multiflorum to have 
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increased growth and production. In N. occultans/L. rigidum, however, the contribution 

of any symbiosis has not been reported.  

The importance of Neotyphodium/grass associations is largely based on 

Neotyphodium relationships with tall fescue, Festuca arundinacea (also known as 

Lolium arundinaceum)/Neotyphodium coenophialum, and perennial ryegrass, Lolium 

perenne/Neotyphodium lolii.   These relations have been investigated due to the 

economic and agronomic impacts related to plant persistence and the detrimental effects 

of endophyte-infected grasses on livestock health and performance (Cunningham et al., 

1994; Faeth and Saikkonen, 2006; Fletcher et al., 1999; Latch, 1994; Moon et al., 2000; 

Reed et al., 2000) 

Knowledge of N. occultans endophyte and its host focuses on its association 

with L. multiflorum, where the endophyte has been reported to increase seed yields, 

increase production of vegetative tillers and provide greater resource allocation to roots 

and seeds (Hume et al. 1993; Medvescigh et al. 2004b; Reed et al 1995; Vila-Aiub et al. 

2005b; Cooper et al. 2007).  These traits are all likely to confer ecological advantages to 

infected plants, enabling their selection over uninfected plants under certain abiotic and 

biotic pressures.   

 

Scope of the research 

Information specific to the interaction of N. occultans and ARG (L. rigidum) is 

limited and is the subject of this research.  The subject matter of my PhD is to 

characterise N. occultans infection in ARG and ultimately increase the understanding of 

the role this endophyte plays in the competitiveness of this grass species. Knowledge 

gained will contribute to existing works published on grass/endophyte associations in 
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general and also provide a benchmark for future work on this particular endophyte in 

Australian ARG.  

  

Integrity of Lolium rigidum as a species 

During my PhD, I participated in an experiment to evaluate the integrity of 

Lolium rigidum as a species using Diversity Array Technology (DArT).  Whilst I am 

not the first author of this work, my participation in the experiment was central and the 

results are of particular importance for my PhD.  As ARG readily crosses with other 

Lolium species it was imperative to determine that the ryegrass populations I was using 

from the Charles Sturt University collection were distinct from Italian and perennial 

ryegrass species.  These results are presented in Section II, Paper 1.   

 

Location and orientation of endophyte within plants and seeds 

Microscopy was used to identify further the endophyte residing in annual 

ryegrass plants and seeds.  Distribution and orientation of hyphae within the plant are 

characteristics that distinguish N. occultans from other Neotyphodium endophytes.  

Scanning electron microscopy was used to view the endophyte in its natural habitat 

being the intercellular spaces in plant tissue and amongst the aleurone cells within the 

seeds.  The results of this observation study are reported in Section II, Paper 2.   

 

Incidence of endophyte infection in Australia 

The aim of Paper 3 (Kirkby et al., 2008) was to establish the incidence and 

frequency of infection in ARG populations collected from cereal growing regions in 

southern New South Wales, Australia.  The results of this preliminary survey of 36 

populations collected from 13 postcodes throughout New South Wales indicated 
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endophyte infection may be endemic, although frequencies of infection were highly 

variable.  N. occultans is an obligate endophyte and simply cannot survive without its 

host.  With 100% of the populations being infected, this raised the question as to 

whether infection offers the host selective advantages.  If infection afforded no benefit, 

then natural selection would be expected to select for uninfected plants. The results 

were presented at the 16
th
 Australian Weeds Conference, held in Cairns (2008) and were 

published in the conference proceedings, presented in Section II, Paper 3. 

The high incidence and variation of frequency in the preliminary survey of 

southern New South Wales led to a more comprehensive survey of southern Australia, 

sampling in total 299 populations from New South Wales, Victoria, South Australia, 

Western Australia and Tasmania.  The aims of this larger survey were specifically to 

determine the occurrence of N. occultans in L. rigidum populations across southern 

Australia and examine the genetic diversity of N. occultans within these populations 

using Simple Sequence Repeat (SSR) markers.  This study tested the hypothesis that 

endophyte infection frequencies are highly variable across geographical regions of 

Australian and if so, may be associated with herbicide resistance, climatic and 

topographic variables.    

In this larger survey, results were similar to the smaller survey of southern New 

South Wales, with 100% of the populations being infected with N. occultans.  Similar 

results have been reported for N. occultans in Italian ryegrass in western Japan 

(Sugawara et al., 2006), southern America (Medvescigh et al., 2004b) and New Zealand 

(Forde et al., 1988).  Medvescigh (2004b) reported no geographical pattern of N. 

occultans infected Italian ryegrass in Argentina.  This study did find differences of 

infection frequencies across geographical locations as categorised by states of Australia.  

Populations collected from New South Wales, South Australia and Victoria had similar 
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frequencies, whilst Western Australia had much lower frequencies.  Within state 

variation may be due to differing genotypic and heterogeneity of selection pressures 

(Saikkonen et al., 2002).  The different trends found with frequencies and rainfall may 

represent the variable nature of both biotic and abiotic factors within each state.   

This experiment also found herbicide profile and infection frequency 

approaching significance, and in particular, 2 modes of action (B and D) having 

significant associations on infected and uninfected populations.  Genetic analysis 

substantiated the identification of the endophyte as N. occultans and indicated little 

genetic diversity amongst the endophytes in Australian ARG populations.  The low 

genetic diversity observed in this study is consistent with reported diversity of 

Neotyphodium generally, and especially within Australasian populations and cultivars 

of perennial ryegrass also being low (van Zijll de Jong et al. 2005).  These results of this 

study on Australian populations of L. rigidum contrast with the widespread global 

diversity reported for endophytes in perennial ryegrass and tall fescue (Christensen et 

al., 1993; Jensen et al., 2007).  This paper has been published in Weed Research Journal 

and is presented in Section II, Paper 4.    

 

Transmission of infection 

With the only means of transmission being from infected seeds, it is important to 

understand this process.  Freeman (1904) provided a detailed description of infection in 

L. temulentum, Sugawara (2004) described infection in L. multiflorum and Philipson 

(1989) outlined infection in L. perenne.  The possible causes of such large variation in 

frequency of infection within Australian populations of ARG warranted further 

investigation.  A pilot study examined infection within plants to document the location 
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of the endophyte and the level of transmission of infection within tillers and seeds of 

infected plants.   

Surveys were conducted on ARG plants growing in controlled (greenhouse) and 

field conditions (wheat crops, lucerne pasture and native vegetation) to test the 

hypothesis that transmission of infection within tillers of infected plants is similar, 

regardless of host growing conditions.  A further greenhouse experiment tested the 

hypothesis that infected plants completely transmitted infection to each seed produced. 

The results of these two studies of transmission of infection in ARG are presented in 

Section II, Paper 5.  

 

Endophyte viability  

The effect of storage on endophyte viability is well documented for perennial 

ryegrass, Italian ryegrass, tall fescue and meadow fescue (Gundel et al., 2009b; Mika 

and Bumerl, 1995; Welty et al., 1987).  Information on the viability of the endophyte N. 

occultans in annual ryegrass under storage and burial is limited (Canals et al., 2008). 

Charles Sturt University has a large collection of ARG seed from the Herbicide 

Resistance Testing Unit.  This seed has been stored since collection commenced in 

1991.  This provided a large compilation of seed that could possibly be used during this 

research.  In order to determine suitable samples (populations containing viable 

endophyte), an experiment was set up to test the hypothesis that long term seed storage 

would affect seed and endophyte viability.  A second experiment was undertaken to test 

the hypothesis that long term seed burial would affect endophyte viability.  The 

resultant paper has been published in Seed Science and Technology Journal and is 

presented in Section II, Paper 6 
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Further work was carried out to test the hypotheses: firstly that temperature and 

length of storage at high temperatures would have no effect on seed germination and 

endophyte viability; secondly, that both seed viability (each species) and endophyte 

viability (each strain) would respond similarly at high temperature and length of storage 

at these temperatures and; thirdly, if germination is affected, then early plant growth 

would be unaffected by high temperature and length of storage at these temperatures.  

Results of this work indicated that further work is needed to optimise this technique 

with regard to number of days seeds are treated (temperature and humidity) for 

establishing populations of infected and uninfected plants with similar genetic 

backgrounds.  This is of particular importance when conducting comparative studies 

where differences may be attributed to endophyte infection and not associated with 

growing conditions or genetic background.  These findings were presented at the 17
th

 

Australasian Weeds Conference held in Christchurch, New Zealand (2010) and 

published in the conference proceedings.  The paper is presented in Section II, Paper 7. 

Fitness benefit to the host plant 

Endophyte infection has been reported for agronomically important grasses such 

as perennial ryegrass and tall fescue.  Altered physiology, morphology and development 

have been documented (Bacon, 1993; Clay, 1988; Malinowski and Belesky, 2000).  In 

an attempt to understand the potential of N. occultans affecting the ARG 

competitiveness, two experiments were undertaken to test the hypothesis that endophyte 

infection has no effect on host productivity under different watering regimes.  These 

results have been prepared for submission to the Journal of Austral Ecology and 

presented in Section II, Paper 8.  
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SECTION II 

 

 

PAPER ONE: The Integrity of Lolium species in Australia based on DArT.  

 

J.E Pratley
1
, A Kilian

2
, J Moore

1
, K.A Kirkby

1
, D. E Hume

3
, D Kopecký

4
, and J Bartoš

4 

 

1
EH Graham Centre for Agricultural Innovation (Industry & Investment NSW and 

Charles Sturt University), Wagga Wagga, NSW, 2650, Australia  

2 
Diversity Arrays Technology, 1 Wilf Crane Crescent, Yarralumla, ACT, 2600, 

Australia
 

3
AgResearch, Grasslands Research Centre, Palmerston North, 4442, New Zealand  

4
 Laboratory of Molecular Cytogenetics and Cytometry, Institute of Experimental 

Botany, Sokolovská 6, CZ-77200, Olomouc, Czech Republic  

 

INTRODUCTION 

Annual ryegrass (Lolium rigidum) was introduced into Australia as a pasture 

plant for the Mediterranean-like climes of the southern Australian ley farming region 

(Mullet, 1919: Kloot, 1983). It readily adapted to this environment and contributed a 

valuable feed source of reasonable quality to Australia‟s livestock industries. These 

areas have traditionally undertaken pasture and livestock production in rotation with 

annual crop production, particularly winter cereals. Such rotation phases differ in 

duration depending on location, commonly being 1-5 years. Since its introduction 

annual ryegrass has adapted to the cropping regime and evolved to become the most 

widespread and significant weed of winter crops in Australia.  
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The introduction of selective herbicides from the 1960s provided adequate 

control of this species but over time this species has responded by evolving resistance 

firstly to diclofop methyl (Heap and Knight 1982) and subsequently to other modes of 

action (dinitroanilines and triazines – Pratley et al. 1991; sulfonylureas – Powles and 

Howat 1990) as they came into use, often after only about 4 applications. This evolution 

capability also enabled it to become resistant to glyphosate (Pratley et al. 1996; 1998) 

although this seems to require of the order of 15 applications for it to occur. Thus 

annual ryegrass is the world‟s worst example of herbicide resistance. The incidence of 

resistance worldwide is recorded by Heap (2010).  Broster and Pratley (2006) have 

shown the extent of herbicide resistance in annual ryegrass in Australia. 

Annual ryegrass is one of five species of Lolium reported in Australia 

(Cunningham et al. 2002), the others being Italian ryegrass (L. multiflorum), darnel 

(L. temulentum), stiff ryegrass (L. loliaceum) and perennial ryegrass (L. perenne). 

Annual, perennial and Italian ryegrasses are the most important in agricultural 

production in Australia. Annual ryegrass is a wind-pollinated out-crosser which is 

largely self-incompatible. It is considered to have high genetic variability (Gill 1996a) 

and interspecies fertilisation is possible. It is widely adaptable to the different 

environments across southern Australia and its high phenotypic plasticity enables it to 

reproduce under the adverse climatic conditions often experienced in Australia (Powles 

and Matthews 1992). 

The ryegrasses commonly have an association with a fungal endophyte. In 

perennial ryegrass this endophyte is Neotyphodium lolii, which has been well studied. In 

annual ryegrass the endophyte is specifically N. occultans, which has hitherto received 

little attention. N. occultans has also been reported in L. multiflorum (Sugawara et al. 

2006), although its role in that association is not known. It has not been reported in L. 
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perenne. The occurrence of N. occultans in annual ryegrass species may indicate that 

they are closely related Lolium species.  

The question raised, given its propensity to be prolific in a range of 

environments, its capacity to evolve resistance readily to a range of modes of action and 

its ability to interbreed, is whether annual ryegrass is indeed a single species distinct 

from the other Lolium species. Kopecky et al. (2009) have previously addressed a 

similar issue in respect of European Lolium and Festuca species using diversity arrays 

technology (DArT). Using a large number (2629) of genetic markers, a dendrogram of 

accessions of fescue and ryegrass was compiled, resulting in two major groups 

representing the fescue and ryegrass genera. Although both ryegrass species (L. perenne 

and L. multiflorum) analysed were closely aligned they were divergent enough to form 

distinct subgroups. There was higher polymorphism in the ryegrasses relative to the 

fescues.  

This study reports the use of DArT for discriminating between the Lolium 

species of agricultural importance in Australia. Festuca arundinacea cultivars were 

included for comparison.  

 

MATERIALS AND METHODS 

Plant seeds were pre-germinated in an incubator at 20
o
C for 48 hours before 

being transplanted into trays containing a 50:50 mix of peat and sand. Plants were 

maintained in a temperature controlled greenhouse (min 10
o
C, max 25

o
C), watered 

regularly and nutrients applied as needed to ensure healthy new growth of plant tissue. 

When plants had at least 4 tillers, they were cut at the very base of each tiller and old 

leaf sheath material and soil was removed.  The living meristematic tissue from the base 

of plants was sampled and immediately crushed under liquid nitrogen into a very fine 
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powder using a mortar and pestle. Material was stored at - 80°C until a DNA extraction 

was performed. DNA extraction was executed using a Qiagen DNeasy plant mini kit 

and DNA was subsequently stored at -80°C until the DArT analysis was performed.  

The DArT array developed by Kopecky et al. (2009) was employed to test 

Australian cultivars of comparable species. Up to 15 plants from each accession were 

sampled for DNA and comparisons made between two commercial cultivars of each of 

perennial ryegrass (cvs Kangaroo Valley and Victorian) and Italian ryegrass (cvs 

Concord and Feast), a field accession of annual ryegrass and a commercial cultivar of 

F. arundinacea (cv Jesup) infected with „MaxP
®
‟ (AR542) endophyte 

(N. coenophialum). In total 94 samples were submitted to the DArT analysis. 

 

RESULTS 

Festuca and Lolium species differentiated clearly according to genus (Figure 1 

and 2). Lolium species were less differentiated but there was clear separation into 

distinct subgroups. The annual species L. rigidum and L. multiflorum were more closely 

related to each other than either was to L. perenne (Figure 2).  A comparison of cultivars 

within each of the two species L. multiflorum and L. perenne showed that in both 

species, cultivars did not form separate clusters. Genetically the most uniform cultivar 

was L. multiflorum cv Feast.  

In our analysis, we focused also on species-specificity of DArT markers, which 

could be potentially used for discrimination of parental genomes in interspecific 

hybrids. The analysis revealed that almost 42% (1628) of all polymorphic markers 

detected a positive allele across all five species. The highest number of markers with a 

positive allele was found among individual plants of F. arundinacea cv. Jesup (between 

1907 and 2035 markers per plant).   
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Lower numbers of markers were detected in L. multiflorum cvs. Concord and 

Feast (between 1708 and 1949 markers per plant), in L. rigidum (between 1649 and 

1833 markers per plant) and in L. perenne cvs. Kangaroo Valley and Victorian (between 

1663 and 1786 markers per plant). 

 The species-specificity of DArT markers was thus very poor in Lolium species, 

the number being from 5 to 31 species-specific markers. This was caused by majority of 

markers being presented in plants of two or three Lolium species. In comparison, we 

identified 494 markers to be F. arundinacea-specific (13% of all polymorphic markers).  

Based on the proportion of markers shared by two species, genome relationships within 

the species analysed are as follow: Lm-Lp > Lm-Lr > Lp-Lr >> Lm-Fa > Lp-Fa > Lr-

Fa.  



 

 

Figure 1. Dendogram of the diversity of tall fescue, perennial ryegrass, Italian Ryegrass and annual ryegrass species from Australia based on 

DArT analysis. 
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Figure 2. Principal component analysis of diversity of tall fescue, perennial ryegrass, 

Italian ryegrass and annual ryegrass species from Australia based on DArT analysis. 

 

DISCUSSION 

The separation of the Lolium and Festuca genera in this study confirmed the 

findings of Kopecky et al. (2009) in Europe. These species are genetically distinct and 

further separated from each other than individual Lolium species were from each other. 

The separation of L. perenne from L. multiflorum was also confirmed along similar lines 

to Kopecky et al. (2009). The introduction of L. rigidum into the analysis showed that it 

is a distinct species but that it is closely related to L. multiflorum. This close relationship 

helps explain why the endophyte N. occultans is more likely to be in association with 

L. multiflorum than in L. perenne although the reports do not provide evidence that the 

species was L. multiflorum rather than L. rigidum.  



 

 

22 

The inability to identify to which cultivar an individual plant belongs is in high 

contrast with results of Kopecky et al. (2009). In their study the individual plants of five 

different Festulolium cultivars formed tight clusters. However, turf cultivars of 

F. arundinacea were genetically similar enough to prevent such a clustering (Baird et 

al. in preparation).  

It is recognised that only one accession of annual ryegrass has been used in this 

analysis. Furthermore, the authors acknowledge the ecotypes Victoria and Kangaroo 

Valley are not modern cultivars whilst the cultivars chosen for Italian ryegrass and tall 

fescue are modern cultivars.  Therefore the genetic diversity within the cultivars of 

perennial ryegrass would be expected to be much smaller than that observed in the 

Victoria and Kangaroo Valley populations chosen to represent perennial ryegrass.  

However proof of concept has been achieved and it remains for accessions from the 

large range of environments in Australia to be evaluated for the evolution of ecotypes.  
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PAPER TWO: Neotyphodium occultans infection in Lolium rigidum as seen using 

Scanning Electron Microscopy  
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ABSTRACT 

Often, Neotyphodium endophytes afford their hosts benefits such as increased 

tillering and/or increased seed production.  The role the endophyte plays in annual 

ryegrass competitiveness remains unanswered.  This paper reports the findings of a 

detailed observational study of the grass endophyte Neotyphodium occultans within 

annual ryegrass plants and in dry seeds.  Cryo scanning electron microscopy (cryo-

SEM) revealed hyphal distribution and location within plants and hyphae in their 

natural dehydrated state in dry seeds.  Highly convoluted hyphae were found in the 

intercellular spaces of plant tissue (1-2mm) above the meristem.  No fungi were 

observed in the stem region above this zone.  Dry seed observations revealed irregular 

shaped hyphae located in the intercellular spaces between the nucellus layer and the 

aleurone layer. No septae were visible on fungi when observed with this technique.  

Hyphae in their natural dehydrated state were smaller than 1µm in diameter.  The 

observed location and orientation of hyphae limited to the basal leaf sheaths and seeds 

suggest the endophyte observed in annual ryegrass is N. occultans.   

Keywords   Annual ryegrass; endophyte; infection; Neotyphodium occultans; seed 
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INTRODUCTION 

Annual ryegrass was first introduced into southern Australia from the 

Mediterranean basin in 1887 (Kloot, 1983) as a pasture grass and later rapidly adapted 

to local climatic and edaphic conditions.  Regular applications of selective and non-

selective herbicides for its control have led to many ryegrass populations becoming 

herbicide resistant (Heap, 2010; Pratley et al., 1996).  This grass is considered one of 

the worst weeds in the southern cropping zones of Australia (Physorg.com, 2010).   

Many cool season grasses form beneficial symbiotic associations with fungal 

endophytes of the Epichloë/Neotyphodium genus (Schardl and Phillips, 1997).  Epichloë 

endophytes reproduce sexually, while Neotyphodium endophytes reproduce asexually 

and are strictly transmitted vertically through the host seed.  Research has primarily 

concentrated on pasture grasses (perennial ryegrass and tall fescue) and their respective 

endophytes N. lolii and N. coenophialum as a consequence of detrimental effects on 

grazing animals and persistence of grasses under insect pressure (Hesse et al., 2003; 

Popay et al., 1999). 

Research into the annual ryegrass/N. occultans association is limited (Kirkby et 

al., 2008; Latch et al., 1988; Moon et al., 2000a). Given that the only confirmed means 

of inter-generational transmission is through the seeds, there is a need to understand the 

infection process within plants and seeds.  Neotyphodium infection can be detected in 

annual ryegrass plants using antigen binding tissue print-immuno blotting assays (Hahn 

et al., 2003). 

Asexual Neotyphodium endophytes transmit vertically and are exclusively 

reliant on the survival and reproduction of the host plant for their dissemination to the 

next generation (Lane et al., 2000).  Freeman (1904) provided a detailed description of 

the infection process of inflorescence and embryos in L. temulentum, consistent with the 
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findings of Majewska-Sawka and Nakashima (2004) on embryo transmission of 

L. perenne via sporophytic maternal tissue.  Sugawara et al. (2004) examined the 

infection process in developing inflorescence and embryos of Festuca arundinacea, 

F pratensis, L. perenne and L. multiflorum, finding the ovaries to be infected well 

before flower opening. However no similar detailed analysis has been reported for the 

L. rigidum/N. occultans infection process.  This paper illustrates the location of 

N. occultans infection within ARG plant and seed. 

 

MATERIALS AND METHODS 

 

Plant tissue   

From 4 populations, 20 seeds from each were grown to the young seedling stage 

to examine position and orientation of fungi growing in leaf tissue.  Seeds from each 

population were germinated in Petri dishes on moist filter paper and incubated at 22
o
C 

under continuous light for two weeks before being transplanted into 50:50 peat:sand 

mix.  Plants were grown in a temperature controlled glasshouse (min 10
o
C and max 

25
o
C) until at least four tillers had emerged.  Plants from each population were 

examined for distribution and orientation of fungal hyphae using a modified method of 

the leaf sheath staining technique described by Christensen et al. (2002) and Latch 

et al. (1988). For detailed method see Kirkby et al. (2011a).   

Known infected plants were selected for viewing by scanning electron 

microscopy.   Vegetative plant material from annual ryegrass was frozen in liquid 

nitrogen (LN2). Meristematic tissue (approximately 5mm) was cut from the base of 

known infected and uninfected plants under the LN2.  The severed samples were fixed 

to a cold stub with low temperature Tissue Tek and immediately plunged back into the 
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LN2 before being transferred to the cryomicrotome. Samples were warmed to -90
o
C at 

low kV to sublime surface frost.  They were then placed in the preparation chamber 

where they were cooled to -160
o
C, sputter coated with gold and returned to the cold 

stage in the cryo-SEM column for observation.  

 

Seed source   

Endophyte infection frequencies were determined for 4 annual ryegrass 

populations.  The frequency of endophyte infection for each population was determined 

by microscopic observation of 50 seeds using the seed squash technique of Latch et al. 

(1987).  Infection frequency was calculated as the percentage of seeds containing 

hyphae.  From the highly infected populations, 27 dry seeds were examined for the 

presence of fungal hyphae within seed using cryo-SEM and 15 dry seeds from the 

populations with low infection frequencies.   

 

Seed preparation  

The chosen seeds were placed on wax under a dissecting microscope and held 

with tweezers whilst the seed coat was carefully removed using another pair of 

tweezers.  The seeds were then cracked in half longitudinally by applying downward 

pressure with flat nose pliers.  Fractured seeds were fixed into sample holders using 

colloidal graphite and low temperature Tissue Tek embedding medium.  The sample 

holders were placed directly into liquid nitrogen (LN2) before being transferred under 

LN2 with the holder to the stage of a cryo-SEM (Cambridge 360).  Each sample was 

warmed to -90
o
C at low kV to sublime surface frost.  The samples were moved to the 

preparation chamber where they were cooled to -160
o
C, sputter-coated with gold and 

returned to the cold stage in the microscope column for observation.  
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RESULTS  

 

Plant Tissue  

Observations of basal plant material using cryo-SEM revealed hyphae in the 

intercellular spaces between plant cells (Figure 1A), being highly convoluted 

(Figure 1B).  No evidence was found to indicate any detrimental effect of hyphae on 

adjacent plant cells, despite hyphae being apparently attached to plant cell walls in 

places (Figure 1C).  Hyphae were cytoplasmically dense and diameter was measured at 

1-2µm (Figure 1D).  

 

Seed source  

Infection frequencies for two populations were high, 98% and 70% while 

frequencies for the other two populations were low, being 22% and 10% (Table 1).  Of 

the 27 seeds examined from the highly infected populations, 22 were abundantly 

infected with endophyte.  Infected seeds were characterised by hyphae located in the 

intercellular spaces between the nucellus layer and the aleurone layer. No hyphae were 

observed within the aleurone cells.  The hyphae were predominately lying 

longitudinally across cell walls and were found protruding from intercellular spaces 

between the lower nucellus layer and the aleurone layer.  Hyphae were found on the 

dorsal and ventral sides of the fractured seed, along with both cheek regions. 
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Figure 1(A-D). Scanning electron microscope photos showing hyphae in their natural 

state within annual ryegrass.  (1A & B) Highly convoluted hyphae in intercellular 

spaces. (1C) Hyphae attached to plant cell wall with mucilage. (1D) Hyphae highly 

irregular in diameter and cytoplasmically dense. 
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Table 1. Endophyte infection based on annual ryegrass seed squashes for populations 

examined using cryo-scanning electron microscopy. 

Population Number infected 

seeds 

Number seeds 

examined 

% Infection 

Frequency 

91d 49 50 98 

70099 35 50 70 

70103 11 50 22 

30697 5 50 10 

 

The hyphae were not regular in shape, and appeared to be flattened and more 

oval than circular in shape (Figure 2A – D).  Hyphae walls were very smooth and no 

septa were observed. The average longitudinal diameter of 33 hyphae was determined to 

be 0.90µm in their natural dehydrated state.  Only two true transverse cross sections 

were found.  One of these was more oval in shape (Figure 2C) and the diameter was 

2.40µm longitudinal and 2.0µm horizontal and hyphal wall thickness of 0.32µm.  The 

second transverse cross section of hyphae was flattened in shape and the diameter was 

2.80μm longitudinal and 0.80µm horizontal (Figure 2D).  The average thickness of the 

nucellus layer in infected seeds was 4.84μm thick.  Of the 15 seeds examined from the 

low infected populations, all seeds were found to be free from endophyte (Figures 3A 

and B) with the average thickness of the nucellus layer being 5.55μm thick.  
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Figure 2(A-D). Dry annual ryegrass seeds infected with the endophyte N. occultans. 

(2A) Cross section through dry infected annual ryegrass seed with seed coat removed.  

Thin walled cells of pericarp (P), nucellus layer (NL), hyphae (H), aleurone layer (AL).  

(2B) Cross section of infected annual ryegrass showing location of hyphae between 

nucellus layer and aleurone cells.  (2C) Transverse cross section of hyphae more oval in 

shape. (2D) Longitudinal view and transverse cross section of flattened hyphae between 

nucellus layer and aleurone cells.   
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Figure 3(A-B). Dry annual ryegrass seeds that are free from endophyte infection.  (3A) 

Portion of cross section through dry uninfected annual ryegrass seed with seed coat 

removed.  Thin walled cells of pericarp (P), nucellus layer (NL), aleurone layer (AL) 

and endosperm (E).  (3B) Nucellus layer (NL) and aleurone cells of dry uninfected 

annual ryegrass seeds. 

 

DISCUSSION  

Hyphae were restricted to the lower few mm of basal tissue and within nodes 

and seeds of infected plants, providing more evidence that the endophyte within annual 

ryegrass is N. occultans. The grass endophyte was observed in infected annual ryegrass 

plants and seeds using cryo scanning electron microscopy.   

Hyphae within plant material were similar to those described by Moon et al.  

(2000a) for N. occultans.  Hyphae were confined to the basal region of leaf sheaths 

(1 to 2mm), were seldom branched and highly convoluted.  A possible explanation for 

hyphae being highly convoluted is that they are restricted to this basal region of plants.   

The dimensions of hyphae within dry seeds were documented for the first time 

in their natural dehydrated state.  Literature to date describes the size of N. occultans 

hyphae as 1-2μm. However it is likely that these estimates represent the wet state of 

hyphae.  Such measurements are from hyphae within plants or imbibed seeds or seeds 

that have been prepared in solutions, fixatives or stains, all adding moisture to the 

hyphal environment.  Our study has shown that the natural size of hyphae in their 

dehydrated state in the seed is less than 1μm, averaging 0.90μm in diameter. The spatial 
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pattern of infection was consistent across all infected seeds examined.  Hyphae were 

abundant in the area just below the seed coat, consistent with findings of Majewska-

Sawka and Nakashima  (2004).  There were no hyphae present in seeds sampled from 

the low infection populations. 

This study provided further evidence that the fungus found in Australian annual 

ryegrass populations is N. occultans whilst also adding to the information regarding 

dimensions of hyphae in dry seeds.   
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PAPER FOUR: Incidence of endophyte Neotyphodium occultans in Lolium rigidum 

from Australia.  Accepted for publication in Weed Research, 51, 261-272, 2011. 
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ABSTRACT   

Seed transmitted Neotyphodium endophytes form systemic associations with 

Pooideae grasses.  Transmission of infection within plants has been shown to vary from 

incomplete to 100% of the tillers infected.  This study examined the extent of 

transmission of infection amongst annual ryegrass tillers growing near Wagga Wagga, 

Australia.  Transmission of infection was assessed using two approaches: (i) using 

tissue print immunoblot (TPIB) data from field transect surveys and (ii) using data from 

a greenhouse experiment on plant to seed transmission.  Data from the greenhouse 

revealed transmission was incomplete and this was also supported by the field survey 

results.  Field surveys revealed vegetative transmission efficiency was incomplete, 

regardless of growing conditions. This study found large variation in transmission, 

being significantly lower in plants grown in controlled greenhouse conditions (33-

100%) compared with higher variation in field conditions within a wheat crop (18-

100%), native vegetation and lucerne pasture (both ranging 10-100%).  The greenhouse 

mailto:kkirkby@csu.edu.au
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study confirmed both endophyte-infected and non-infected seeds were produced on 

infected plants.  High variability in transmission amongst annual ryegrass tillers (10-

100%) has implications for determining a plant‟s endophyte status with high risk of 

recording false negatives for a plant‟s endophyte status.  

 

Keywords   incomplete transmission; infection; Neotyphodium occultans  

 

INTRODUCTION 

Annual ryegrass was first introduced into southern Australia from the 

Mediterranean basin in 1887 (Kloot, 1983) as a pasture grass and later rapidly adapted 

to climatic and edaphic conditions of Australia.  Regular applications of selective and 

non-selective herbicides for its control have led to many ryegrass populations becoming 

herbicide resistant (Heap, 2010; Pratley et al., 1996).  Consequently, this grass is 

considered one of the worst weeds in the southern cropping zones of Australia.   

Many cool season grasses are host to systemic fungal endophytes, belonging to 

either Epichloë or Neotyphodium genus (Schardl and Phillips, 1997).  Epichloë 

endophytes transmit infection horizontally whilst Neotyphodium endophytes have a 

non-pathogenic nature and reproduce asexually transmitting infection vertically via the 

seeds from infected mother plants  (Philipson and Christey, 1986; Schardl and Phillips, 

1997).  Research has primarily concentrated on pasture grasses (perennial ryegrass and 

tall fescue) and their respective endophytes N. lolii and N. coenophialum as a 

consequence of detrimental effects on grazing animals and persistence of grasses under 

insect pressure (Hesse et al., 2003; Popay et al., 1999).  Research into the annual 

ryegrass/N. occultans association however is limited (Kirkby et al., 2008; Latch et al., 

1988; Moon et al., 2000a). Given that the only confirmed means of inter-generational 
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transmission is through the seeds, there is a need to understand the infection process 

within plants and seeds.  Neotyphodium occultans infection can be detected in annual 

ryegrass plants using the antigen binding tissue print immunoblot technique (Gwinn et 

al., 1991; Reddick and Collins, 1988; Wheatley and Simpson, 2000).  

Upon germination, hyphae within intercellular spaces of the embryo and shoot 

apical meristem colonise the intercellular spaces around meristematic cells and 

primordial tissue of the shoot apex as they form. As the tiller reaches the reproductive 

stage, hyphae invade the meristem of each primordial inflorescence, then the ovule and 

finally the embryo of the seed (Christensen et al., 2008; Christensen et al., 2002).  At 

each stage there is a possibility of failure to colonise (Schulthess and Faeth, 1998) or 

loss of viable endophyte within the seed (Gundel et al., 2008; Gundel et al., 2009a; 

Neill, 1940; Ravel et al., 1997). Asexual Neotyphodium endophytes are exclusively 

reliant on the survival and reproduction of the host plant for their dissemination to the 

next generation (Gundel et al., 2008; Gundel et al., 2009a; Lane et al., 2000).  

Detailed descriptions of endophyte infection processes have been reported for 

L. temulentum (Freeman, 1904) and L. perenne (Majewska-Sawka and Nakashima, 

2004; Philipson, 1989).  Sugawara et al. (2004) examined the infection process in 

developing inflorescence and embryos of Festuca arundinacea, F pratensis, L. perenne 

and L. multiflorum, finding the ovaries to be infected well before flower opening. 

Christensen et al. (2002) reported uncharacteristic distribution of N. occultans hyphae 

primarily bunched in the basal 1-2 mm of leaf sheaths in L. multiflorum and 

L. x hybridium plants. However no similar detailed analysis has been reported for the 

L. rigidum/N. occultans infection process. 

This paper reports on two pilot studies of transmission of infection. The first 

study reports on surveys taken of annual ryegrass plants growing in different conditions 
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and their respective transmission of infection within tillers. The second study 

specifically examined transmission from plants to seeds using the tissue print-

immunoblotting.  The transect survey and seed experiment tested the hypothesis that 

endophyte infection is not complete in Australian annual ryegrass plants.   

 

 

MATERIALS AND METHODS 

Data obtained from known infected plants grown in controlled greenhouse 

conditions were compared with annual ryegrass plants growing within native 

vegetation, lucerne (alfalfa) pasture and wheat crops, sampled by transect and analysed 

for the presence of endophyte and percentage of tillers infected all in close proximity to 

Wagga Wagga, Australia.   

 

 

Greenhouse samples   

Annual ryegrass plants were grown under temperature controlled greenhouse 

conditions (min 10
o
C and max 25

o
C) from seed collected as part of a herbicide 

resistance testing program conducted at Charles Sturt University.  Seeds from 2 

populations HS21-C1 (GH1) and 50091 (GH2), both populations from New South 

Wales were germinated on moist filter paper and incubated at 22
o
C, continuous light for 

14 days.  Germinated seedlings were transplanted into 1L plastic containers with 

drainage holes in the bottom and filled with a 50:50 sand:peat mix.  Plants were watered 

as needed and maintained until they reached 3-4 tillers.   

Initial endophyte status of each plant was determined using the whole leaf 

sheath staining technique previously described.  The percentage of infected tillers for 
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populations HS21-C1 (GH1) and 50019 (GH2) was 87% and 89% respectively.  A total 

of 15 and 12 known endophyte infected plants from each population (GH1 and GH2 

respectively) were transplanted into new trays and maintained until they reached the 

reproductive stage.  The total number of tillers was recorded before assessing 

transmission of infection within each plant using the tissue print-immunoblotting 

technique as previously described.   

 

 

Field sampling method   

The minimum number of samples from field sites was determined using the 

method described by NSW Agriculture  (2001) for field sampling.  In October 2008, 34 

plants were sampled from within a wheat crop (31ha) along a W-transect line, field site 

1 (FS1) and 3 plants from within another wheat crop (65ha), field site 2 (FS2) on the 

property „Gregadoo Park‟, Wagga Wagga, NSW, Australia.  FS2 had very good weed 

control, hence only a low number of annual ryegrass plants was sampled.    

On the same property, 2 designated native vegetation sites (NVS1 and NVS2) 

containing trees native to Australia were randomly sampled for annual ryegrass plants 

(10 and 19 plants respectively).  Early in November 2008, 15 annual ryegrass plants 

were sampled along a W-transect line within a lucerne pasture lane (0.6ha) on the 

property „Posetto‟, Junee, NSW, Australia.  

Neotyphodium infection was determined using the tissue print-immunoblotting 

technique (Gwinn et al., 1991) where each tiller was cut at the base at ground level and 

blotted onto nitrocellulose membrane (Whatman Protran 0.45μm).  Membrane paper 

was forwarded to AgResearch, Grasslands Research Centre, New Zealand for blot 
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development.  Transmission of infection within each plant was calculated as the 

proportion of tillers returning a positive blot result.   

Whole leaf sheath staining technique described by Latch et al. (1988) and 

Christensen et al. (2002) was used to confirm N. occultans infection, characterised by 

rarely branched, highly convoluted hyphae (1-2μm) confined to the lower 1 to 2 mm of 

leaf sheath.  

 

Transmission from plant to seeds  

Three spikes each were removed from mature known infected and uninfected 

plants grown in a temperature controlled greenhouse (min 10
o
C and max 25

o
C).  The 

spikes were stored in paper bags in a refrigerator over 2008/2009 summer.  In March 

2009, each spike was dissected into spikelets and each seed separated, recording 

individual seed position on the spikelet.  Seeds were placed in 1.5mL Eppendorf tubes 

containing cottonwool and 1mL deionised water.  The lids were secured and labelled 

with the spikelet and seed number.  The tubes were placed in a rack and incubated at 

22
o
C continuous light for 14 days.   

After germination, seedlings were transplanted and maintained as previously 

described for greenhouse populations.  When plants were at the 4 tiller stage, endophyte 

status was determined using tissue print-immunoblotting technique (Gwinn et al., 1991) 

on 2 tillers per plant with endophyte species confirmed microscopically by whole leaf 

sheath staining on the remaining 2 tillers. 

 

Data analysis  

To compare the vegetative transmission within tillers of plants sampled from 

different growing conditions,  binomial generalised linear modelling using GenStat (11
th
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Edition) (Payne et al., 2008) was fitted for number of infected tillers per plant for 

different growing conditions.  Residual plots were used to verify assumptions.    

 

RESULTS  

 

Greenhouse and field studies   

There was significant variability in transmission of infection (P<0.001) amongst 

plants grown under the same environmental conditions as well as under different 

growing conditions.  Greenhouse plants exhibited significantly higher mean 

transmission efficiency amongst tillers (88%) than plants grown under field conditions: 

wheat crops (75%), native vegetation (70%) and lucerne pasture (64%) (Figure 1, 

Table 1). 

 

 

Figure 1.  Mean differences in transmission of endophyte infection in tillers grown 

under greenhouse and field conditions (different letters above bar indicate  significant 

difference, p<.05). 

 

Transmission from plant to seeds   

Seedlings germinated from seeds removed from non-infected plant spikelets 

were all endophyte-free.  Seedlings grown from seed removed from infected plant 
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spikelets were infected with hyphae with the exception of one seedling, which was 

endophyte-free.  Plants grown from infected seeds produced plants with both uninfected 

tillers and infected tillers (Table 2).  Vegetative transmission of infection ranged from 

21-100% in infected seedlings.   

 

Table 1. Transmission efficiency (number of infected tillers per plant divided by the 

total number of tillers per plant) of endophyte within annual ryegrass plants sampled 

from different growing conditions.  Numbers in brackets are standard deviation. 

Growing 

conditions 

Total 

plants 

blotted 

Total 

infected 

plants 

Infection 

frequency 

(%) 

Number 

tillers 

Number 

tillers 

infected 

Transmission 

efficiency (%) 

Transmission 

efficiency 

range  (%) 

GH1 15 15 100 144 125 87 (18.97) 33-100 

GH2 12 12 100 229 204 88 (17.96) 53-100 

Wheat (FS1) 34 24 71 267 198 75 (29.97) 18-100 

Lucerne pasture 15 7 47 85 59 64 (36.18) 10-100 

NVS1 10 10 100 61 46 81 (32.04) 18-100 

NVS2 19 13 68 197 146 59 (27.59) 10-100 

 

 

Table 2. Endophyte infection status of seeds and the related vegetative transmission of 

infection in tillers of infected and non-infected plants grown in the greenhouse († 

established using tissue print-immunoblotting on plants germinated from seed). 

E Status  Number 

seeds 

Infected 

seeds 

Number 

tillers 

Number 

infected 

tillers † 

Range infected 

tillers (%) 

Transmission 

efficiency 

(%) 

Infected 36 35 563 376 21-100 67 

Uninfected 10 0 156 0 0 0 
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DISCUSSION 

Imperfect transmission will limit the number of individual tillers infected with 

endophyte. This in turn will affect how many tillers should be blotted for determining 

endophyte status.  The established blotting technique (Gwinn et al., 1991) is a useful 

and quick method for identifying infected plants, but without removing all tillers there 

is a chance of misidentifying a plant‟s endophyte status.  In plants where there is high 

transmission of fungal hyphae amongst tillers, the risk of obtaining a false reading 

(uninfected tiller from an infected plant) is low.  Alternatively when transmission is 

low, the risk of obtaining an uninfected tiller from an infected plant is high, as can be 

the case with annual ryegrass based on the findings presented here. 

Persistence of a high infection rate in the population of plants cannot be 

explained by high transmission, as many plants in populations had very low 

transmission.  Without a competitive advantage being provided to the endophyte-

infected plants, low transmission would likely lead to infection being lost from the 

population.  It can be postulated therefore, that endophyte infected plants have the 

ability to out-compete uninfected plants (Lane et al., 2000). Plants grown from seed 

harvested from the non-infected plant produced seed free of infection.  The infected 

plant produced both infected and non-infected seed.  These results are consistent with 

findings reported for Arizona fescue (Festuca arizonica) (Saikkonen et al., 1998) and 

tall fescue and perennial ryegrass  (Welty et al., 1994). 

Variation existed in the vegetative transmission of infection, ranging from 21-

100%, regardless of the position of seed in each spikelet. Incomplete transmission of 

infection within tillers of infected plants may be the result of hyphae failing to colonise 

the tiller in the developing stage.  These un-infected tillers will only produce endophyte 

free seeds.  Infected tillers can on the other hand produce both infected and uninfected 
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seeds as a result of infection not being transmitted to all seeds within an inflorescence. 

Incomplete transmission of infection may be a consequence of selective pressures 

during plant growth such as environmental conditions and/or  plant genotype (Ravel et 

al., 1997). 

Imperfect transmission of infection within annual ryegrass plants has consequent 

implications for assessing an individual plant‟s infection status. The high degree of 

variability of transmission in this grass species will impact on the number of tillers 

needed to be examined to confidently assess a plant‟s endophyte status. This 

understanding of the individual endophyte strain interaction with its host plant would 

appear to be important for plant breeders, agronomists and researchers of 

endophyte/grass associations.  Since infected plants can contain endophyte-free tillers, 

this can result in endophyte-free seeds thereby compromising purity of infected and 

uninfected seed lines harvested from such plants.    

The pilot studies reported in this paper provide further information on the 

incomplete transmission of N. occultans within tillers and emphasises the need to 

sample multiple tillers per plant for determination of the endophyte status of L. rigidum 

plants. 
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PAPER SIX: Viability of seed and endophyte (Neotyphodium occultans) in annual 

ryegrass (Lolium rigidum) when buried and in long term storage.  Accepted for 

publication in Seed Science and Technology, 39, 452-464, 2011.       
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PAPER SEVEN: Effect of temperature on endophyte and plant growth of annual 

ryegrass, perennial ryegrass and tall fescue.  Published in Proceedings of 17
th

 

Australasian Weeds Conference, Christchurch, 56-59, 2010. 
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ABSTRACT   

Asexual Neotyphodium endophytes frequently form associations with cool 

season grasses. The association is generally viewed as mutualistic, often benefiting the 

host with increased tillering, growth and reproduction.  Evolutionary theory predicts 

that symbionts which rely on hosts for transmission should evolve to benefit their host, 

especially when it is under stress.  Endophyte/grass associations are highly variable in 

nature, suggesting the interaction is dependent on fluctuating environmental conditions. 

Annual ryegrass (Lolium rigidum Gaud.) is frequently infected by Neotyphodium  

occultans, although the role this endophyte plays in this grass is the subject of study.  

We examined the effect of infection by N. occultans on annual ryegrass shoot biomass, 

root biomass and plant structure under differing water regimes in non-competitive 

greenhouse conditions.  Endophyte infection did not affect the dry matter responses of 

annual ryegrass to water availability changes.  Shoot and root biomass were similar in 

uninfected (E-) and infected (E+) plants.  However the endophyte/grass association 

altered the structure of plants with infected plants being shorter, with longer and wider 

leaves and roots with increased diameter and surface area.  The altered structure of 
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infected plants may be evidence of an ecological advantage over uninfected plants under 

changing environmental conditions.   

 

Key words: ecological advantage, fitness, infection, Neotyphodium occultans. 
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INTRODUCTION 

Neotyphodium fungal endophytes are found in association with many C3 grass 

species (Schardl and Phillips, 1997).  These endophytes reproduce asexually. 

Transmission of infection is vertical, where hyphae grow into the developing seeds of 

infected maternal plants.  Evolutionary theory predicts that strictly vertically transmitted 

endophytes should increase host fitness in order to maintain endophyte fitness (Ewald 

1987).  Evidence to support this theory has been well documented (Cheplick and Clay, 

1988; Clay, 1988; Siegel and Bush, 1996).   

Purported benefits of infection have been found in agronomically important 

grasses such as perennial ryegrass (Lolium perenne) and tall fescue (Festuca 

arundinacea).  Reports of the beneficial effects of endophyte infection on grass hosts 

are inconsistent in respect of agronomically important grass species such as perennial 

ryegrass and tall fescue.  Endophyte infection has reportedly altered physiological, 

developmental and morphological properties of such plants (Bacon, 1993; Clay, 1988; 

Malinowski and Belesky, 2000).  A consistent pattern exists for tall fescue associations 

(Malinowski and Belesky, 2000) whereas perennial ryegrass associations are less 

consistent (Cheplick and Clay, 1988; Vila-Aiub and Ghersa, 2001).  Importantly, 



 

 

84 

assumptions have occasionally been made on the basis of a single host genotype 

(Easton, 2007), with reports of infection (measured by plant weight gain) varying with 

host genotype (Vila-Aiub et al., 1997).  Less has been published on the effects of 

infection in annual grass species.  Plant performance of L. multiflorum is reportedly 

improved (in terms of yield) when infected with Neotyphodium occultans (Cooper et al., 

2007).  Annual ryegrass (L. rigidum Gaud) is also host to the N. occultans endophyte 

(Kirkby et al., 2008; Moon et al., 2000a) but infection frequencies in Australian 

populations are highly variable, ranging from 4 to 98% (Kirkby et al., 2011b).  The 

effect of this endophyte on annual ryegrass is unknown.   

Annual ryegrass was introduced from the Mediterranean into south eastern 

Australia in 1887 (Kloot, 1983) as a pastoral grass.  Now, it germinates after the first 

seasonal rains and survives as a volunteer after pasture, persisting into the cropping 

phase.  Annual ryegrass has become a major crop weed with a reported cost for its 

control and crop yield loss in Victoria of $37.4 million (Code, 1990) and in Western 

Australia of $117 million (Gill, 1996b).  Although such control of the crop weed has 

been achieved using herbicides, the heavy reliance on chemicals has led to the evolution 

of herbicide resistant populations (Broster and Pratley, 2006; Heap, 2010). Annual 

ryegrass is widespread and extremely competitive within crops, adapting to farming 

practices and soil conditions throughout southern Australia (Pratley and Stanton, 2003).   

Many interactions between grass host, endophyte infection and other factors 

have been reported (Hesse et al., 2003; Malinowski and Belesky, 2000; Medvescigh et 

al., 2004a; Saona et al., 2010).  Effects of Neotyphodium infection on plant growth and 

performance are well documented, although no clear picture has emerged on fitness 

advantages gained from endophyte infection, with effects more consistent for tall 

fescue, and less so for perennial ryegrass (Easton, 2007).  The aim of this study was to 
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determine if N. occultans infection provided a production advantage for annual ryegrass 

host plants under conditions of restricted water availability.  

 

 

MATERIALS AND METHODS 

Treatments and procedures 

An experiment was established to evaluate the impact of endophyte infection on 

annual ryegrass biomass production under different watering regimes representing 

different levels of soil moisture deficit. Treatments were endophyte infection status 

(uninfected, E-, and infected, E+) and watering regime (30%, 75% and 90% of field 

capacity), with effects on plant growth being assessed at two harvests (at growth scale 

Zadok 50 and at maturity, Z90).  The experiment was arranged in a randomised 

complete block design with three replications.  

In January 2008, 108 E- and 108 E+ seedlings were selected from a pool of 150 

E- and 260 E+ plants, respectively, from the same population grown under controlled 

greenhouse conditions (min 10
o
C and max 25

o
C) from freshly harvested seed.  Initial 

endophyte status of each seedling was determined (after 4-tiller stage) using the tissue-

print immunoblot technique (Hahn et al., 2003) on two tillers per plant.  

Infection status of the selected plants (n=216) was confirmed a second time after 

a further 3 weeks using a modified method of the leaf sheath staining technique 

described by Latch et al. (1988) where whole leaf sheaths were peeled from two tillers 

per plant and examining under a light microscope for distribution and orientation of 

fungal hyphae.  Plants of the same endophyte infection status were transplanted in pairs 

into pots (20cm diameter x 20cm height) lined with plastic bags containing a substrate 

of 50:50 sand:peat mix (Lithuanian Peat Moss, Klasmann – Deílmann GmbH, 
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Germany) with a net weight 3kg.  Nutrient was controlled by incorporating 0.22g slow 

release fertiliser (Osmocote®) into each pot according to label directions.   

Gravimetric moisture holding capacity was determined for the sand:peat mix 

using the formula [(Ma – Ms)/Ms] x 100 where Ma = mass of dry soil, Ms = mass of 

oven dry soil.  The gravimetric moisture for 100, 90, 75 and 30% field capacities were 

0.28, 0.25, 0.21 and 0.08 respectively.  All plants were watered to 75% field capacity 

for 2 weeks following transplanting to enable seedling establishment.  Pots were then 

watered to prescribed weights representing 30%, 75% and 90% field capacity twice per 

week.  Plants were harvested twice, with the first harvest being destructive occurring 

when the first spikelet was visible (Z50) (12 weeks since watering regimes were first 

applied) and the second harvest when the seed was mature and the straw dead (Z90) (16 

weeks since watering regimes were first applied).  At each harvest, shoot was removed 

by severing the plant at the base of the pseudostem.  A total of 72 plants from 36 pots 

were destructively sampled at the first harvest (2 plants per pot x 2 pots x 3 water 

regimes x 2 endophyte status x 3 replicates) and the remaining 144 plants from 72 pots 

sampled at the second harvest.  The numbers of tillers, spikes and seeds were recorded 

at each harvest.   

Shoot and spike material was dehydrated for 48 hours at 80
o
C and dry weights obtained. 

A second experiment was conducted (June 2009) to evaluate the effect of 

infection on shoot and root biomass production and plant characteristics under three 

watering regimes.  The effect of differing plant/endophyte associations was also 

evaluated with the inclusion of cloned ramets of both E- and E+ maternal plants.   

The imposed treatments were: endophyte infection status (E- and E+); maternal 

clones (two endophyte-free and two endophyte-infected); and watering regime (10, 30 

and 75% field capacity).  All pots were harvested at maturity (Z90).  The experimental 
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design was a randomised complete block with three replications, each pot containing a 

single plant.  Experimental pots were surrounded by a border of potted annual ryegrass 

plants.  Two young E- maternal plants (termed A and B) and two E+ maternal plants (C 

and D) were selected from a population of annual ryegrass growing in the glasshouse at 

the 4-tiller stage.   

Initial endophyte status of each plant was determined using the using the tissue-

print immunoblot technique described above when plants had two tillers and 

confirmation of endophyte status made using the same method as described for the 

earlier experiment.  The maternal plants were transplanted into 20cm diameter pots 

filled with 50:50 sand:loam mix and 1 week later trimmed to approximately 7cm height.   

Given that host genotype can influence the outcomes of host/endophyte 

interactions (Christensen et al., 2001) we aimed to determine potential differences by 

including clones of maternally endophyte-free and endophyte-infected plants.  The 

method of cloning plants was as described by Faeth & Sullivan (2003) and Pedersen et 

al. (2007).   

Maternal plants were removed from pots with roots intact before each tiller was 

trimmed to 12 cm of shoot and 3 cm of root. Nine cloned ramets from each maternal 

plant, A (E-), B (E-), C (E+) and D (E+), were transplanted individually into pots 

(20 cm diameter, 20cm height) lined with plastic bags containing a substrate of 

sand:loam mix with a net weight of 3.0 kg, before 0.22g slow release fertiliser 

(Osmocote®) was incorporated to each pot.  Plants were grown in a temperature 

controlled greenhouse (min 10
o
C and max 25

o
C) and watered to the prescribed weight 

twice per week.   

Plant height and length dimensions were measured once plants commenced 

anthesis (Z60).  Total leaf lengths and widths (mid way along leaf) of three random 
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leaves per plant were measured and averaged on an individual plant basis. As panicles 

began to flower, plants were gently shaken together daily to facilitate open pollination 

and subsequent seed production.  Plants were tied to stakes once fertilisation was 

complete and covered with pollen exclusion bags to minimise mechanical damage to 

developing spikes. 

Plants were harvested, and plant components measured at Z90, approximately 

16 weeks after the watering regimes had first been applied.  Shoot was separated into 

tillers and seeds, dehydrated for 48 hours at 80
o
C and dry weights obtained.  Tiller 

numbers were recorded along with seed number and seed weight per plant.   

Roots were separated from the soil material using a series of metal sieves 

ranging in size from 1 mm to 5 mm pore diameter. Roots were washed with water and 

foreign material removed before being placed on a plastic tray for image analysis using 

WinRHIZO Pro V.2005b software to measure total root length, diameter and surface 

area. Root material was then separated from water using sieves, dehydrated for 48 hours 

at 80
o
C and dry weights obtained.  Total dry plant biomass was calculated as the sum of 

shoot and root dry biomass.  

 

Statistical analysis 

To test how shoot biomass (tiller and spike dry weight) varied with endophyte 

infection the fixed effects of infection status in the first experiment, water regime and 

harvest were included in a linear mixed model with replicate as the random effect.  

Residual plots indicated that log transformation was required for shoot response 

variables.  Highly non-significant interactions were removed.  To determine how 

treatments affected components of plant production, separate generalised mixed models 

were used with number of tillers, number of spikes and number of seeds as response 
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variables and infection status, water regime and harvest as fixed variables and replicate 

as the random effect. Non-significant interactions were removed.  All analyses were 

performed using GenStat (11
th
 Edition) (Payne et al., 2008). 

To test how total plant production (shoot and root biomass) varied in the second 

experiment, the fixed effects of infection status, water regime and clone were included 

in linear mixed models with replicate as the random effect.  To comply with 

assumptions of residual plots, values were log transformed for the response variables of 

shoot, seed, root and total biomass.  Non-significant interactions were removed.  

Generalised linear mixed models were fitted with the same fixed variables with plant 

height, number of tillers, leaf length and width, number of seeds, root measurements 

including length, diameter and surface area as the response variables and replicate as the 

random effect.  Highly non-significant interactions were removed. All analyses were 

performed using GenStat (11
th
 Edition) (Payne et al., 2008). 

 

 

RESULTS 

Endophyte status in the first experiment had no significant effect (P = 0.362) on 

shoot biomass, combined means of Z50 and Z90 harvests being 14.12 g for E- plants 

and 13.92 g for E+ plants.  A significant interaction (P = 0.033) was recorded between 

endophyte status and water regime for spike biomass (Figure 1).  Overall (Z50 + Z90), 

for E- plants, higher spike biomass occurred with increasing water availability (from 30 

to 90% field capacity), with significant differences between all water regimes.  A 

similar trend occurred for spike biomass of E+ plants although there was no significant 

difference between plants watered at 75 and 90% field capacity.  Spike biomass was 

similar for E- and E+ at 30% and 75% field capacity, but significantly lower in E+ 
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plants than E- plants at 90% field capacity.  After spike maturation, E- plants retained 

fewer seeds by the second harvest indicating seed shattering had occurred, whereas E+ 

plants retained and continued to increase the number of seeds produced (Table 1).  

Water regime had significant effects on all variables measured (Table 2).    

 

 

Figure 1.  Interactions between field capacity and endophyte status on spike dry weight 

in annual ryegrass (experiment 1).  Different letters indicate significant difference at 

P<0.001 within an infection status. 

 

 

Table 1. Number of seeds retained by uninfected and infected annual ryegrass plants at 

each harvest in experiment 1. Different letters after numbers indicates significant 

difference between uninfected (E-) and infected (E+) plants at each harvest at 

P < 0.001. 

Harvest Number of seeds per plant 

(Zadok growth scale) Uninfected (E-) Infected (E+) 

1 (Z50) 806a 614b 

2 (Z90) 585a 644a 
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Table 2.  Effect of water regimes on above-ground biomass, spike biomass and the 

number of spikes, tillers and seeds produced on annual ryegrass plants. Means within a 

column with different letters differ at P<0.001. 

% Field 

capacity 

Shoot 

biomass (g) 

Spike (g) 

Number 

Spikes Tillers Seeds 

30 12.04a 5.75a 7.86a 8.23a 242.3a 

75 14.62b 7.07b 31.13b 33.15b 876.8b 

90 15.39c 7.48c 45.76c 47.02c 1315.3c 

 

There was no effect of endophyte status on shoot, root or total biomass 

production measured as dry weight in the second experiment.  The mean total biomass 

of uninfected plants was 15.9mg and 13.4mg for infected plants (P = 0.312).  The mean 

number of tillers produced for uninfected plants and infected plants were 28 and 29 

(P = 0.410) respectively.  Significant effects of endophyte status on variables are listed 

in (Table 3).  Length of leaves was greater for E+ plants then E- plants.  A significant 

interaction was found between endophyte status and water regime for leaf width 

(P = 0.019) (Table 4), with leaves from E+ plants being wider than E- plants when 

watered at low moisture levels of 10 and 30% field capacity, but similar at 75% field 

capacity.  E- plants were significantly taller than E+ plants. Root diameter and surface 

area were each significantly greater for E+ plants (Table 3).  A significant interaction 

was found between endophyte status and cloned E+ plants (P < 0.001) where the 

number of tillers produced varied significantly amongst cloned E+ plants (16 to 30), but 

not amongst E- cloned plants (18 to 24).  Moisture regime at which plants were watered 

significantly (P < 0.001) affected all measured characteristics (Table 5).  
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Table 3. Differences in plant characteristics of uninfected (E-) and infected (E+) annual 

ryegrass plants in experiment 2 with values recorded as mean with standard error of 

mean in parenthesis. P-value obtained from regression analysis. 

Fixed effect of endophyte status 
Uninfected (E-) Infected (E+) 

P n=18 n=18 

Plant height (cm) 61.0 (±4.0) 54.6 (±3.48) 0.021 

Leaf length (cm) 17.23 (±0.82) 19.69 (±0.98) <0.001 

Leaf width (cm) 0.56 (±0.03) 0.69 (±0.01) <0.001 

Root diameter (mm) 0.62 (±0.06) 0.95 (±0.16) 0.011 

Root surface area (cm2) 516.2 (±77.3) 721.7 (±127.5) 0.026 

 

 

Table 4. Interaction in leaf width between water regime (% of field capacity) and 

endophyte status in experiment 2.  Means with different letters are significantly 

different between uninfected (E-) and infected (E+) plants watered at 10, 30 and 75% 

field capacity at P < 0.001. 

% Field capacity  

Leaf width (cm) 

Uninfected (E-) Infected (E+) 

10 0.48a 0.66b 

30 0.56a 0.73b 

75 0.65a 0.67a 
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Table 5.  Significant effect of watering plants at 10, 30 and 90% field capacity on each variable measured. Means (per plant) within a column with 

different letters differ at P<0.001.  

% Field 

capacity  

Shoot 

biomass 

(g) 

Root 

biomass 

(g) 

Root 

diameter 

(mm) 

Root surface 

area (cm2) 

Leaf width 

(mm) 

Plant 

height 

(cm) 

Number 

tillers 

Number 

seeds 

Seed 

weight (g) 

Leaf length 

(mm) 

Root 

length 

(mm) 

10 37.90
a
 1.742

a
 0.47

a
 207.7

a
 5.65

a
 40.79

a
 9.43

a
 332

a
 0.17

a
 14.37

a
 2256

a
 

30 133.08b 5.042b 0.63b 577.5b 6.41b 62.01b 21.51b 1322b 0.22b 18.68b 8425b 

75 254.93c 8.011c 1.20c 1046.0c 6.57c 70.16c 50.06c 3162c 0.27c 22.21c 15010c 

P-value <0.001 <0.001 <.001 <0.001 0.028 0.001 <0.001 <0.001 0.002 <0.001 <0.001 
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DISCUSSION 

The watering regimes of plants in both experiments significantly affected plant 

biomass with plants subjected to low watering having significantly lower biomass than 

plants watered with moderate and high rates.  Similar findings of water stress affecting 

plant growth are well documented, for example Medvescigh et al. (2004) for 

Neotyphodium infected L. multiflorum.  Our study reports for the first time the effect of 

N. occultans infection under varying moisture regimes in annual ryegrass plants. 

The results of this study illustrate that the grass/endophyte association is 

complex and variable.  Research has found symbiotic effectiveness may vary within 

different host genotypes (Wilkinson et al., 1996).  Our study found no difference 

between cloned E- plants, but there was a difference between E+ maternal clones for the 

number of tillers produced.  This may be an artefact of transmission efficiency, given 

that infection within tillers is highly variable in annual ryegrass.  Finding no difference 

in shoot and root biomass of E+ and E- plants is consistent with the findings of Vila-

Aiub et al. (2005) for N. occultans infected L. multiflorum.  The lack of significant 

difference between E+ and E- plants in shoot biomass (measured as dry weight) in both 

experiments along with no significant difference in root biomass in the second 

experiment suggests that determining a fitness benefit based on a single factor may be 

inadequate.   

The interaction along the antagonism to mutualism continuum varied for spike 

biomass and water availability.   E+ and E- plants responded similarly to improved 

watering regime with increasing spike biomass. 

Differences in plant morphology were measured, including seed retention, plant 

height, leaf length and width and root diameter and surface area.  Significant increase in 
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plant production of E+ plants from the first to the second harvest may provide a fitness 

benefit by limiting resource allocation early in the plants life cycle before committing to 

tiller, spike and seed production upon plant maturity.  The results of increased seed 

retention of E+ plants at maturity from the first experiment could be interpreted as 

generating more viable seeds, leading to better recruitment opportunities for 

germination, persistence and survival of infected plants (Harper, 1977).   

Responses to environmental stress may be observed in underlying physiological 

responses to environmental stress in vegetative tissues of plants.  The vegetative growth 

was visually distinguishable between E+ and E- plants grown under water stressed 

conditions of 10 and 30% field capacity.  E+ plants were consistently shorter, in 

contrast with the results reported for infected L. multiflorum (Medvescigh et al., 2004).  

In the second experiment, E+ plants outperformed E- plants in leaf length and width.  

E+ plants had longer leaves than E- plants, consistent with results reported by 

Medvescigh et al. (2004) for L. multiflorum plants after 57 and 79 days growth.  E+ 

plants also had wider leaves than E- plants when watered at 10 and 30% field capacity 

possibly providing E+ plants with a relative advantage over neighbouring E- plants 

growing in water stressed environmental conditions such as drought.  Harper (1977) 

proposed increased fitness (adaptation) may occur even if an activity brings no direct 

benefit to the host but instead hinders the performance of others.  The variation in 

symbiont effectiveness between hosts L. rigidum and L. multiflorum may be evidence of 

fitness being inextricably host specific (Douglas, 1998). 

E+ plants outperformed E- plants in allocation of resources to root structure.  

Increased root diameter and surface area may provide E+ plants with a mechanism for 

adapting to water deficit thereby maintaining cellular hydration (Huang, 2008).  The 

lack of significant interactions between watering regimes and endophyte status for other 



 

 

96 

growth attributes indicates infection may only impart benefits to their hosts under 

multiple biotic and abiotic selection pressures, consistent with the view of Saona et al. 

(2010).  Unlike the findings of Vila-Aiub et al. (2005), our data showed no difference 

between E+ and E- plants based solely on plant biomass (shoot and root) measured as 

dry weight, although our results indicate the morphological structure of E+ plants 

differs from E- plants.  Including plant characteristics such as plant height, leaf length 

and width, number of tillers, seed retention and root dynamics exposed significant 

differences between E+ and E- plants.   

Our results showed that under drier watering regimes E+ plants outperformed E- 

plants, similar to the finding of Saona et al. (2010) suggesting a possible fitness 

advantage in drier environments.  In Australia, water stress is a common limiting factor 

of plant survival, with exposure to drought during panicle development leading to 

delayed flowing, resulting in reduced number of spikelets.  Our data showing altered 

morphological responses led us to conclude N. occultans infected plants have adapted to 

survive abiotic stress such as drought.  Fitness advantages in this case were not 

determined by a single factor response such as increased dry weights, but in differences 

in the structural design of E+ and E- plants.   

The effect of N. occultans on annual ryegrass plants grown in controlled 

conditions of a greenhouse may be dissimilar from plants grown under field conditions 

where selection for defensive mutualism may occur (Faeth, 2002).  Hume et al. (2000) 

suggested limited selection advantage of N. occultans infection may occur in 

Italian/hybrid ryegrass imparted through resistance to insects such as Argentine stem 

weevil (Listronotus bonariensis) at seedling establishment.  Further research on this 

association coupled with interacting selection pressures is needed. 
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SECTION III 

 

 

CONCLUSION 

 

Weeds have significant economical impact on grain cropping and seed 

producing enterprises in Australia.  In particular, ARG has been described by scientists 

at the University of Adelaide‟s Waite Research Institute as “the most serious and costly 

weeds of Australian cropping” (Physorg.com, 2010).  The cost (in terms of chemicals 

and lost production) of controlling ARG was estimated to be $37.4 million in Victoria 

(Code, 1990) and $117 million in Western Australia (Gill, 1996b).  The success of this 

grass as a weed is attributed to its prolific seed production, staggered dormancy 

enabling protracted germination (Gill, 1996a; Gill, 1996b) and its adaptive nature in 

various climatic and edaphic conditions (Kloot, 1983).  

ARGs excellent capacity to tiller increases its competitiveness in relation to 

light, space, soil moisture and nutrients, consequently lowering crop yields.  The 

introduction and adoption of sustainable farming through minimum and/or no tillage 

throughout the world changed the way weeds were controlled.  Instead of cultivation 

being the main method of weed control, there became a heavy reliance on chemicals.  

The continued use of herbicides led to the evolution of herbicide resistance in some 

populations of ARG (Heap, 2010; Powles and Howat, 1990).  The significance of 

resistance is lower diversity of chemical modes of action that are available for 

controlling this weed. 

Grasses have evolved to form associations with fungal endophytes.  These 

associations can be mutualistic, antagonistic or a combination of both (Schardl and 

Phillips, 1997).  Endophytes may be grouped by means of reproduction, sexual or 
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asexual.  Neotyphodium endophytes are asexual, are transmitted vertically via seeds 

from infected maternal plants, producing no symptoms in their host.  Most research on 

grass/endophyte associations has been on agronomically important grasses such as 

perennial ryegrass and tall fescue as a result of detrimental effects on livestock and 

performance (Faeth and Saikkonen, 2006; Fletcher et al., 1999; Latch, 1994; Reed et al., 

2000).  ARG is a known host for the asexual fungal endophyte Neotyphodium occultans 

(Moon et al., 2000a).   

Research on N. occultans has largely been on its association with Lolium 

multiflorum, documenting increased allocation of resources in terms of seeds, roots and 

vegetative tillers (Cooper et al., 2007; Hume et al., 1993; Medvescigh et al., 2004b; 

Vila-Aiub and Ghersa, 2005).  Knowledge of this endophyte in ARG is limited (Canals 

et al., 2008; Moon et al., 2000a), thus prompting the research undertaken for this thesis.  

The objectives of the experimental work undertaken were to gain a greater 

understanding of the role this endophyte plays in ARG and investigate the potential of 

this association to affect the plant‟s competitiveness.   

Genetic analysis of the ARG using diversity array technology (DArT) provided 

evidence that the populations of ARG used in this research were genetically distinct 

from other Lolium species (Paper 1).  This analysis found L. rigidum to be a species 

distinct from but closely related to L. multiflorum, thereby suggesting why N. occultans 

is more likely to be in association with L. multiflorum than in L. perenne. 

With the Australian populations determined to be ARG, it was important to 

confirm the resident endophyte as N. occultans.  The position and orientation of hyphae 

within plant tissue is characteristic of N. occultans, hence microscopic examination is a 

useful tool for identifying this endophyte.  Both conventional and scanning electron 

microscopy studies (Paper 2) found the endophyte in the intercellular spaces of the 
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lower basal tissue and the SEM images provided no evidence of a detrimental 

association.  The endophyte was confined to the lower 1-2mm of basal tissue, nodes and 

seeds.  No hyphae were observed in the leaf blade.  This coupled with the dimensions of 

the hyphae being 1-2µm confirmed the endophyte as N. occultans.  Examination of dry 

seeds reported for the first time the actual size of hyphae in their natural dehydrated 

state.   

The incidence and frequency of endophyte infection in Australian ARG 

populations in southern New South Wales (Paper 3) and subsequently across southern 

Australia (Paper 4) has been documented and provides a benchmark for future research.  

Endophyte infection was endemic in all populations sampled from the wheat cropping 

regions of southern Australia. The large variation found in frequency of infection led to 

the hypothesis endophyte infection frequencies are highly variable across geographical 

regions of Australia being accepted.  Furthermore, the association between herbicide 

resistance, climatic and topographic variables was also accepted.  Geographical location 

had a significant effect on frequency of infection, ordered highest to lowest: South 

Australia, Victoria, New South Wales, Western Australia and Tasmania.    

A significant interaction was found between infection frequency and elevation 

and also between elevation and mean rainfall in the growing season.  Associations were 

found between infection frequency and the resistance to herbicide modes of action B 

and D.  Infection frequency was reduced in populations with resistance to mode of 

action B and higher in populations resistant to mode of action D.  The level of 

endophyte infection in populations appeared to be declining in samples recently 

collected.  Climatic and topographical variables alone were unable to explain the large 

variation that existed in infection frequency throughout southern Australia.   
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Research was undertaken on the viability of endophyte in stored and buried seed 

(Paper 5).  Experiments investigated the effect of long term seed storage and a field 

experiment examining the effects of burying seed at 2 depths for up to 18 months.  

Results for the storage experiments were consistent with findings reported for perennial 

ryegrass and its associated endophyte N. lolii.  Endophyte viability decreased faster than 

seed viability, with viable endophyte being lost after 2 years whereas seed remained 

viable for up to 8 years.  The hypothesis that long term storage would affect seed and 

endophyte viability was confirmed.  The hypothesis that long term seed burial would 

affect endophyte viability was also confirmed after finding endophyte viability in the 

buried seed decreased significantly after only 2 months buried, whilst seed viability 

significantly declined after 12 to 18 months.   

An implication of not being able to subculture N. occultans is the need for the 

development of a suitable method for removing viable endophyte in order to carry out 

comparative studies on infected and uninfected plants.  The potential for using heat to 

remove N. occultans from ARG seed, without affecting the early growth of plants 

grown from treated seed, was explored (Paper 6).  Endophyte infected perennial 

ryegrass and tall fescue seed were also included in the experiment.  The hypothesis that 

temperature and the length of storage at high temperatures have no effect on seed 

germination and endophyte viability was rejected.   

ARG germination was noticeably lower than perennial and tall fescue seed at 

ambient temperature, but heat treatment at 60
o
C, germination percentage was reduced 

from 78% to 68%. The hypothesis that the viability of seed of each species and each 

strain of endophyte respond similarly to these treatments was also rejected.  Heat 

treating ARG, perennial ryegrass and tall fescue seed did reduce endophyte viability but 

to varying degrees.  Endophyte viability in tall fescue and perennial ryegrass was 
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significantly decreased, as it was in ARG from New South Wales. However the sample 

of ARG from Western Australia seed lot was inconsistent with the other findings.  The 

hypothesis, that germination is affected by temperature and length of storage at 

temperatures without plant growth effects, was accepted.  No differences were detected 

between treated and untreated seeds in tillering capacity or plant biomass.   This study 

provided proof of concept that temperature is a means of removing viable endophyte 

whilst retaining viable ARG seed for comparative research although further work is 

necessary to refine understanding as to the optimum number of days of heat treatment 

of infected ARG seed in order to remove viable endophyte. 

During the course of this research, it became apparent that endophyte infection 

was not consistently found in every tiller of infected ARG plants.  To improve 

understanding of the infection process, several experiments were conducted to 

investigate transmission efficiency of infection within plants and their resulting seeds.   

Further study (Paper 7) on the transmission of infection in ARG plants growing in 

controlled and uncontrolled conditions provided validation that transmission of 

infection was incomplete and variable in ARG populations; thereby the hypothesis that 

transmission of infection within tillers of infected plants is similar regardless of host 

growing conditions was rejected.    

These results have implications when using tissue print-immuno blotting assays 

for determining endophyte status where it is common practice to remove 1-2 tillers from 

plants and blot on nitrocellulose paper.  The finding that ARG can have very low 

transmission efficiency suggests that more tillers per plant should be blotted to decrease 

the possibility of false negatives for endophyte infection.  Variation in frequencies of 

infection within populations may be a result of incomplete transmission within all the 

tillers of infected plants and some of these tillers producing endophyte free seeds as 
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demonstrated in the greenhouse studies.  Therefore the hypothesis that infected plants 

completely transmit infection to each seed was also rejected.   

The role that N. occultans plays in the competitiveness of ARG has not been 

documented.  Research on other grass/endophyte associations report increased fitness 

benefits such as increased tillering, increased root length and increased plant biomass.  

The hypothesis that endophyte infection does not alter ARG plant performance under 

different water regimes (Paper 8) was rejected on the basis that endophyte infection 

altered the structure of host plants in terms of plant height, leaf length and width, and 

altered root structure.  These factors may contribute an ecological advantage to infected 

plants.  

In summary, ARG is endemically infected with the grass endophyte 

N. occultans, although the frequencies vary.  This variation has been associated with 

local and geographical differences in climatic and topographic conditions as well as 

cultural practices adopted by individual farming systems such as choice of modes of 

action in herbicide applications.  Variation may also be attributed to the fact that 

endophyte transmission is less than 100% within tillers of infected plants.  

Consequently uninfected plants may be found within a population of infected plants, or 

viable endophyte in the seed becoming unviable as a result of extremely hot conditions.   

The large variation in rate of tiller infection is an important factor to consider 

when determining the endophyte status of ARG plants using the tissue immuno-print 

assay technique. This research has also shown endophyte viability declines faster than 

seed viability when stored at ambient room temperature. This is particularly important 

as growers wishing to purchase endophyte infected seed should do so as close to the 

harvest date of seed to ensure the endophyte is viable within the seed. The effect of seed 
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burial was consistent with the effects of long term seed storage when buried, however 

viable endophyte decreases much faster, than does seed viability. 

This research demonstrated the method of reducing viable endophyte in infected 

ARG seeds by high temperature did not affect subsequent early growth of ARG plants,  

however more work needs to done to determine the optimum number of days and 

temperature to treat the seed.  Finally this research found endophyte infection affected 

resource allocation in ARG, with infected plants having increased seed retention, 

reduced tiller height, increased leaf length and width, increased root length, diameter 

and surface area.  The knowledge gained from this research may be used as a 

benchmark and encourage the pursuit of understanding the role of N. occultans infection 

in ARG plants. 
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